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Chapterr 4 

Chemometricc group-type tools 

Comprehensivee two-dimensional gas chromatography (GCXGC) is now being 
usedd for a large number of applications. Three generic types of applica-
tionss can be distinguished. One of these, group-type analysis, focuses on 
thee quantification of groups of components. Often the components within 
suchh groups have common structural features and physical-chemical prop-
erties,, or they exhibit similar behaviour with respect to legislation, health, 
orr product specifications. If the separation mechanisms in the two dimen-
sionss match the most important differences between the different component 
groups,, then GCXGC can achieve structured separations. However, to obtain 
accuratee quantitative information on component groups several data pre-
processingg steps are necessary. 
Inn this Chapter we describe the steps required to convert the signal obtained 
fromm the detector in GCXGC and the quantitative information obtained from 
thee chromatography data system (e.g. peak areas) to a data matrix that can 
bee analyzed by multivariate techniques. In addition, tools such as baseline 
correctionn and splining will be discussed. It wil l be described how quanti-
tativee data on component groups can be obtained. Finally, retention-time 
shiftss are unavoidable in separation techniques. We describe a way to deal 
withh such shifts in group-type analysis. 
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4.11 Introduction 

Manyy natural and industrial products contain huge numbers of individual 
components.. Conventional, one-dimensional chromatographic separations 
aree often inadequate for answering questions on the composition of such 
veryy complex mixtures, due to peak overlap. Although comprehensive two-
dimensionall  separation techniques offer a great increase in separation capac-
ity,, even these methods cannot provide the separation power required for a 
completee separation. At the same time, there is an increasing interest in 
thee adequate characterization of both natural and industrial products. This 
trendd is partly driven by process optimization, as well as by the need to 
assesss product properties. Estimation of the negative (pollution index or 
generall  toxicity) or positive value (e.g. fuel quality for airplanes, cars and 
heating)) does not usually require a complete separation. 
Thiss issue has been addressed in a classification scheme for chromatographic 
separationss (Chapter 2 of this thesis). Three generic applications were iden-
tified,, that require common strategies to translate chromatographic data into 
relevantt information on the sample. The first of these generic applications 
wass referred to as Target-Compound Analysis. This concerns the quantita-
tivee analysis of a limited number of predefined (targeted) components. Tar-
gett analytes may, for example, be related to product specifications, process 
controll  or legislation. Separation of the components of interest from each 
otherr and from the matrix is generally required for this type of applica-
tion.. The second type of application, Group-Type Analysis, focuses on the 
quantificationn of component groups. For situations in which there is a strong 
correlationn between the total amounts of certain component classes and prod-
uctt properties, such as toxicity, the separation between component groups 
iss important, while separation within component groups is often undesir-
able.. The last type of application, Fingerprinting, concerns the correlation 
betweenn sample properties and chemical composition of a sample (e.g. oil 
spills).. In certain cases, there is no a-priori information which component(s), 
componentt groups, or component profiles are related to a certain property. 
Byy considering the complete chromatogram as a fingerprint of the sample, 
correlationss between properties and chemical composition can be established. 
Thesee applications require a high resolution and a very high retention-time 
andd response stability. One of the advantages of this classification scheme is 
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thatt commonalities in the data-processing strategies can be deduced. Each 
specificc application type puts certain demands on both the chromatographic 
systemm and the data processing. 
Inn this Chapter, we will focus on the second type of application, i.e. Group-
Typee Analysis. By far the greatest asset of comprehensive two-dimensional 
separationss for the separation of group of components is the possibility to 
obtainn structured chromatograms, which substantially aids component clas-
sificationn and identification [65]. 

Thee appearance of structured chromatograms is closely related to the con-
ceptt of sample-dimensionality, introduced by Giddings [66]. It is based on 
thee intrinsic properties of analytical samples. The sample-dimensionality 
iss defined as the number of independent variables required to identify the 
componentss in a sample. It determines the susceptibility towards multi-
dimensionall  separation techniques. Matching the separation dimensions to 
thee sample dimensions will result in structured chromatograms. For exam-
ple,, if the second dimension separates strictly according to one of the relevant 
samplee dimensions, parallel bands of component groups are formed along the 
first-dimensionfirst-dimension axis. Specific advantages of comprehensive two-dimensional 
gass chromatography (GCXGC) are the tuneable selectivity and the decou-
plingg of volatility and polarity contributions to the analyte retention [65]. 
Exampless of group-type separations by GCXGC have first been demonstrated 
forr oil-product analysis [64]. Oil products typically contain overwhelming 
numberss of components, yet a limited number of chemical classes. Other 
exampless of group-type analyses are the classification of fatty acids accord-
ingg to the degree of (un)saturation [68, 69] and the classification of PCB'S 

accordingg to planarity [70]. 

Obviously,, the separation of highly complex samples into component groups 
putss requirements on the separation system. The column combination should 
providee highly selective separations according to the most-relevant sample 
dimensions.. In this way, component groups can be separated from each 
otherr and from the matrix. The peak capacity of the separation system is of 
muchh less importance. The primary aim is the ability to quantify groups of 
components,, rather than individual species. Therefore, ideally, the detector 
usedd for group-type separations should offer equal response for all members 
off  a component group. For this latter reason mass spectrometry is not often 
usedd for these kinds of applications, other than for qualitative purposes (i.e. 
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establishingg and validating the locations of classes in the chromatograms). 
Mostt quantification strategies involve the determination of peak areas and 
concentrationss at the component level. This is useful for the quantification 
off  a limited number of targeted components. However, for the complete 
characterizationn of very complex materials, such an approach would result 
inn large amounts of (unreliable) data, viz. the retention times and peak 
areass of all individual chemical components. Clearly, this is not desirable. 
Thee ordered separation obtained by a properly configured and tuned GC x GC 
systemm should be exploited for the quantification of well-defined groups of 
analytess (" pseudo-components"). 

4.22 Theory 

4.2.11 Comprehensive two-dimensional gas chromatography 

Comprehensivee two-dimensional gas chromatography (GCXGC) has been one 
off  the most significant advances in the last decade for the characterization 
off  complex volatile mixtures. This technique was pioneered and advocated 
byy the late John Phillips [1-3]. A GCXGC system utilizes two different 
columns.. The fist-dimension column is (usually) a conventional capillary 
GCC column, with a typical internal diameter of 250 fim. Most commonly, 
thiss column contains a non-polar stationary phase, so that it separates 
componentss largely based on their vapour pressures (boiling points). The 
second-dimensionn column is considerably smaller (smaller diameter, shorter 
length)) than the first-dimension column, so that separations in the second 
dimensionn are essentially much faster. The stationary phase is selected 
suchh that this column separates on properties other than volatility, such 
ass molecular shape or polarity. The two columns are coupled using a 
so-calledd modulator. This device facilitates the continuous accumulation, 
refocusingg and injection of small portions of the first-column effluent into the 
second-dimensionn column. With each modulation, a new second-dimension 
chromatogramm is started. The technique can be called comprehensive if 
eachh chromatographic peak in the first dimension is divided into three or 
fourr fractions or "slices" (second dimension chromatograms), preserving 
thee chromatographic information from the first dimension as much as 
possiblee [87]. 
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Thee detector, which is positioned at the end of the second-dimension 
column,, records the fast second-dimension chromatograms. At the end of 
aa chromatographic run, the recorded data file contains many of these fast 
separationss in series. 
GCXGCC has found its way to a large variety of application areas, such as 
oill  and petrochemical products [64,77,107], fatty acids [68,69], essential 
oilss [60,108] and atmospheric air [109]. The technique has also been the 
subjectt of a number of review articles [3,6-9]. Pre-processing As mentioned 
before,, the classification of chromatographic applications into three generic 
applicationn types allows us to develop pre-processing strategies for each type 
off  application. However, some general pre-processing steps are necessary for 
alll  GCXGC data, i.e. demodulation (or matricizing) and baseline correction. 

Demodulation n 
Mostt gas chromatographs and certainly most GCXGC instruments are 
controlledd by chromatography data systems (CDs). In most cases, the CDS 
alsoo is used to collect the data. 
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Figuree 4 .1: ID reconstruction (upper chromatogram,(a)) and 
modulatedd signal (lower chromatogram, (b)) obtained for a Tride-
canoll  sample. Vertical lines in the lower chromatogram indicate 
selectionn of Figure 4.2 and Figure 4.3. 

55 5 



Ass described before, the "linear" signal obtained from the instrument is a 
longg series of fast chromatograms. Transforming the data into a matrix 
formatt ("matricizing") is generally referred to as demodulation [5]. 
Thee time-intensity signal of a GCXGC instrument can be analyzed with 
conventionall  (and well-established) integration routines. By integrating 
thee linear signal, components at the 'edges' of the chroma2gram are 
correctlyy quantified. A minor disadvantage of this approach may be the 
continuouss (saw-tooth) variation in peak width within the second-dimension 
chromatograms.. This makes it difficult to estimate correct integration 
parameters.. However, in practice this has not proven to be a serious issue. 
Inn Figure 4.1, the ID-reconstructed signal of a heavily branched C13 
alcoholl  (derivatized with N-Methyl-N-(trimethylsilyl)trifluoroacetamide, 
MSTFA)) is presented. In this chromatogram unsatisfactory separation in 
Dll  is achieved. Figure 4.1b shows the modulated ID signal. If we zoom 
inn at the selected region of the signal, the individual second-dimension 
chromatogramss can be observed (Figure 4.2). 

37.55 37.6 37.7 37.8 37.8 37.9 38 38.1 38.2 38.3 38.3 
tDD [minutes] 
n n 

F iguree 4.2: Linear chromatographic trace and modulation se-
quence. . 

Verticall  lines in Figure 4.2 indicate the modulation period, which in this 
casee was four seconds. 
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Figuree 4.3: Demodulated segment of Figure 4.2 selection as shown 
inn Figure 4.1). 
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Figuree 4.4: Demodulated, two-dimensional chromatogram (or 

"chroma2gramm ") of Tridecanol sample (same data as Figure 4.1b). 
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Notee that the modulation period can be clearly discerned in the chro-
matogram,, but that the exact time of injection in the second-dimension 
columnn is difficult to determine. 

Al ll  vertical lines can be shifted to the left or to the right simultaneously. 
Inn a chroma2gram this corresponds to all peaks moving up or down. This 
impliess that the absolute vertical position of the component bands in a 
chroma2gramm is not known.Demodulation involves cutting the linear signal 
intoo individual second-dimension chromatograms. Rotating all individual 
chromatogramss over 90° and projecting them in a three-dimensional space, 
resultss in the typical contour plot or colour plot. In a colour plot, each point 
inn the detector signal is projected by a colour, corresponding to the intensity. 
Inn a contour plot, lines of equal intensity are calculated. Each contour line 
cann be considered as a slice of the two-dimensional gas chromatogram at 
aa certain signal height. To avoid confusion with (two-dimensional) chro-
matogramss obtained from one-dimensional separations, (three-dimensional) 
chromatogramss obtained from two-dimensional chromatograms are referred 
too as chroma2grams. 

3.5 5 

3 3 

[s
ec

on
ds

] ]
 

l\3
3 

01
 

oc c 
v -- 1.5 

1 1 

0.5 5 

1 1 

' ' 

""  "  "?'  *'. " 

. . 
... .  - '. 

.... ' ,7» 

'*

. . 

 * 

HAHA "

xP^"'-xP^"'- : : 
** i -

.. ?

** *',*." 

 . . 
' " ''  . A 

V-'',-11 , . .' ^VrtV'v . i 

^pp tp ; ; 

m m 

'' .I.-J,,.7-'. ' 

''  ' 

'' ' .

** * 
--

 j 

'*''  : 

: : 

--

--

i.677 13.3 200 26.7 33.3 40 0 46.77 53.3 600 66.7 73.3 
1tt [minutes] 

F iguree 4.5: Demodulated chroma2gram of 4.4, with peak-apices. 

Figuree 4.3 shows the selection of Figure 4.2 after the demodulation step 
inn the form of a so-called "waterfall plot". In this representation the 
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second-dimensionn chromatograms are displayed as discrete lines, with no 
informationn between two consecutive second-dimension chromatograms. 
Demodulationn of the complete chromatogram results in a "black-and-white" 
orr grey-scale colour plot (b/wC) (Figure 4.4). The quantitative information 
(i.e.. peak apices) obtained from the CDS requires a demodulation step as 
well.. Each individual peak retention time is converted into a set of retention 
coordinates.. The H#, is obtained by the maximum integer number of times 
thee modulation time 'fits' in the retention time. The remainder of the 
retentionn time is 2£R. Plotting these coordinates onto the chroma2gram 
resultss in Figure 4.5. 

4.2.22 Baseline correction 

Ann important data pre-processing step is the correction for baseline drift in 
thee chroma2gram. Especially for components present in low concentrations 
thiss aids in the visualization of the peaks. The detector (background) signal 
tendss to increase at higher temperatures (Figure 4.6). 
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F igu ree 4.6: The upper (modulated) chromatogram shows the 
Tridecanoll  signal. Clearly visible is the increased baseline drift 
withh increased oven temperature. The lower (demodulated) chro-
matogramm shows the effect of baseline drift in the chroma2gram. 
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Thiss is equally the case in conventional one-dimensional GC and in GCXGC 
andd it is caused by increased bleeding of the stationary phase from the 
column.. Several methods for baseline correction can be distinguished. A 
modernn GC allows a blank signal to be recorded. This signal is subtracted 
fromm each following chromatogram. Whereas this seems to be a convenient 
method,, performing this step typically destroys the original signal. Any 
variationss in the blank run will affect each following chromatogram. An al-
ternativee is to use software tools for estimating the 'real' baseline level of 
chromatograms.. For GCXGC, a statistical approach has been developed by 
Reichenbachh et al. [110]. Use is made of the region in a chroma2gram in 
whichh no components elute. This may be a valid approach for oil samples, in 
whichh paraffins are the least-polar components and the polarity range of the 
componentss is limited. However, for applications in which an empty region 
iss absent, this statistical approach will lead to erroneous results. This will 
especiallyy be the case if the baseline-corrected data are used to extract quan-
titativee information. For these reasons, we developed a baseline-correction 
tool,, which estimates the baseline under a 2D-chromatographic signal. The 
assumptionn is that there is always some baseline present in the individ-
uall  second-dimension chromatograms. Our algorithm detects these points, 
whichh can be considered as "knots". 

Sincee there is a connection between the start of a second-dimension chro-
matogramm and the end of the previous chromatogram, application in a 
chroma2gramm can result in anomalies. Therefore we project these knots into 
thee one-dimensional chromatogram. By 'connecting' the knots results in a 
baselinee reconstruction from the original, one-dimensional signal. A second 
stepp prevents the occurrence of negative points on the resulting baseline. 
Subtractionn of the reconstructed baseline from the one-dimensional trace 
resultss in baseline corrected chroma2grams (Figure 4.7). Compared to the 
originall  chromatogram of Figure 4.6 (both on the same intensity scale), a 
clearlyy enhanced presentation of the data is obtained. Especially signal com-
ponentss of low intensity can more easily be discerned. During the process, 
thee quantitative information entailed in the data remains completely intact. 
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F iguree 4.7: The effect of the baseline correction on the modulated 
(upper)) and demodulated chromatograms. 

4.2.33 Splining 

Thee position of the various component groups in the chroma2grams of Tride-
canoll  (Figure 4.4) may easily give rise to some confusion. Firstly, it is not 
clearr where the least-polar components elute, because the vertical anchoring 
off  the picture is arbitrary. In addition, this chroma2gram seems to contain 
so-calledd "wrap-around". This occurs when the second-dimension retention 
timess exceed the modulation time, so that components show-up in subse-
quentt second-dimension chromatograms. Typically, wrap-around manifests 
itselff  in the form of broad peaks, which often overlap with low-polarity com-
ponentss from subsequent second-dimension chromatograms. This is not the 
casee in Figure 4.4. The wrap-around in this Figure rather seems to result 
fromm an incorrect presentation of the data. With increasing first-dimension 
retentionn times, the second-dimension times also appear to increase. This 
resultss in a tilted orientation of the component groups. 
Onee explanation for this phenomenon may be timing errors, either in the 
modulationn or in the data-acquisition. However, this does not concur 
withh the observation that the effect increases when longer second-dimension 
columnss are used. A more likely explanation is provided by the variation 
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off  the flow rate over time. The chromatograms of Figure 4.1-4.8 were col-
lectedd in the constant-pressure mode. With increased time (i.e. increasing 
temperature)) the viscosity of helium increases, resulting in a decrease in the 
linearr gas velocity. As a result, the dead-time (to) in both dimensions will 
graduallyy increase and the increase in 2to is reflected in Figure 4.8. Members 
off  a homologous series will elute at increased second-dimension retention 
timess (2tRti), even if their second-dimension retention factors (2fcj) remain 
constant.. Constant-flow operation may overcome this effect. However, a con-
stantt flow regime is very difficult to maintain in a two-dimensional system, 
withh different columns (of different diameter) and (modulation) capillaries 
connectedd in series. However, the strong slanting in Figure 4.8 seriously 
complicatess the assignment and interpretation of component groups in the 
chromatogram. . 

6.677 13.3 20 26.7 33.3 40 46.7 53.3 60 66.7 73.3 
1tt [minutes] 

F iguree 4.8: Chroma2gram of Lialette (slightly branched C12-C15 
alcohol,, derivatized with MSTFA after demodulation. 

Correctingg the chroma2gram therefore seems necessary for the accurate quan-
tificationn of component groups. Compensation for the tilted appearance of 
homologouss series can be achieved by applying variable selection to the data 
matrix,, such that constant (low) second-dimension retention times are im-
posedd on the least-polar components. Conceptually, this can be seen as a 
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correctionn for the increase in the dead-time. The correction process is re-
ferredd to as 'splining'. Phillips incorporated such an algorithm in one of his 
firstfirst data-analysis programs. 
Itt must be emphasized that the main objective of splining is to improve 
thee visual representation of the data. The quantitative information (i.e. the 
peakk areas) is not affected. The first step in the splining process is to identify 
aa series of homologous in the chroma2gram and to establish their positions. 
Inn the case of oil samples, this is rather straightforward. The normal alka-
ness often stand out in the chroma2grams, because of their relatively high 
abundance.. If not, a mixture of n-alkanes can be injected separately. In 
eitherr case the positions of the n-alkanes can be unambiguously assigned. 
Itt is important to correctly assign all members throughout the entire chro-
matogram.. Between the selected points linear interpolation is performed. 

Locatedd points 
Linearr interpolation of points 

•• Lower limit of selection 
•• Upper limit of selection 

6.677 13.3 46.77 53.3 66.7 7 
1tRR [minutes] 

Figuree 4.9: Illustration of the splining process. 

Towardss the beginning of the chromatogram, linear extrapolation from the 
firstfirst two selected points is used to calculate the locations of absent n-alkanes. 
Towardss the end of the chromatogram, linear extrapolation from the last 
twoo selected points is used. In many cases, the chroma2gram from which 
thee splining function is determined is not the actual sample, but a separate 
injectionn of a series of homologuous. An evident requirement in the splin-
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ingg process is that the "real" samples and the sample from which the spline 
iss calculated are measured under identical conditions on the same column 
set.. In our practice, we insert the synthetic mixture for establishing the 
splinee function in between the samples. This minimizes possible run-to-run 
variations.. The set of homologue locations is applied to the original data 
matrix.. Since the selection can easily exceed the boundaries of the second-
dimensionn retention axes, a second and third matrix are added to the original 
one.. Graphically, several chroma2grams are super-positioned on top of each 
otherr (Figure 4.9). The matrices are aligned in such a way that individual 
(second-dimension)) chromatograms within the initial matrix are continued 
inn the attached matrices. Since the selected points are preferably located at 
thee bottom of the chromatogram, but not at the very bottom, a small offset 
iss incorporated in the splining function. From the selected points, the offset 
iss subtracted and the final selection for that column starts there and ends a 
modulationn time further (lower and upper selection limits, respectively). In 
Figuree 4.9 this process is visualized. 
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F igu ree 4.10: chroma2gram of Figure 4.8 after applying the splin-
ingg procedure. 

Thee squares indicate peak positions of homologous in the sample. In this 
case,, MSTFA-derivatives of linear alcohols from C12 up to C15 were used. 
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Betweenn these four points, linear interpolation was used. Extrapolation to-
wardss lower and higher first-dimension retention times is based on the first 
andd last two selected points. The black line in Figure 4.9 indicates the in-
terpolatedd and extrapolated positions. These points will be positioned at a 
smalll  offset near the bottom of the 2D chromatogram. The lower selection 
limi tt in Figure 4.9 is established by subtracting the offset from the black 
line.. The upper limit is calculated by simply adding the modulation time. 
Thee result of the splining process is shown in Figure 4.10. The homologous 
seriess appears with constant second-dimension retention times. Application 
off  the same selection to the Tridecanol sample of Figure 4.5 results in Figure 
4.11.. In this chromatogram, the apparent wrap-around is removed. The 
peakk coordinates in the peak (quantitative data) must also be corrected. To 
doo so, each peak coordinate is corrected for the offset from Figure 4.9. Neg-
ativee second-dimension retention times are avoided by placing the peak in 
thee previous column (previous slice) and adding the modulation time. 
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Figuree 4 .11: chroma2gram of the Tridecanol sample (Figure 4.4) 
afterr applying the splining procedure. 
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4.33 Quantification 

Althoughh in the first few years of its existence GCXGC was mainly was used 
forr qualitative analysis, the technique provides excellent quantitative data. 
Beenss et al. [79] have demonstrated the quantitative performance by com-
paringg the results obtained by one-dimensional GC with those obtained by 
GCXGCC onn an identical sample. However, the usefulness of GCXGC for quan-
titativee analysis greatly depends on the availability of software. 
Image-processingg tools have been applied to extract quantitative informa-
tionn from two-dimensional chromatograms [111]. This approach is some-
whatt controversial, since the direct result of a two-dimensional separation is 
aa linear chromatographic signal. Moreover, the image-processing approach 
requiress a baseline-corrected signal. On the other hand, integration of peaks 
inn conventional chromatograms has been applied to obtain quantitative chro-
matographicc during many years. Integration procedures have been gradually 
improvedd and optimized and they can now be considered as highly robust 
andd reliable. Since almost all GCXGC systems are controlled by some sort of 

F iguree 4.12: Two-dimensional chromatogram of a diesel sample 
(recordedd at 250 kPa inlet pressure) in which 104 component groups 
aree indicated by polygons. 

chromatographyy data system (CDS) and since data are recorded in the form 
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off  a series of conventional chromatograms, integration seems a very logi-
call  data-processing step. Since the modulation process yields several slices 
acrosss each first-dimension peak (at least three to four to call the method 
comprehensivee [87]), each individual component peak gives rise to (at least) 
threee to four individual second-dimension chromatograms. The peak area 
andd retention time representing the peak are shown as a peak apex on top 
off  the chroma2gram. 

Whenn the focus is on target-component analysis (Type-I application), these 
differentt peaks with different apices must be combined for the specific an-
alytes.. However, for group-type (Type-II) applications, the focus is on the 
quantificationn of groups ("pseudo-components") rather than on individual 
componentss and combining the apices into analyte peaks is not required. 
Quantificationn of pseudo-components can be achieved by selecting compo-
nentt groups of interest. These groups are selected by marking their bound-
ariess in the chroma2gram. A number of demarcation points can be selected 
forr this purpose. In our software, the number of points that mark the bound-
ariess of a group is not limited, so that an endless variety of shapes can be 
formed.. A convenient feature is that the positions of the selection polygon 
cann be given "magnetic" properties. Each new point within a certain pre-
definedd radius of an already defined polygon wil l automatically be drawn 
too a previous position. In this way, a mesh-grid without any gaps can be 
placedd on top of the chromatogram (Figure 4.12). A summation of all areas 
off  peaks that have their apices within a polygon selection results in the total 
peakk area for the component group. Manual action is required to draw a 
polygonn around a component group of interest. This makes the construc-
tionn of a complete quantification template a rather time-consuming exercise. 
However,, automation is very difficult and would require some sort of image-
processingg approach. 

4.3.11 Retention-time shifts 

Processingg of a series of chroma2grams is seriously hampered by variations 
inn the retention times along both axes. The peak positions may show small, 
randomm variations, as well as systematic drifts over a longer period of time. 
Shelliee et ah concluded after an inter-laboratory study that current state-of-
the-artt GC x GC instruments are capable of achieving very impressive results 
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inn terms of retention-time stability [84]. The instruments considered were 
equippedd with cryogenic modulation, electronic pressure control and auto-
maticc injectors. However, operating such an instrument at or near the spec-
ifiedd temperature limit of one of the analytical columns inevitably results in 
somee degradation (stripping, ageing) of the stationary phase. In addition, 
retentionn times depend on component concentrations (non-linear isotherms) 
andd residual material from the samples may also change the properties of 
thee column. All these effects alter the behaviour of the GCXGC system and 
affectt the observed retention times. 

F iguree 4.13: Two-dimensional chromatogram of the same diesel 
samplee as in Figure 4.12 (recorded at 240 kPa inlet pressure). 

Eliminatingg retention-time shifts is obviously very important. However, the 
bestt way to do so heavily depends on the objectives of the analysis. If sample 
profilingg is the goal of the analyses, then the entire chromatographic 'Fin-
gerprint'' needs to be aligned (Chapter 5 of this thesis). 
Inn Figure 4.12 and Figure 4.13, two chroma2grams of a diesel sample are 
shown.. The two samples were analyzed on the same instrument, using the 
samee column combination and operating conditions. The only difference be-
tweenn the two chromatograms was the column inlet pressure: Figure 4.12 
wass recorded at 250 kPa, whereas for Figure 4.13 an inlet pressure of 240 
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kPaa was used. This difference in pressure was intended to simulate the differ-
encess that may result from changing the column-set. The first chroma2gram 
wass quantified using an integration template. For this specific sample, the 
analyticall  method required 104 individual component groups to be distin-
guishedd based on the class of analytes and the number of carbon atoms. 
Obviously,, replacement of a column-set results in changes in the observed 
retention-times.. Even small differences can render a carefully constructed 
integrationn template useless. Constructing a new integration template is a 
veryy laborious exercise. Alternatively, adjusting the chromatographic con-
ditionss in such a way that all components will elute at their original posi-
tionss is a theoretical possibility. However, this is not currently feasible for 
GCXGCC separations and the approach would likely be equally laborious to 
constructingg a new template. Adaptation of the template has therefore been 
investigatedd as an elegant and effective alternative. An integration template 
consistss of a number of integration polygons. Each individual polygon con-
sistss of a number of coordinates. In our approach, a virtual box is drawn 
aroundd the integration template. The four corners of this box have coor-
dinatess representing maximum and minimum x (HR) and y (HR) values. 
Thee coordinates x and y are integer values, representing the position in the 
matrix.. The four points are the lower-left corner (min(x),min(y)), upper-
leftt corner (min(x)}max(y)), lower-right corner (max(x),min(y)) and the 
upper-rightt corner {max(x),max(y)). Using these four locations, shifts and 
transformationss can be calculated. The three transformations we have ap-
pliedd are shifting (of the complete template or a selection of the template), 
stretchingg or shrinking (in four directions), and shifting (in four directions) 
off  each of the four corners of the box. All transformations should be per-
formedd such that integer values for both x and y result. 
Shifting.Shifting. Shifting of the template is straightforward. The points of the 
polygonss all correspond to a set of x and y coordinates. The addition or 
subtractionn of an integer to all these coordinates effectively shifts the entire 
templatee (all polygons) by a number of points in either direction. In this 
way,, the template can be moved in four directions. 

Stretching/shrinking.Stretching/shrinking. Stretching or shrinking of the template can also be 
performedd in four different directions. In this approach, the box around the 
templatee is used to determine the minimum and maximum in the direction of 
thee stretching. During stretching or shrinking, one of the lines determining 
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thee box can be moved, while the three other lines remain in the same posi-
tion.. For the polygon coordinates between the two lines, linear interpolation 
iss used to calculate their new position. The same approach is used when 
stretchingg is used and in other directions. 

CornerCorner stretching. Shifting and stretching or shrinking are not always suffi-
cientt to adapt templates to new chromatographic conditions. Modification 
off  the four corners of the template can be a useful additional transformation. 
Inn this step, the four corners of the box around the template can be moved 
individually,, while the other three corners are fixed. Again, linear interpo-
lationn is used to calculate the new positions of the points of the template. 
Sincee the box is transformed in two directions, linear interpolation must also 
bee performed in two directions. 

Figuree 4.14: Effect of linear transformations on the integration 
template.. The dashed line represents the original template as ap-
pliedd in Figure 4.12. The solid line indicates the template after 
transformation,, which should be applied in conjunction with Fig-
uree 4.13. 

Templatee modifications are carried out through visual inspection of the tem-
platee superimposed on the chromatographic data. This is an interactive 
process,, which allows instant evaluation of the results of actions performed 
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too adjust the template. Figure 4.14 shows the differences between the two 
templates.. The solid lines represent the new integration template, created by 
modificationn of the original (dashed lines) integration template. The quan-
titativee effect of the template modification is summarized in Table 4.1. For 
fifteenfifteen component groups the calculated concentrations of the various groups 
(inn area%) before and after modification of the template is given. 

Groupp nr. Sample @250 kPa Sample @240 kPa % errora Sample @240 kPa % errora 

5 5 
6 6 
7 7 
8 8 
9 9 
10 0 
14 4 
15 5 
23 3 
65 5 
75 5 
81 1 
98 8 
102 2 

1.7 7 
2.93 3 
4.53 3 
5.96 6 
6.01 1 
6.15 5 
1.90 0 
1.50 0 
0.07 7 
0.23 3 
0.38 8 
0.25 5 
0.05 5 
0.27 7 

Templatee 250 kPa 
0.83 3 
3.85 5 
2.24 4 
8.19 9 
3.22 2 
8.33 3 
1.13 3 
2.27 7 
0.09 9 
0.19 9 
0.21 1 
0.35 5 
0.03 3 
0.20 0 

-53% % 
31% % 

-51% % 
37% % 
-46% % 
35% % 
-41% % 
51% % 
29% % 
-17% % 
-45% % 
40% % 
-40% % 
-26% % 

Mod.. template 
1.78 8 
2.91 1 
4.52 2 
5.90 0 
6.17 7 
6.14 4 
1.98 8 
1.42 2 
0.06 6 
0.24 4 
0.33 3 
0.24 4 
0.05 5 
0.27 7 

0.6% % 
-0.7% % 
-0.2% % 
-1.0% % 
2.7% % 
-0.2% % 
4.2% % 
-5.3% % 
-14% % 
4.3% % 
-13% % 
-4.0% % 

0% % 
0% % 

aa Assuming that the results obtained by applying the original template on the original data are 
correct. . 

Tab lee 4 .1: The difference in the concentrations before and after 
modificationn of the template can be as much as a factor two. After 
modificationn of the templates very similar results are obtained from 
thee two chroma2grams. 

4.44 Conclusions 

Comprehensivee two-dimensional gas chromatography has proven to be 
aa very valuable separation technique for a large variety of applications. 
Becausee of the possibility to generate structured chromatograms, GCXGC 
iss especially useful for the separation of component groups (group-type 
separations).. However, a two-dimensional separation requires several 
genericc steps for pre-processing of the data. Since the detector signal is 
aa two-dimensional (intensity vs. time) signal, demodulation is required 
too obtain the three-dimensional surfaces that can be visualized as colour 
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orr contour plots, the so-called chroma2grams. Demodulation obviously 
alsoo affects the locations of the peaks (i.e. the first- and second-dimension 
retentionn times). Another generic pre-processing step is baseline correction 
off  the chromatograms. Baseline drift is typically manifested as an increase 
inn the detector signal with increasing first-dimension retention times. The 
originn can be found in the linear time-intensity signal recorded by the 
detector.. The proposed baseline-correction tool makes use of the linear 
detectorr output, as well as of the modulation sequence present in this 
signal.. This tool clearly enhances the visibility of components present 
att low concentrations. The third generic tool is referred to as splining. 
Inn this step a set of user-defined peaks (typically a homologue series) is 
horizontallyy aligned at an arbitrary (usually low) second-dimension retention 
time.. Splining corrects for variations in the column dead-time. During a 
temperature-programmedd run with a constant inlet pressure the column 
dead-timee increases significantly. Splining simplifies the interpretation of 
thee chroma2grams. 

Group-typee separations focus on component groups, which may contain 
largee numbers of individual components. Quantification of such component 
groups,, which is a very important aspect of group-type analysis, requires 
quantificationn tools different from those typically used for the quantification 
off  individual (target) components. Our quantification procedures are 
basedd on conventional, reliable and readily available integration software. 
Demodulationn of the signal results in retention coordinates rather than in 
retentionn times. Selecting a (polygonal) region for a component group is the 
firstfirst step in the quantification of the component groups. A straightforward 
summationn of all peak areas in the selection box yields the relative area 
(proportionall  to the concentration) of that group. 
Quantificationn of large numbers of component groups in very complex 
sampless can be performed by constructing so-called integration templates. 
Suchh templates enable very fast quantification of similar samples measured 
underr identical conditions. Changes in the retention times will , for example, 
alwayss occur upon installation of a new column-set. Such changes render 
integrationn templates useless. A set of stretching and shifting routines 
alloww adaptation of the template in such a way that it matches the data 
obtainedd under the new conditions. For two chromatograms recorded 
att inlet pressures of 250 and 240 kPa these routines were adequate for 
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matchingg the "old" template to the "new" chroma2gram. Without changing 
thee template, average quantification errors of 16% were observed, while 
thee modified template showed average errors in the relative areas of only 
5%.. Modification of the quantification template is a strategy to eliminate 
retention-timee shifts. Alternatively, retention-time shifts can be eliminated 
usingg the (second order) polynomials described in Chapter 5 of this thesis. 
However,, these two approaches aim at different types of applications and 
forr that reason cannot be compared. 
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