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Abstract

Comprehensive two-dimensional gas chromatography (GC3GC) is a novel technique which is rapidly gaining importance
for the analysis of complex samples. In the present review, attention is devoted to the principle and advantages, and main
characteristics such as modulation, column combinations, detector requirements and data processing, of the technique.
Specifically, GC3GC of a variety of real-life samples is discussed to demonstrate the applicability of the technique, with
emphasis on the usefulness of the ordered-structure principle and on the analyte-identification power provided by a
combination with time-of-flight mass spectrometric detection.
   2003 Elsevier Science B.V. All rights reserved.

Keywords: Reviews; Multidimensional gas chromatography; Orthogonal separation; Modulation; Gas chromatography,
comprehensive two-dimensional

Contents

1 . Introduction ............................................................................................................................................................................ 70
2 . Principle and advantages of GC3GC........................................................................................................................................ 71

2 .1. Principle of GC3GC....................................................................................................................................................... 71
2 .2. Orthogonality and GC column selection ........................................................................................................................... 72

2 .2.1. Column dimensions............................................................................................................................................. 74
2 .2.2. Gas velocities and temperature programming ........................................................................................................ 75

2 .3. Modulation..................................................................................................................................................................... 75
2 .3.1. Modulation time–wrap-around ............................................................................................................................. 77

2 .4. Detectors in GC3GC ...................................................................................................................................................... 77
2 .5. Analytical performance data ............................................................................................................................................ 78

2 .5.1. Retention time .................................................................................................................................................... 78
2 .5.2. Quantification ..................................................................................................................................................... 79
2 .5.3. Analyte detectability............................................................................................................................................ 80

2 .6. Data processing .............................................................................................................................................................. 81
2 .6.1. Peak integration .................................................................................................................................................. 81
2 .6.2. Processing of GC3GC–TOF MS data .................................................................................................................. 82

*Corresponding author. Tel.:131-20-444-7525; fax:131-20-444-7543.
¨E-mail address: dalluge@chem.vu.nl(J. Dalluge).

0021-9673/03/$ – see front matter   2003 Elsevier Science B.V. All rights reserved.
doi:10.1016/S0021-9673(03)00242-5

mailto:dalluge@chem.vu.nl


¨70 J. Dalluge et al. / J. Chromatogr. A 1000 (2003) 69–108

2 .6.2.1. Target analysis..................................................................................................................................... 82
2 .6.2.2. Nontarget analysis................................................................................................................................ 83
2 .6.2.3. Group-type analysis.............................................................................................................................. 85

3 . Applications............................................................................................................................................................................ 85
3 .1. Petrochemical samples: GC3GC–FID ............................................................................................................................. 85
3 .2. Petrochemical samples: GC3GC–TOF MS ...................................................................................................................... 89
3 .3. Surface water contaminants and pesticides in food extracts: GC3GC–TOF MS .................................................................. 90

3 .3.1. Food extracts ...................................................................................................................................................... 90
3 .3.2. Surface water ...................................................................................................................................................... 93

3 .4. Fatty acids: GC3GC–FID............................................................................................................................................... 93
3 .5. Steroids in microalgae: GC3GC–TOF MS.......................................................................................................................95
3 .6. Fly ash: GC3GC–TOF MS............................................................................................................................................. 97
3 .7. Separation of CBs: GC3GC–mECD ................................................................................................................................ 97
3 .8. Air analysis: GC3GC–FID ............................................................................................................................................. 101
3 .9. PAHs in sediment: GC3GC–TOF MS ............................................................................................................................. 101
3 .10. Garlic powder: GC3GC–FID ........................................................................................................................................ 103

4 . Conclusions ............................................................................................................................................................................ 104
Acknowledgements...................................................................................................................................................................... 106
References .................................................................................................................................................................................. 106

1 . Introduction nique. Impressive results have been obtained in
terms of separation efficiency and, also, compound

In recent years, the (trace-level) analysis of com- classification based on the presence of ordered
plex mixtures such as petrochemical samples or structures in the GC3GC chromatograms of (classes
cigarette smoke, food containing a variety of flavours of) structurally related compounds. Next to the
and/or fragrances, and sediments, oils or biota substantial increase in separation power and speed of
contaminated with polyhalogenated biphenyls or analysis compared to the conventional coupled tech-
other organic micropollutants, has rapidly gained niques, comprehensive two-dimensional systems pro-
increasing importance. Conventional gas chromatog- vide two complete sets of retention data for all
raphy (GC) using modern capillary columns offers constituents of a sample—which yields an additional
high peak capacities. However, it fails to separate all tool for their identification.
the individual constituents (from the matrices) of However, while the technical progress is fairly
such complex samples as mentioned above. There- well documented, and the general strategies to be
fore, sample preparation by, e.g. multistep solid- used to develop methods for GC3GC separations are
phase extraction or size-exclusion chromatography, clear, there is still quite some hesitation for newcom-
liquid chromatography (LC) or coupled-column ers to enter the field. To our opinion, this is at least
techniques (heart-cut GC [1,2], LC–GC) are fre- to some degree due to a perceived limitation of the
quently used to characterise (often only a part of) the application range. In most early and also many
sample, at the expense of very long analysis times subsequent studies, the analysis of petrochemical
and complex instrumentation. products was used as an example [11–14]. This is

With the introduction of comprehensive two-di- not really surprising because such samples combine
mensional gas chromatography (GC3GC) some 10 several interesting features. They contain a limited
years ago, a technique has become available which is number of well-known classes of compounds such as
especially suited for the separation and identification acyclic alkanes (paraffins), cyclic alkanes
of analytes in complex samples [3–10]. Today, close (naphthenes), and mono-, di- and triaromatics, which,
to one hundred papers are available which discuss at the same time, each comprise a very large
the theoretical aspects, the instrumentation and the number—possibly on the order of tens of
application of this highly promising separation tech- thousands—of individual homologues and isomers.
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The analysis usually aims at group-type profiling eluate containing the target analytes was/were trans-
and, in most cases, detection is straightforward and ferred to the second column for further separation. If
can be performed by means of a, sufficiently fast, the column-to-column interfacing is properly de-
flame-ionisation detection (FID). The emphasis on signed, and the second column is sufficiently differ-
this—also economically and technologically highly ent from the first one, such heart-cutting can provide
important—type of applications has fed the, false, substantially enhanced resolution for the target re-
impression that GC3GC, although generating an gions: it is an excellent solution if no information
impressive separation efficiency, is not as important regarding the whole sample is required. However,
for other GC-based analyses as is sometimes when this is not the case because of either the
claimed. complexity of the sample type or the emphasis on

In order to dispel the above impression and unknowns rather than target analytes—a comprehen-
demonstrate the versatility and wide-ranging ap- sive approach is required. For the present case, this
plicability of comprehensive two-dimensional GC as means that GC–GC is replaced by GC3GC, which
an analytical tool, a number of mutually widely is a truly comprehensive technique because now,
differing examples of GC3GC analyses of real-life rather than a few selected fractions, the entire sample
samples is discussed in this paper. In each instance, is separated on two different columns, and no
essential information concerning the analytical information gained during the first separation is lost
strategy and separation will be provided, with special during the second one. This is often expressed by
emphasis on the added value of the use of GC3GC saying that, instead of the (n11 n2) outcome of a
instead of 1D-GC. As regards detection, the benefits heart-cut operation, the comprehensive technique
and the drawbacks of the use of time-of-flight mass provides the much more beneficial (n13 n2) result—
spectrometric (TOF MS) detection will be high- wheren1 and n2 are the peak capacity of the first
lighted. All examples are taken from published or and second column, respectively.
on-going work in which the present authors partici- In GC3GC, two GC separations based on fun-
pate(d). In the former case, additional information damentally different separation mechanisms are ap-
not available in the original publication has some- plied to the entire sample in order to create so-called
times been added. For the convenience of the reader orthogonal separation conditions [15]. The schematic
not yet familiar with the underlying principles and of a GC3GC system is shown in Fig. 1. Almost
instrumentation of GC3GC, a succinct discussion of invariably, the sample is first separated on a high-
these topics—and of outstanding problem areas—is resolution capillary GC column—typically a 15–30
included in the review. m30.25–0.32 mm I.D., d 0.1–1 mm column,f

containing a nonpolar stationary phase, and using

2 . Principle and advantages of GC3GC

2 .1. Principle of GC3GC

In the previous section, it was briefly indicated
that the performance of conventional—i.e. one-di-
mensional (1D)-GC can be distinctly improved by
using, instead, a two-dimensional (2D) GC system.
Over the years, 2D-GC or GC–GC has been studied
in much detail, and large numbers of successful
applications of this so-called multidimensional GC
have been reported [1,2]. However, one should keep
in mind that in essentially all cases, the separations Fig. 1. Schematic of a GC3GC system. I, injector; M, modulator;
were of a heart-cutting nature. That is, only a single, D, detector; 1st, GC oven with first-dimension column; 2nd,
or a few small fraction(s) of the first-dimension (separate) GC oven with second-dimension column.
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temperature programming with a heating rate of no In the literature, there is general agreement regard-
more than 1–58C/min. An interfacing device desig- ing the main advantages of GC3GC over conven-
nated as modulator is used to separate the first- tional 1D-GC, and also GC–GC [3,4,7,8]. Most
column eluate into a very large number of adjacent strikingly, the peak capacity is much higher, which
small fractions. To maintain the first-column sepa- yields a distinctly improved separation of the ana-
ration, these fractions should be no larger than one lytes in a sample from each other but also, as will be
quarter of the peak width, ors, in that dimension shown below, from interfering matrix constituents.
[16,17]. Each individual fraction is refocused and, Secondly, due to the refocusing process in the
subsequently, injected into the second GC column, modulator, and also the improved analyte separation,
which is much shorter and narrower than the first detectability is improved. Thirdly, if proper ortho-
column—typical dimensions are 1–2 m30.1 mm gonal conditions are used, chemically related com-
I.D.3d 0.1 mm. The second-column separation pounds show up as ordered structures, which greatlyf

generally is of a polar or shape-selective nature and, facilitates group-type analysis and the provisional
therefore, indeed effects the required orthogonal classification of unknowns. In the next sections, the
separation conditions. The separation in this column main aspects of interest introduced in the previous
is extremely fast and takes only 1–10 s as against paragraphs will be discussed in some detail. These
45–120 min for the first-dimension separation. Con- include orthogonality and GC column selection,
sequently, it is performed under essentially iso- modulation and detection, and analytical perform-
thermal conditions. In some systems, the second ance data.
column is housed in a separate oven to allow more By way of introduction it should be mentioned
flexible and independent temperature programming, that the configuration and optimisation of a GC3GC
while other GC3GC systems only use one oven and system requires a different and more complex ap-
thus have identical temperature programming con- proach than that used for conventional 1D-GC. For
ditions for both columns. example, temperature and carrier gas flow will

The fast separation in the second dimension results influence the separations in both dimensions differ-
in very narrow peaks with widths of, typically, 100– ently, but not independently. Furthermore, additional
600 ms at the baseline [18–20]. These narrow peaks parameters such as modulation frequency and
require fast detectors with a small volume and short modulator temperature have to be optimised. A
rise time in order to reconstruct the second-dimen- number of papers deal with this topic [21–23].
sion chromatograms properly. Fortunately for a newcomer to the field, many

The outcome of a GC3GC run (Fig. 2, step 1) is applications for different classes of analytes and
a large series of high-speed second-dimension chro- samples reported in the literature use more or less
matograms, which are usually stacked side by side similar conditions that can be used as a starting point
(‘transformation’ in Fig. 2) to form a two-dimension- for further optimisation.
al chromatogram with one dimension representing
the retention time on the first column and the other, 2 .2. Orthogonality and GC column selection
the retention time on the second column. This
transformation (Fig. 2, step 2) into a 2D-matrix array For orthogonal separation conditions to be created
is often performed by laboratory-written software. in a GC3GC system, it is necessary to use columns
Visualisation (Fig. 2, step 3) is usually done by that provide independent separation mechanisms in
displaying the peaks in the 2D plane by means of the first and second dimensions. Here, one should
colours, shading or contour lines to indicate the consider that every separation in GC is based on two
signal intensity. One should realise that colours or parameters, viz. (i) the volatility of the analytes and
shades of grey have some limitations when used to (ii) their interaction with the stationary phase by
indicate a wide range of signal intensities, and it is means of hydrogen bonding,p–p interaction, steric
often necessary to use different contrast settings to effects, etc. (expressed in terms of activity coeffi-
visualise both major and minor peaks. Occasionally, cients) [24]. In addition, one should consider that—
three-dimensional plots are used. while in a truly nonpolar column volatility is the
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Fig. 2. Generation and visualisation of a GC3GC chromatogram.

only parameter of interest and, consequently, a each individual fraction—there is no boiling-point
boiling-point separation is obtained—with all other contribution in the second dimension, and only the
columns, separation will be governed by the specific specific interaction with the stationary phase governs
interaction(s) of the selected ‘polar’ column but, also, the retention. That is, the separation is indeed
by volatility. In order, therefore, to achieve ortho- orthogonal.
gonality, the first-dimension column has to be Stationary phases typically used in first-dimension
nonpolar. Each individual small fraction eluting from columns are 100% dimethylpolysiloxane or 5%
that column will then contain analytes with closely phenylene–95% dimethylpolysiloxane. In practice,
similar volatilities. The subsequent second-dimen- the selection of the first column is also influenced by
sion separation with its run time of only a few the availability of an optimised 1D-GC method or
seconds is so fast that it is carried out under retention-index (RI) database for a particular col-
essentially isothermal conditions. In other words, for umn. In such a situation, the analyst will often be
analytes with equal volatility—i.e. the analytes in tempted to use such a more polar column. Typical
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stationary phases for use in the second dimension are in the field of enantiomer analysis. The separation of
35–50% phenylene–65–50% dimethylpolysiloxane, pairs of enantiomers on an enantioselective phase
polyethyleneglycol (Carbowax), carborane (HT-8) (cyclodextrin) usually requires long run times to
and cyanopropyl–phenyl-dimethylpolysiloxane. obtain sufficient resolution. Therefore, these columns

It will be clear that the rewarding result obtained were initially used as the first dimension. Shellie et
in a nonpolar3polar separation can, in principle, not al. [29] reported successful separations of enantio-
be achieved by a polar3nonpolar, or a polar3polar, meric pairs of monoterpene hydrocarbons and oxy-
combination. In both instances, the outcome of the genated monoterpenes with a cyclodextrin3BP-20
first separation will depend on a mix of volatility and (polyethyleneglycol) column combination; however,
polarity effects. Each eluting fraction will therefore little structure was obtained. Later, the same group
contain analytes that differ in volatility, so that developed an orthogonal system for the same sepa-
volatility also plays a (major) role in the second ration using a DB-53cyclodextrin combination [30].
dimension. As a consequence, the separations in the The separation speed in the second column was
first and second dimensions are not independent. increased by using vacuum outlet conditions. Be-

Orthogonality is, of course, not a goal in itself. cause the latter system provided a first-dimension
The most important spin-off is that the complete 2D separation according to volatility and a second-
plane of separation can be used and that ordered dimension enantioselective separation, more struc-
structures show up in the GC3GC chromatogram tured plots, featuring the enantiomeric pairs, showed
[25]. Such structured 2D chromatograms are required up.
to perform group-type identification when analyzing Table 1 lists a selection of frequently used column
samples that contain structurally related compounds combinations, both orthogonal and nonorthogonal,
such as homologues or isomers, which is the case in, and their application area.
e.g. petrochemical samples but also in fats and edible
oils (fatty acid methyl ester analysis) [26] and 2 .2.1. Column dimensions
mixtures of chlorinated biphenyls (CBs) [27]. In general a conventional-size column is used in

One should realise that an orthogonal column the first dimension, typically 15–30 m30.25 mm
combination does not automatically provide struc- I.D. Selecting the dimensions of this column also
tured chromatograms. Two conditions have to be depends on the desired separation. In many cases
met, (i) the sample has to contain (a large number where there already exists a 1D-GC method for the
of) isomers, homologues or congeners, and (ii) the sample under consideration, the first-dimension col-
second-dimension column should be chosen depen- umn will be the column that is conventionally used
dent on the physicochemical properties of the ana- for the 1D-GC separation.
lytes [25]. One illustrative example was reported by The separation in the second column has to be

´Korytar et al. [27]. They compared several orthogon- completed in a few seconds, and band broadening of
al column combinations for the separation of planar the very narrow pulses generated by the modulator
CBs from other congeners. The best overall sepa- should be minimised. Therefore, short narrow-bore
ration was obtained on a HP-13Carbowax combina- columns are commonly used in the second dimen-
tion; however, little or no structure was obtained. sion, typically 0.5–2 m30.1 mm I.D. Recently, the
Only a HP-13HT-8 column combination provided use of a 0.05 mm I.D. column has been reported [34]
structured chromatograms. A somewhat similar con- which provided an ultra-fast second-dimension sepa-
clusion can be drawn from a paper by Haglund et al. ration of 1 s and, consequently, a much faster, i.e.
[28], who used a polar (liquid crystal phase)3 3–4-fold, total analysis.
nonpolar (BPX-5) column combination to separate The use of a conventional column in the first
planar CBs from other congeners. Again, the sepa- dimension and a gas flow similar to those routinely
ration of the, limited number of, planar CBs was applied in 1D-GC (as will be explained below)
fully successful, but no structure could be observed allows the application of virtually all injection
in the GC3GC chromatogram. techniques. Split, splitless, on-column, large-volume

Nonorthogonal column combinations are also used injections (10ml) using a programmed temperature
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Table 1
Examples of column combinations used in GC3GC

Application Column combination Orthogonal References

Essential oils 30 m, 0.25 mm I.D., 0.25mm BPX5 Yes [31]
3 2 m, 0.1 mm I.D., 0.1mm BP20

Enantiomers in 25 m, 0.25 mm I.D., 0.25mm 30%b-CD No [29]
essential oils 3 0.8 m, 0.1 mm I.D., 0.1mm BP20

Enantiomers in 10 m, 0.1 mm I.D., 0.1mm DB-5 Yes [30]
essential oils 3 1 m, 0.25 mm I.D., EtTBS-b-CD

Petroleum 10 m, 0.25 mm I.D., 0.25mm DB-1 Yes [32]
3 0.5 m, 0.1 mm I.D., 0.14mm OV1701

Pesticides in 15 m, 0.25 mm I.D., 0.25mm DB-1 Yes [33]
food 3 0.8 m, 0.1 mm I.D., 0.1mm BPX-50

CBs 10 m, 0.15 mm I.D., 0.1mm LC-50 No [28]
3 0.25 m, 0.1 mm I.D., 0.1mm BPX-5

CBs 30 m, 0.25 mm I.D., 0.25mm HP-1 Yes [27]
3 1 m, 0.1 mm I.D., 0.1mm HT-8

vaporiser (PTV) [33] and solid-phase microextrac- 2 .3. Modulation
tion (SPME) [35,36] have all been utilised.

The modulator can be considered the ‘heart’ of a
GC3GC system and, consequently, in the early

2 .2.2. Gas velocities and temperature years much effort was devoted to the development of
programming a robust and user-friendly modulator with a wide

Since the two columns are connected in series, application range. Independent of its design, a
their carrier gas velocities cannot be selected in- modulator must serve three functions: (i) to continu-
dependently and a compromise is generally chosen ously accumulate or trap small adjacent fractions of
that provides acceptable separation in both dimen- the effluent from the first column whilst the first-
sions. The linear velocity in the first dimension is dimension separation proceeds; (ii) to refocus the
usually low (typically 30 cm/s), but still in the trapped fractions either in time or in space; (iii) to
optimum range for this column; much lower values inject the refocused fractions as narrow pulses into
will cause a drastic loss of the separation efficiency. the second-dimension column. In practice, the
At the same time, the linear velocities in the (narrow- modulator works with a constant frequency of,
bore) second dimension are typically much higher typically, 0.1–1.0 Hz. In other words, seconds-wide
than 100 cm/s, i.e. they are far above the optimum fractions of the effluent of the first column are
value. This can, however, be tolerated because of the accumulated and refocused in the modulator and
flat slope of the van Deemter curve for these narrow- subsequently injected into the second column. Usual-
bore columns. ly, the separation in the second-dimension system is

In order to enable at least three or four modula- finished before the injection of the next fraction (for
tions to be made over each first-dimension peak, the wrap-around, the exception, see below). In the
temperature programming rates in GC3GC are present section, a short overview of the most com-
generally lower than in 1D-GC, i.e. only 0.5–58C/ mon modulators is presented (see also Table 2
min. In GC3GC systems with independent tempera- below).
ture control of the two columns, the temperature of The first modulators were dual-stage thermal
the second column is usually programmed at the desorption modulators which were difficult to manu-
same rate, but at up to 20–308C, usually higher, facture and were not very robust [11,37]. The first
temperatures. This enables a fine-tuning of the commercially available modulator was the so-called
retention in the second dimension as will be dis- Sweeper [38–40]. A thick-film capillary was used to
cussed in Section 2.3. retain and accumulate the analytes at the end of the
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first column by ‘phase-ratio focusing’, and reinjec-
tion was achieved by heating the capillary with a
moving slotted heater. The typical set-up is shown in
Fig. 3. Next to the complicated nature of the
installation and the fact that the slotted heater moves
uncomfortably close to the modulator capillary, the
major disadvantage of the Sweeper was its limited
application range (maximum elution temperature,
2308C). On the other hand, one should realise that in
some 30% of the GC3GC research papers published
to date, a Sweeper was used as modulator.

Next, Marriott developed a moving modulator
which uses expanding liquid carbon dioxide forFig. 3. Schematic of a GC3GC system equipped with a Sweeper.

cryogenic trapping and focusing of the analytes in
the first centimetres of the second column (longitudi-
nally modulating cryogenic system, LMCS)
[20,39,41–45]. Reinjection is achieved by moving
the modulator (longitudinally) away and heating the
spot that holds the focused fraction by means of the
oven air. The application range is much wider, but
volatile analytes are not sufficiently retained.

More recently, several different versions of cryo-
genic jet systems were introduced [19,46–48]. Simi-
lar to the LMCS they use cryogenic means (expand-
ing liquid CO , expanding gaseous CO or nitrogen2 2

gas cooled to21808C) to retain the analytes. There
are, however, no moving parts and the jet systems
are therefore more robust. A schematic of the general
set-up of such a modulator is shown in Fig. 4.
Reinjection is achieved either by switching the
modulator off—with the oven air then heating the
capillary and, consequently, the part that holds the
focused fraction—or by using a pulse of hot air
[46,47]. Jet modulators that use cooled nitrogen gas
have the lowest trapping temperature and, thus, the
widest application range at the low boiling end of the
sample.

Another type of modulator uses valves for modu-
lation. Diaphragm valve modulators achieve ‘re-
focusing’ by injecting only a small (and, thus
narrow) fraction of the eluate from the first into theFig. 4. (A) Schematic of a two-jet cryogenic modulator; (B1–3)
second column but, because they transfer less thanprinciple of cryogenic modulation. (B1) The modulator (right-

hand jet) retains part of a peak eluting from the first column. (B2) 2% of the eluate, are not suited for trace analysis
The right-hand jet is switched off, the cold spot heats up very [49,50]. Valve-based modulators using differential
quickly and the analytes are released and launched for separationflow modulation transfer about 80% of the eluate of
in the second column. Meanwhile, the left-hand jet is switched on

the first into the second column [51]. However, theyto prevent material eluting from the first column to interfere with
require a high gas flow-rate in the second dimensionthe focused fraction. (B3) The right-hand jet is switched on again

and the next modulation cycle is started. to achieve refocusing—in this case, in time, not in
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space. Both valve-type modulators are restricted to ond-dimension retention times of about 10 s and—
relatively low temperatures (maximum, 1758C) when using an 8 s modulation time—elute not in
which seriously limits their application range. their own, but in the next modulation cycle; that is,

Table 2 gives an overview over the most common they coelute with the monoaromatics of the next
types of modulators, their application range (ex- modulation. When using a higher temperature for the
pressed in boiling-point range of the analytes), second-dimension column, the retention time in the
reported peak widths and robustness. Other labora- column is decreased and the two compounds elute in
tory-made modulator designs are described in [52– their own modulation cycle (Fig. 5B). Clearly, the
56]. independent temperature control of the second col-

umn allows an easy fine-tuning of the GC3GC
2 .3.1. Modulation time–wrap-around system.

In GC3GC, the separation achieved in the first In principle, wrap-around should always be avoid-
dimension should be preserved during modulation ed. However, in actual practice it can be accepted if
and separation in the second dimension. This means the compounds showing wrap-around do not coelute
that a peak eluting from the first column should be with analytes from the next modulation. Illustrative
modulated at least four times, or, in other words, the examples are shown in Figs. 17 and 22 of (Sections
modulation time should be about 1s of a first- 3.4 and 3.7, respectively). In both cases, the original
dimension peak [16,17]. The efficiency of a chro- plot (shown in the insert) shows wrap-around; how-
matographic separation is adversely affected and the ever, there is no disturbing coelution and the struc-
ordered structure is lost when peaks from different ture is already visible. The large 2D plots shown in
modulation cycles coelute. Therefore, the experimen- these figures were obtained by combining two or
tal conditions are usually adjusted such that the more plots.
modulation time is longer than the retention times of
the compounds most strongly retained in the second 2 .4. Detectors in GC3GC
dimension. Otherwise, analytes will not elute in their
own modulation cycle, and cause so-called wrap- The very fast separation in the second-dimension
around. This effect is illustrated in Fig. 5, which column results in peaks with widths of, typically,
shows the separation of a petrochemical sample 100–600 ms at the baseline [18–21]. The actual peak
using two different second-dimension oven tempera- width depends on the type of modulator used, but
tures while all other parameters were kept the same. also on the gas flow and the dimensions of the
In Fig. 5A, phenanthrene and anthracene have sec- second-dimension column and, since this separation

Table 2
Summary of properties of the most relevant GC3GC modulators

Type Focusing effect Band width of Application Robustness References
injection pulse range

Phase Cryo Valve (ms) (b.p.,8C)
ratio

Dual-stage heated Yes 16–20 222 [11,37]
Sweeper Yes 60 125–450 2 [38–40]
LMCS CO 20–50 125–(550) 1 [20,43–45]2

Four-jet cryo N ,10 30–(550) 111 [46]2

Two-jet cryo CO ,10 100–550 11 [19]2, liquid

Single-jet, dual CO /N ,10 100–550 111 [47]2, gas 2

stage cryo
Single-jet, single CO ,10 100–550 11 [48]2, liquid

stage cryo

Diaphragm valve Yes 14 0–300 1 [49]
Differential flow Yes 50 0–300 1 [51]
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Fig. 5. Part of GC3GC separation of a petrochemical sample illustrating wrap-around. (A) Phenanthrene and anthracene show wrap-around.
(B) When using a 208C higher temperature in the second dimension, they elute during their own modulation cycle.

is isothermal, on the retention time in that dimension reported. They demonstrate an excellent compatibili-
[21]. The narrow peaks require fast detectors with a ty of the separation and detection parts of the system,
small internal volume and a short detector rise time even though the, actually four-dimensional, data
and a high data acquisition rate to ensure a proper require new software tools for visualisation and
reconstruction of the second-dimension chromato- processing. As will be discussed in Section 2.6.2, the
grams. Therefore, until recently detection in GC3 amount of data generated per run is overwhelming
GC was limited to the use of a fast FID. Modern and data handling is, consequently, rapidly becoming
FIDs have a negligible internal volume and can the real analytical problem.
acquire data at frequencies of 50–200 Hz [57].
Today, micro electron-caption detectors (mECD) are 2 .5. Analytical performance data
also being used in GC3GC; however, their internal
volumes of 30–150ml may still cause extra band It is true that, generally speaking, less attention
broadening [27,58]; the data acquisition frequency of has been devoted so far to generating analytical
a mECD is typically 50 Hz. performance data than is usual with a new analytical

The detectors mentioned above permit peak recog- technique. The dedicated attention that, first, had to
nition, but provide no structural information. The use be paid to solve the many design and construction
of a spectrometric detector, specifically a mass problems, at least partly explains the lack of in-
spectrometer (MS), is therefore indispensable to formation. On the other hand, this lack is not as
allow the identification of the numerous separated serious as it is sometimes made out to be, and the
compounds. At present, only a TOF MS (see Scheme next subsections will demonstrate that, whenever
1) can acquire the fifty or more mass spectra per they have been measured, the performance data of
second that are required for the proper reconstruction GC3GC are found to be fully up to expectation.
of GC3GC chromatograms and for quantification.
First results on GC3GC–TOF MS for the analysis 2 .5.1. Retention time
of petrochemical samples [59], essential oils [31,35], The run-to-run repeatability and the intralaborat-
cigarette smoke [60] and the trace-level determi- ory reproducibility of the first- and second-dimension
nation of pesticides in vegetables [33] were recently retention times were investigated by Shellie et al.
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Scheme 1. Principle of ToF MS

[61]. They found that the run-to-run repeatability for In this context, it is of interest to note that several
43 compounds in an essential oil was generally better papers report the use of first-dimension retention
than 50 ms (1.5%,n56) in the second dimension for index (RI) databases for a provisional peak identifi-
peaks with a mean peak width of 150 ms (4s). cation or to improve peak identification in GC3GC–
First-dimension retention times were calculated TOF MS [60,62]. Western et al. [63] proposed a
based on the fitting of a normal-distribution function method of generating an RI database also for the
to the ‘pulsed’ peak profile of all second-dimension second-dimension separation. Their method involves
peaks belonging to a single compound. The re- the repeated injection of reference compounds, typi-
peatabilities were generally better than 4 s or 0.2% callyn-alkanes, during a GC3GC run. However,
(n56). The day-to-day reproducibility of the second- there is as yet no generally accepted model on which
dimension retention times was within62s of the the required calculation can be based.
second-dimension peak width and, for most cases,

¨even within61s. Dalluge et al. [21] reported similar 2 .5.2. Quantification
results for pesticides in food samples; they achieved As will be explained in the Section 2.6.1, there are
a repeatability of 0.11–0.16 s with peak widths of various approaches to perform peak integration in
0.2–0.6 s (n55). De Geus et al. [40] reported GC3GC. In most publications, first the individual
standard deviations of the second-dimension reten- second-dimension peaks belonging to one analyte are
tion times of various CBs relative to an internal integrated using conventional integration algorithms
standard of 0.07 s (n58) with peak widths of 1.3– and, then, they are summed. Beens et al. [57]
1.7 s. compared results obtained in GC3GC–FID and 1D-
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Table 3
Comparison of quantification in GC3GC–FID and 1D-GC–FID

a a bCompound 1D-GC GC3GC Difference RSD
(%) (%)

Ethylbenzene 4.50 4.46 0.8 0.8
o-Xylene 6.14 6.18 0.7 0.5
n-Nonane 5.88 5.85 0.5 0.6
Isopropylbenzene 9.49 9.45 0.4 0.2
n-Propylbenzene 5.52 5.52 0.1 1.3
sec-Butylbenzene 5.75 5.71 0.7 0.7
p-Cymene 3.85 3.91 1.5 0.5
trans-Decalin 5.80 5.82 0.3 0.3
n-Undecane 3.93 3.94 0.2 1.3
1,2,4,5-Tetramethylbenzene 3.14 3.16 0.6 0.7
1,2,3,4-Tetramethylbenzene 4.90 4.88 0.4 0.6
Naphthalene 1.08 1.04 3.7 2.2

a All concentrations in wt.%
b Peak areas in GC3GC (n514).

GC–FID. A selection of their data is shown in Table was found to be good with regression coefficients of
3. Next to the excellent agreement between the two at least 0.998 (7 data points in duplicate; range,
sets of quantitative data with a difference of less than 0.01–3 ng/ l of analyte). The repeatability of the
1.5% in all but one case, the repeatability of the peak-area measurements was 5–11% (n55), which
GC3GC peak area measurements was highly satis- can be called satisfactory. More detailed results are
factory, with relative standard deviations of less than given in Section 3.3.
1% for most analytes.

Analytical performance data for GC3GC–FID 2 .5.3. Analyte detectability
(linearity and repeatability) were also reported by It is not really surprising that many studies on
Frysinger et al. for volatile oxygenates and benzene, analyte detectability in GC3GC emphasise the
toluene, ethylbenzene and xylenes (BTEX) in water comparison between this technique and conventional
using SPME [36], for BTEX and total aromatics in 1D-GC. Such a comparison is not trivial. For exam-
gasoline [64] and oxygenates in gasoline [65]. The ple, the limits of detection (LODs) in GC3GC are
results presented by these authors are similar to, but influenced by the number of modulations across a
frequently somewhat less good than, those quoted in peak and the retention time in the isothermal second-
Table 3. Unfortunately, the authors do not clearly dimension separation. More importantly for a valid
specify the method of calculation used by them. Data comparison, both the 1D-GC and GC3GC analyses
on GC3GC–ECD were reported by de Geus et al. should be carried out under optimum conditions, i.e.
[40] who used a series of seven CBs as test com- the data acquisition should be adjusted to the peak

2pounds.R values of 0.990–0.997 were found over a width (typically 10–20 data points across a peak; see
range of, typically, 2–50 pg injected, and peak area e.g. [66] and [21] for FID and TOF MS, respective-
RSDs were 4–6% (n58) at the 10-pg injection level. ly). In GC3GC, this is strictly speaking not possible
Quantification of the CBs in a cod liver reference due to the different peak widths in the (isothermal!)
sample gave concentrations within the certification second-dimension chromatograms, and the data-
range in five out of seven cases. Quantification based acquisition frequency is usually adjusted to the peak
on GC3GC–FID was also successful for fatty acid width of the narrowest second-dimension peaks. Lee
methyl esters in vegetable oil and fish [26]. et al. [66] developed a model to predict the sensitivi-

Performance data on GC3GC–TOF MS were ty gain in GC3GC–FID which was in good agree-
¨published by Dalluge et al. [33]. The procedure was ment with experimental data. They achieved a sen-

applied to the determination of pesticides. Linearity sitivity enhancement by a factor 4–5 for GC3GC.
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For GC3GC–TOF MS, a 2–5-fold increase in procedure is very similar to the integration of the
sensitivity was found when modulating peaks two or chromatograms generated by single-channel detec-
three times [21]. Similar results were recently re- tors as performed in, e.g. Refs. [57] and [27] for FID
ported for GC3GC–mECD of CBs: LODs were andmECD, respectively. So far, the software cannot
3–5-fold lower than in 1D-GC [27]. In this study, the (automatically) combine all second-dimension peaks
LODs were 10–20 fg of injected mass (also see belonging to a single 2D peak and sum their areas.
Section 3.7). This step is either done manually or by using

The above results may seem slightly surprising in predefined windows in which all second-dimension
view of information contained in other studies. These peaks are summed (TWEEDEE).
often report substantially higher sensitivity gains for In a second approach, first a so-called base plane
GC3GC compared to 1D-GC, viz. typically 10–70 is subtracted, and subsequently three-dimensional
fold [57,67,68], and quote refocusing in the peak volumes are calculated by means of imaging
modulator as the principal cause. However, in these procedures [69]. There is an on-going discussion on
publications signal intensity, instead of signal-to- whether this approach can also be applied to the
noise ratio (S /N), enhancement is usually used to quantification of analytes in complex samples with
express the improvement over 1D-GC, and often the little or no structured chromatograms. In these
same data acquisition rate is used in 1D-GC and samples the base plane correction may fail, which
GC3GC. will result in negative peak areas. At present, suitable

Actually, in experimental practice, i.e. when software is being developed and still has to prove its
analyzing complex samples, analyte detectability is, practicability.
of course, often limited by chemical noise, i.e. the Further, a chemometric approach referred to as the
presence of a high and noisy background generated generalised rank annihilation method (GRAM) was
by coeluting material. Due to the much improved presented in the literature, which mathematically
separation provided by GC3GC as compared with resolves (deconvolutes) and quantifies peaks in GC3

1D-GC—and exemplified by, e.g. Figs. 14, 20 and GC [70–75]. However, this method requires a
25 in Section 3—such interferences are often effi- bilinear structure of the data, which is strictly
ciently separated from the analytes of interest. Con- speaking not the case when using temperature-pro-
sequently, analyte detectability is now frequently grammed conditions for the second-dimension col-
enhanced to a degree which is much higher than, and umn in GC3GC [72]. So far, the technique was
not related to, the formal presentation presented applied only to examples in which the analytes have
above. a rather limited boiling-point range. Future work is

aimed at the extension of GRAM to GC3GC with
2 .6. Data processing temperature programming in both dimensions.

Another chemometric approach, trilinear partial least
2 .6.1. Peak integration squares (tri-PLS) data analysis, was applied to the

In the literature, several approaches are reported to quantification of the aromatic and naphthene contents
perform peak quantification in GC3GC. The most in naphtha [76]. However, this approach also used a
common one integrates all individual second-dimen- constant temperature for the second-dimension col-
sion peaks by means of conventional integration umn during the entire GC3GC run.
algorithms, and, next, sums all peak areas belonging Software tools are required not only for peak
to one 2D peak [27,33,57]. This is done either (i) by integration, but also to handle the (now two-dimen-
using two software programmes, i.e. conventional sional) calibration peak tables with retention win-
GC software for peak integration and another pro- dows of target compounds. Promising software ver-
gramme for subsequent combination of the peaks or sions use graphical means to visualise the retention
(ii) by using laboratory-written software which inte- windows. They use polygons to define the borders of
grates both steps (e.g.TWEEDEE [57]). An example is areas within which all peaks are summed—a useful
given in Section 2.6.2 for the integration of two tool for group-type quantification of, e.g. petro-
peaks using extracted-ion chromatograms [21]. The chemical samples. Further, tools are being developed
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to indicate the individual peaks found by the integra- is even more complicated than was outlined above.
tion software. The size of the files (100–400 Mbytes) requires

Apex plots are such a convenient way to improve powerful computers and sophisticated and intelligent
the visualisation of the peaks which are detected and programmes for data handling. Data visualisation
to reduce the complexity of the plots. These plots now also involves the generation and overlay of
typically use a dot or small circle to indicate only the extracted-ion chromatograms. Due to the complexity
apex of a peak. As was mentioned above, if the of most samples subjected to analysis by this tech-
peak-finding routine processes the individual second- nique, manual processing generally is not an option
dimension chromatograms by using algorithms from and integrated software tools are required for the
1D-GC, all modulated peaks belonging to one 2D automated processing of target as well as nontarget
peak will be reported separately. An apex plot analytes [21,60]. Only recently, a dedicated commer-
generated after such data handling is shown in Fig. cial data-processing software package became avail-
6B and should be compared with the original 2D plot able. In the present review several different pro-
of Fig. 6A. Combining the individual second-dimen- grammes had to be used and, at that time, much
sion peaks leads to a much simplified plot (Fig. 6C). manual interaction was still required.
Since the peak-finding algorithms can recognise
small peaks that are not immediately visible in the 2 .6.2.1. Target analysis
contour plots, and since deconvolution algorithms Target analysis, i.e. the identification and quantifi-
can be applied, the resulting apex plots facilitate the cation of analytes of which the retention times and
recognition of small and coeluting peaks. The lower mass spectra are known, can be performed as in
parts of the plots of Fig. 6 provide an illustrative 1D-GC–MS. Peaks are identified using retention-
example. In summary, apex plots reduce complexity, time windows and reference mass spectra. Quantifi-
enhance visibility and simplify the visualisation of cation is done as in GC3GC–FID: first the in-
group-type separations [21,60]. This is also demon- dividual second-dimension peaks (usually of the
strated by the examples included in the subsection on extracted-ion traces) are integrated using algorithms
group-type analysis in Section 2.6.2. from 1D-GC (upper part of Table 4). The match

factors in Table 4 are an indication of how well the
2 .6.2. Processing of GC3GC–TOF MS data acquired mass spectrum matches the reference mass

In GC3GC–TOF MS the data-handling situation spectrum. Subsequently, the areas of the second-

Fig. 6. 2D and apex plots of part of GC3GC–FID chromatogram of a crude oil. (A) 2D plot. (B) 2D plot with apex plot overlaid, showing
all individual second-dimension peaks; ellipses indicate the apexes belonging to one 2D peak. (C) Apex plot; individual second-dimension
peaks are combined.
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Table 4
Peak table for identification and quantification of two peaks in a GC3GC–TOF MS chromatogram

aAnalyte t Match Quantification Area AmountR
b(s) factor mass (m /z) (ng)

Ametryn:1 1605.2 818 227 7990
Alachlor:1 1608.5 861 160 14 871
Ametryn:2 1609.1 824 227 11 704
Alachlor:2 1612.4 855 160 15 375
Ametryn:3 1613.1 608 227 2524
Alachlor:3 1616.4 464 160 2224
Ametryn:4 1617.0 553 227 1921

Summed S Areas
Ametryn 227 24 139 0.10
Alachlor 160 32 470 0.09
a Total retention time in raw GC3GC chromatogram.
b Match between acquired and reference mass spectrum (range 0–999).

dimension peaks belonging to one GC3GC peak are amount of data and should, therefore, be performed
summed. Fig. 7 shows the extracted-ion traces of the as automatedly as is possible.
two peaks of interest as a ‘raw’ GC3GC chromato- The nontarget approaches presented in the litera-
gram; the insert shows the corresponding 2D plot. ture [21,60] consist of several steps: (i) peak finding

(and deconvolution), (ii) library searching and (iii)
2 .6.2.2. Nontarget analysis further postprocessing. Deconvolution is an algo-

Nontarget analysis is performed to obtain an rithm that recognises partly coeluting peaks in a
overview of the sample constituents. In other words, GC–MS chromatogram and calculates their ‘pure’
an attempt is made to identify ‘all’ peaks above a mass spectra. The first two steps are done with
certain S /N ratio in the chromatogram. Obviously, software developed for 1D-GC–MS. They are per-
this approach requires the processing of a large formed in the raw GC3GC chromatogram. Fig. 8

Fig. 7. Part of a raw GC3GC–TOF MS chromatogram; only extracted-ion traces of ametryn (m /z 227; green) and alachlor (m /z 160,
purple) are shown. Insert shows GC3GC plot of same region.
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Fig. 8. Part of a (raw) GC3GC–TOF MS chromatogram of a leek extract; vertical lines indicate peaks found by the deconvolution
algorithm of the GC–TOF MS software.

shows part of the GC3GC–TOF MS chromatogram obtained for the chromatogram of Fig. 8; 19 peaks
of a leek extract. Peaks found by the peak-finding were found in this 7-s part of the chromatogram. The
and deconvolution algorithms are indicated by verti- complete peak table contained more than 2000
cal lines. Clearly, these algorithms found many more peaks. During the postprocessing of this table, library
peaks than are visible in the chromatogram. match factors are used to evaluate the reliability of

The final outcome of the peak finding and de- the identification by library search and additional
convolution is a peak table, which contains the data such as RIs can be used to improve the
library search results, including compound names identification (cf. Section 2.5.1). Peaks with low
and mass spectral match factors (similarity, reverse match factors are either removed or have to be
and probability; for further explanation see [21,60]). processed manually. To illustrate the only partial
As an example, Table 5 shows the peak table success one should add that, in the example of Table

Table 5
Part of peak table with library search results obtained from chromatogram shown in Fig. 8

t (s) Compound name Probability Similarity Reverse CAS no.R

G 1673.2 Octane, 2,4,6-trimethyl- 813 804 899 62016-37-9
1673.4 Benzamide,N-[[4-[2-(dimethylamino) . . . 2680 635 635 00138-56-7
1673.5 Cyclopentaneundecanoic acid 926 541 693 06053-49-2
1673.6 Ethyl isoallocholate 2253 550 564 00000-00-0
1673.8 Benzene, (1-ethyldecyl)- 3733 674 686 02400-00-2

→ 1674.0 Tetradecanoic acid 6709 930 933 00544-63-8
1674.9 89-Apo-carotenoic acid, 1,2-dihydro . . . 3701 595 595 56193-57-8

→ 1675.2 Propyzamide 7741 868 868 23950-58-5
1675.5 Digitoxin 2111 577 608 00071-63-6
1675.9 Digitoxin 1316 609 612 00071-63-6
1676.1 Cholesta-8,24-dien-3-ol, 4-methyl-, (3a,4a)- 1267 429 457 07199-92-0
1676.2 Pyrimethanil 6008 693 700 53112-28-0
1677.3 Digitoxin 3991 592 677 00071-63-6
1677.6 Pregnane-7,8,9,11,20-pentaol-18-oic acid, . . . 5855 593 604 00000-00-0
1678.5 Gibbane-1,10-dicarboxylic acid, 2,4a,7-trihydroxy . . . 1384 565 593 04747-53-9
1678.8 Carda-4,20(22)-dienolide, 3-[(6-deoxy- . . . . 1368 501 522 20248-01-5

G 1679.3 Nonadecane 908 810 886 00629-92-5
1679.3 1,1-Dimethylamino-1-butene 3505 643 991 14548-12-0
1679.5 Perhydroanthracene-2,3,4a,6,7,8a,9a,10a- . . . 1372 545 545 00000-00-0
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5, only two peaks could be identified (indicated by groups—indicated in Fig. 9A as paraffins, mono-
arrow), while for two other peaks (indicated by G) a naphthenes, dinaphthenes and monoaromatics
group-type identification could be provided. [59,77].

If there are no sufficiently uniquem /z values,
2 .6.2.3. Group-type analysis apex plots can in some cases be generated by

In quite a number of applications, there is either searching a peak table (obtained from nontarget data
not the possibility or not the need to identify all processing as discussed above) for selected classes of
individual peaks. In some cases, fingerprinting aimed analytes, using compound names and formulae. The
at specific classes of compounds is the goal (e.g. corresponding retention times can then be used to
petrochemical samples; fats and oils)—in other in- generate the plot and draw the required polygons. As
stances, visualizing a limited number of groups of an example, Fig. 25 (Section 3.9) shows an apex plot
analytes (e.g. acids, ketones, phthalate esters, aro- obtained for alkyl-substituted aromatics in a sedi-
matic hydrocarbons) in a sample of largely unknown ment extract. The clusters of the 1–6-ring aromatics
composition is the main aspect of interest. In such are indicated by polygons. In the original GC3GC
situations, a group-type analysis is frequently per- plot, these groups were not visible due to the
formed, as was already mentioned in Section 2.6.1 presence of many, much larger and partly coeluting
and will be a repeated topic of interest throughout peaks.
Section 3. Of course, first the contours (polygons) or
elution windows of such compound groups have to
be drawn. If FID detection is used, this is usually 3 . Applications
done by injecting standards of suitably selected
individual compounds and/or—and this should not Table 6 gives an overview of the various applica-
be underestimated—on the basis of established tion areas in which GC3GC has been applied
knowledge/expertise concerning the nature and com- successfully, classified according to sample type,
position of the sample type. In actual practice, analytes and detection method. A number of exam-
however, such contours cannot always be recognised ples from divergent application areas, primarily
very precisely. Typical examples are the crowded selected on the basis of our own research work and
higher-boiling part of many samples or cases in general experience in these areas, are discussed in
which relatively small groups of analytes of interest some detail in the eleven subsections below. These
coelute with other, larger groups of compounds. One examples are intended to highlight the potential and
such example is the coelution of benzothiophenes versatility of GC3GC, and to illustrate how the
and many diaromatics discussed in Fig. 12 below various technical aspects of interest discussed in
(Section 3.2). Another relevant example, depicted in Section 2, are implemented in real-life analyses.
Fig. 9, shows how MS can—and often should be—
used to improve the result. In Fig. 9A, which is the 3 .1. Petrochemical samples: GC3GC–FID
total-ion chromatogram (i.e. a chromatogram com-
parable with that obtained with FID detection) of a Petrochemical samples are amongst the most
kerosene, the borderlines between the various groups complex samples known to analytical chemists. They
cannot be drawn with much precision: a general contain a very large number of saturated and unsatu-
indication is all that can be given. If more detailed rated alkanes, cyclic alkanes, aromatics and
delineation is required, extracted-ion traces have to heteroatom-containing compounds. The total number
be used. In the present example, them /z values used of compounds in, e.g. a middle distillate has been
to generate the plot of Fig. 9B were sufficiently estimated to exceed one million [12,79]. In many
unique to visualise the monoaromatic compounds, cases, however, the emphasis is on a group-type
i.e. the alkyl-substituted benzenes, while essentially characterisation only.
all other sample constituents are ‘lost’. Based on this The number of compounds in petrochemical sam-
result—and similar ones for the other groups of ples increases exponentially with the boiling point,
compounds—it was possible to clearly mark the and 1D-GC can only fully separate the constituents
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Fig. 9. GC3GC–TOF MS separation of a kerosene. (A) Total-ion chromatogram showing all compounds. To clearly show the group-type
separation indicated by horizontal lines (P, paraffins; N, mononaphthenes; D, dinaphthenes; M, monoaromatics), results are required such as
are presented in (B) 2D extracted-ion plot constructed by using the sum of them /z 77, 91 and 105 signals to indicate the monoaromatics
[77].

Fig. 10. GC3GC–FID of a light cycle oil using a 25 m30.25 mm I.D. DB-131.5 m, 0.1 mm I.D. OV-1701 column combination and a
Sweeper. For further analytical conditions, see [78].
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Table 6
Overview of published GC3GC applications

Sample type Analytes Target* Detection References
method

Petrochemical Group-type S FID [12–14,32,50,64,65,78–81]
characterisation S MS [82]

S TOF MS [58, this paper]
Biomarkers A–S FID [83]
Forensic analysis S FID [84,85]
Target compounds A–S FID [13,64,65]

A–S TOF MS [59]

Essential oils, Flavours S FID [35,86–90]
food extracts S TOF MS [31,35]

Enantiomers A–A FID [29,30]
Food (fish) PCBs, PCDDs, PCDFs A–A ECD [27]
(standards) PCBs A–A FID [23,28,91]

Toxaphene A–A ECD [92]
Food (vegetables) Pesticides A–S TOF MS [33]
Biological oil Fatty acids A–A FID [26,93]
Algae Steroids A–A TOF MS [This paper]
Blood plasma Pesticides A–S FID [94]

Fly ash Micropollutants S TOF MS [This paper]
Sediment PAHs A–S TOF MS [54, this paper]
(Surface) water Volatiles, BTEX S FID [36]

Microcontaminants S FID [55]

Air /gaseous Volatiles S FID [62,66,95–97]
samples S TOF MS [75]

Cigarette smoke General characterisation S TOF MS [60]
Breath Volatiles S FID [96]
Solvents Trace-level impurities A–S FID [98]

Kinetic studies FID [99,100]

*, Focus primarily on: S, characterisation of entire Sample; A–S, limited number of target analytes in complex Sample; A–A, separation
of large number of analytes from each other.

in the very low boiling range, i.e. up to C for EI-MS also fails to characterise higher boiling9

straight-run hydrocarbon fractions, and even less far fractions due to the close similarity of the mass
for olefin-containing fractions. Several techniques spectra of the many structurally related compounds
are used for the characterisation of higher boiling and the frequent absence of molecular ions. Some 10
ranges. For instance, the dedicated but very complex years ago, an MS instrument was developed that uses
column-switching PIONA analyser can perform a so-called Townsend discharge ionisation [102]. This
group-type analysis for light (gasoline- and naphtha- system allows the determination of the boiling-point
type) fractions up to a boiling point of 2008C. distribution of various compound types up to C .40

Middle distillates (boiling range 150–4008C) can be Unfortunately, it is not commercially available.
characterised by combining normal-phase LC It is therefore not surprising that GC3GC was
(NPLC) and GC [101]. Here, NPLC provides a rapidly applied for the characterisation of petro-
group-type separation of aliphatics and mono-, di- chemical samples. In one early paper [11], a
and tri(1)-aromatics, with a subsequent boiling- kerosene was analysed to demonstrate the separation
point separation of all groups by GC. Unfortunately, power of the technique. The 2D chromatogram
both approaches are complex and difficult to opti- recorded for the orthogonal (nonpolar3polar) sepa-
mise, and require operation by skilled analysts. GC– ration exhibited over 6000 peaks. In addition, a
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highly ordered structure could be observed through- nonaromatic solvent [14]. Similar to Fig. 10, this
out the 2D plane. It is interesting to mention that this chromatogram also shows much structure and many
‘eye-opener’ required a first-dimension run time of (sub)classes can easily be recognised. Alkanes,
no less than 9 h, and second-dimension cycles of mono- and dinaphthenes were separated into roof-
25 s each—that is, rather unlike what is current tiles which, each, only contain compounds with the
practice today. same number of carbon atoms. In addition, it was

Fig. 10 shows a typical example of the GC3GC found that alkylcyclopentanes and alkylcyclohexanes
analysis of a light cycle oil using a DB-13OV-1701 are separated from each other. For example, as can
column combination. Paraffins, mono- and be seen in the figure,n-octylcyclopentane could be
diaromatics and their naphthenic derivatives, and separated fromn-heptylcyclohexane, a highly unusu-
triaromatics clearly show up as distinct bands with a al and much appreciated result that cannot be
further, sometimes highly detailed, subdivision with- obtained by any other separation technique. Further-
in these bands. 2D plots provide readily interpretable more, highly branched alkanes were separated in the
fingerprints of such samples and allow the quantifica- second dimension from their less branched isomers,
tion of specific analytes and the determination of the which allowed the determination of the degree of
boiling distribution of many compound classes. This branching of the alkanes. Within one roof-tile (indi-
group-type characterisation is much more detailed cated by an ellipse), branching increases from the
than that obtained by NPLC–GC. Moreover, all right-hand (n-alkane) to the left-hand (highly branch-
information is obtained in a single run, which ed alkanes) side. The proportion of branched alkanes
dramatically increases the amount of information and the degree of branching provides valuable
gained per unit time. information to predict fuel properties (expressed as

Fig. 11 shows the GC3GC separation of a octane and cetane numbers).

Fig. 11. GC3GC–FID of a nonaromatic hydrocarbon solvent using a 10 m30.25 mm I.D. CP Sil-2 CB32.5 m, 0.1 mm I.D. BPX-50
column combination and a Sweeper. For further analytical conditions, see [14].
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Beens et al. [57] showed that GC3GC–FID can compounds. This required the use of properly select-
also be used for quantification. When analyzing ed extracted-ion chromatograms. In Fig. 12B the
single-compound standards, the GC3GC data nicely molecular ions of the C - to C -substituted benzo-1 5

agreed with those obtained with 1D-GC, and peak thiophenes were used to generate such chromato-
area repeatabilities were in the order of 1% (n510). grams. They clearly show the presence of several
Results for GC3GC group-type analyses of heavy compounds belonging to each of these subclasses, as
gasoils agreed very well with those obtained with well as the typical roof-tile structure.
NPLC–GC, but GC3GC provided more detailed As a different example, Fig. 13 shows the use of
results, and in a far shorter time. Since the FID extracted-ion chromatograms to visualise the elution
response of hydrocarbons depends to a good approxi- pattern of alkyldibenzothiophenes and alkylben-
mation only on the mass of carbon in a molecule, zonaphthothiophenes in a catalytically cracked cycle
quantification of (groups of) analytes can be per- oil, which was analysed under the same conditions as
formed even if no individual standards are available. the sample of Fig. 12. The extracted-ion chromato-

grams allow to distinguish the different groups of the
C –C alkyldibenzothiophenes. Obviously, there1 7

3 .2. Petrochemical samples: GC3GC–TOF MS was no complete separation of the C - to C -substi-3 7

tuted species; this would require an improved sec-
As was argued above, a group-type separation is ond-dimension separation on, e.g. longer and/or

all that is required in many petrochemical analyses. narrower columns.
In some cases, however, emphasis is on a specific The detection of alkyl-substituted diben-
group of analytes. One relevant example are sulphur- zothiophenes and benzonaphthothiophenes is highly
containing compounds since most of the middle important when low-sulphur fuels have to be pro-
distillates are used as fuel, and combustion of these duced, since these compounds are much more dif-
compounds will contribute to SO /SO air pollution. ficult to remove by hydrotreating [103]. Of particular2 3

Most sulphur-containing compounds, especially interest is the problem posed by hindered diben-
benzothiophenes and dibenzothiophenes, coelute zothiophenes, which have an alkyl substituent adja-
with other groups of hydrocarbons. Consequently, a cent to the sulphur atom, i.e. in the 4- and/or
selective detector has to be used for detection and 6-positions. A well-known representative is 4,6-di-
quantification. With a TOF MS, ion chromatograms methyldibenzothiophene (4,6-DMDBT)
can be used to selectively extract such groups of
compounds on the basis of their unique masses. TOF
MS also enables fast (group-type) identifications
during method development.

A middle distillate of a Kuwait oil (174–3498C)
was analysed by GC3GC–TOF MS using a 15
m30.25 mm I.D.30.25 mm DB-1 column in the which is highly refractory. The need to use GC3

first, and a 0.8 m30.1 mm I.D.30.1 mm BPX-50 GC to readily identify this, as well as the many
column in the second dimension. A 1-ml volume of a related, sulphur-containing compounds is illustrated
sample diluted 1:10 inn-pentane was injected in the by the highly characteristic results shown in Fig. 13.
split-mode (1:200). The temperature of both columns The three nonsubstituted benzonaphthothiophenes
was programmed from 708C (4 min hold) at 58C/ showing up in the figure, were also tentatively
min to 3008C (2 min hold) and an LMCS with a identified, viz. as benzo[b]naphtho-[2,1-d]thiophene,
modulation time of 8 s was used. The total-ion benzo[b]naphtho[1,2-d]thiophene and benzo[b]-
chromatogram of Fig. 12A shows the diaromatics naphtho[2,3-d]thiophene, respectively. However,
part of the separation, which features various classes one should add that with such closely related com-
of compounds such as naphthalenes, biphenyls and pounds as are found in each of the subclasses of Fig.
benzothiophenes. Due to coelution it is not possible 13, the mass spectra are—as a rule—highly similar,
to distinguish the benzothiophenes from the other and unambiguous identification of the individual
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Fig. 12. Detail of GC3GC–TOF MS chromatogram of Kuwait oil using a 15 m30.25 mm I.D. DB-130.8 m, 0.1 mm I.D. BPX-50 column
combination and an LMCS. (A) Total-ion chromatogram of diaromatics region, which includes substituted naphthalenes, biphenyls and
benzothiophenes. (B) Alkylbenzothiophenes (extracted-ion chromatogramsm /z 148, 162, 176, 190, in colour) coeluting with the diaromatics
(in grey). 152-methylnaphthalene; 251-methylnaphthalene; 35biphenyl; C –C -BT, substituted benzothiophenes.1 5

analytes (as opposed to that of the groups) requires concentrations in an often very complex matrix.
the availability of pure standards. However, in, e.g. the Netherlands overall about 300

pesticides have to be monitored using multiresidue
3 .3. Surface water contaminants and pesticides in methods and their number is still increasing due to
food extracts: GC3GC–TOF MS the introduction of new pesticides. Thousands of

samples have to be analysed each year in the
3 .3.1. Food extracts Netherlands, and for the EU the number is on the

When analyzing mixtures of compounds with order of 30 000 samples.
mutually rather different structures, and with a fairly Since it is often not possible to sufficiently
limited number of members in each group, ordered separate the target analytes from each other and/or
structures will usually be absent. Pesticides, which the sample matrix by 1D-GC–MS, identification
have to be determined routinely in, e.g. vegetables usually relies on a small number of selectedm /z
and fruits, are a good example. The situation typical- values rather than a complete mass spectrum. Conse-
ly encountered is that only one or a few pesticides quently, analytes that do not have uniquem /z values,
have to be identified and quantified at sub-mg/g e.g. because of strong fragmentation during electron
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Fig. 13. GC3GC–TOF MS of a light catalytically cracked cycle oil showing the extracted-ion chromatograms (using the molecular ions) of
the alkyl-substituted dibenzothiophenes (DBT) and benzonaphthothiophenes (BNT). For conditions, see Fig. 12.

Fig. 14. Detail of GC3GC–TOF MS chromatogram of an extract of leek spiked with a 58 pesticides (each 0.16 ng/ml) using a 15 m30.25
mm I.D. DB-130.8 m, 0.1 mm I.D. BPX-50 column combination and an LMCS. Circles indicate location of apices of pesticide peaks.
Peaks: 15chlorpropham; 25propyzamide; 35pyrimethanil; 45fenpropimorph; 55bromophos-methyl; 65chlorfenvinphos; 75bupirimate;
85flusilazole. For vertical line at 1678 s, see Fig. 15.
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ionisation, are often difficult to detect and require a compounds but could nevertheless be identified with
complex sample preparation to remove interfering high match factors. Part of a second-dimension
matrix compounds. chromatogram (indicated in Fig. 14 by a vertical

The potential of GC3GC for the determination of line) is displayed in Fig. 15. The deconvolution
pesticides in foodstuff is demonstrated here with a algorithm recognised the coeluting peaks (such as the
leek extract. The extract was obtained by blending pairs M12 and M 13) and calculated their pure1 2

leek and ethyl acetate at 20 000 rpm, subsequent mass spectra. The final result was most gratifying, as
centrifugation and, next, drying with sodium sul- is obvious when comparing the initial (B), deconvo-
phate. The extract was then spiked with 58 pesticides luted (C) and library (D) spectra of peak no. 3,
and an aliquot was subjected to GC3GC–TOF MS pyrimethanil.
with a 15 m30.25 mm I.D.30.25mm DB-1 column The two very intense and strongly tailing major
in the first and a 0.8 m30.1 mm I.D.30.1 mm peaks in the lower right-hand corner of Fig. 14 were
BPX-50 column in the second dimension. found to be due ton-hexadecanoic and oc-

As will be apparent from Fig. 14, a much im- tadecadienoic acid. Both (nonderivatised) fatty acids
proved separation was effected in GC3GC. In show peak tailing in the first dimension. It should be
addition, mass spectral data could be used to mathe- evident by now that, in 1D-GC, these tails will
matically separate (i.e. deconvolute) partly coeluting largely obscure all coeluting microcontaminants and,
peaks, thereby further improving the quality of the consequently, severely affect the quality of their
mass spectra and increasing the number of peaks that mass spectra.
could be properly identified. To quote an example, It is important to note that all pesticide peaks in
peaks 1–5 in Fig. 14 partially coeluted with matrix Fig. 14 were identified using a nontarget approach as

Fig. 15. (A) Part of GC3GC–TOF MS chromatogram of Fig. 14, taken at a first-dimension time of 1678 s, used to illustrate peak
deconvolution. Peaks: 25propyzamide; 35pyrimethanil; M and M5matrix compounds. (B) Mass spectrum at retention time of peak no.1 2

3, (C) the deconvoluted mass spectrum and (D) the library spectrum of pyrimethanil.
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explained in Section 2.6.2: the GC–TOF MS soft- example, ordered structure is not a main feature of
ware was used to process all peaks found in the the 2D chromatogram. The separation conditions,
chromatogram and the pesticides were searched however, appear to have been well-chosen: the peaks
afterwards in the peak table containing all sample of the analyte mixture are seen to be distributed over
constituents. This demonstrates that GC3GC–TOF almost the entire GC3GC plane. In addition, even
MS can also be used for nontarget approach—i.e. to though there is little structure, also in this case, it is
find and identify all suspected contaminants. possible to find a relationship between chemical

As an example of GC3GC–TOF MS-based structure and second-dimension retention time. Two
quantification (cf. Section 2.6.2), Table 7 lists ana- examples are indicated in the figure: the nitroben-
lytical performance data for some selected pesticides. zenes all elute at second-dimension times of 5–6 s,
The linearity and repeatability data of the peak area and chlorinated benzenes much earlier, viz. at 2.7–
measurements are seen to be fully satisfactory, while 3.7 s.
the repeatability of the second-dimension retention
times is acceptable for the intended application. 3 .4. Fatty acids: GC3GC–FID

3 .3.2. Surface water The analysis of fatty acids is of significant interest
Surface water is usually considered a not too because of their important role in human diet, and

complicated sample type. However, since the target also for therapeutic reasons. They are also used as
compounds have to be determined at, typically, ng/ l biomarkers, e.g. for the characterisation of microal-
concentrations, GC chromatograms tend to become gae. Fatty acids can be classified as saturated, mono-
rather complex because, with such a high level of and polyunsaturated (PUFAs) fatty acids. Fats con-
analyte detectability, many other microconstituents taining PUFAs are liquid at room temperature and
will show up and may well interfere. Consequently, are called oils. There is a distinct difference in the
improved separation efficiency is desirable. composition of vegetable oils and fish oils. The

Fig. 16 shows the separation of a mixture of former contain PUFAs with two or three double
microcontaminants that are frequently found in sur- bonds, and the latter a larger proportion of PUFAs
face water [104]. Analysis was carried out on 30 m, with five or six double bonds, and also a number of
0.32 mm I.D., 0.25mm HP-131.5 m, 0.1 mm I.D., fatty acids with an odd number of carbon atoms.
0.1 mm BPX-50 column combination, and with a PUFAs such as eicosapentaenoic acid and
moving cryogenic modulator (see [55]). The mixture docosahexaenoic acid are known to play a major role
contained compounds as divergent as alkyl-, nitro-, in the cardiovascular system, and the central nervous,
and chlorinated benzenes, phenols, anilines, alkyl immune and visual systems.
phosphates and a number of pesticides. Consequent- Fatty acids are usually analysed after conversion
ly, it is not surprising that, as with the previous into their methyl esters (FAMEs), with subsequent

Table 7
Analytical performance data of selected pesticides

1 2 cAnalyte t t Quantification LOD Correlation RSD of peak SD (s) of 2nd dimensionR R
a b(s) (s) mass (M ) (pg) coefficient area (%) retention timer

Molinate 881 2.4 126 5 0.9994 11 0.11
Trifluralin 1097 1.0 264 7 0.9994 8 0.11
Prometryn 1355 2.9 241 12 0.9978 7 0.16
Metolachlor 1427 2.2 162 5 0.9988 6 0.11
Stirofos 1577 3.2 109 23 0.9981 9 0.16
Butachlor 1601 2.0 160 7 0.9996 5 0.14

a Range, 0.01–3 ng/ml; 7 data points in duplicate.
b Determined at a level of 100 pg,n55.
c Experimentally determined at 10–30 pg level for the highest second-dimension peak, 33peak-to-peak noise.
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Fig. 16. GC3GC–FID of a mixture of 80 microcontaminants typically found in surface water. The ellipses indicate the positions of: (white)
nitrobenzenes and (yellow) chlorinated benzenes. Conditions: for columns, see text; temperature programme, 308C (2 min hold), 28C/min
to 3008C; laboratory-made cryogenic modulator.

Fig. 17. GC3GC–FID of herring oil sample using a 9 m, 0.2 mm I.D. HP-130.3 m, 0.1 mm I.D. CP-Wax-52 column combination and a
Sweeper. Lines indicate fatty acids with same number of double bonds, and polygons fatty acids with same number of carbon atoms. The
original 2D plot (insert) was modified to avoid wrap-around. For detailed analytical conditions, see [26].
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1D-GC (–MS). The large number of compounds standards are available: several peaks were identified
with, frequently, closely similar structures compli- as C fatty acid congeners with zero to three double19

cates such a separation and recently an attempt was bonds. Finally, quantification, especially of the minor
made to enhance the overall resolution by using sample constituents, was significantly improved due
GC3GC as an alternative separation technique. The to the much improved separation. Quantification was
2D plot of the GC3GC–FID analysis of fatty acids, performed for a series of vegetable and fish oil
as their FAMEs, present in a herring oil sample is samples, with results that could readily be explained
shown in Fig. 17. Analysis was performed using a on the basis of the origin and/or heat pretreatment of
9 m30.2 mm I.D.30.33 mm HP-1 column in the these samples.
first, and a 0.3 m30.1 mm I.D.30.2mm CP-Wax-52
column in the second dimension [26]. 3 .5. Steroids in microalgae: GC3GC–TOF MS

The GC3GC chromatogram clearly shows that
the FAMEs are separated into more or less parallel In microalgae, a large diversity of sterols and
bands according to their number of double bonds, steroidal ketones has been found [105]. Some of
which is seen to range from zero (saturated) to six. these compounds are widely distributed, while others
Retention in the second dimension distinctly in- are found only in some specific species and are
creases with the number of double bonds. As indi- therefore useful as chemotaxonomic markers. Mi-
cated by the polygons in Fig. 17, fatty acids with the croalgae are major sources of lipids in lacustrine and
same number of carbon atoms elute as clusters. Part marine environments and the markers are used to
of the structural information presented here was not identify the sources of organic matter in sediments.
contained in the original study. In other words, the Sterol distributions in microalgae range from the
number of carbon atoms and double bonds of an predominance of a single compound to mixtures of
unknown fatty acid can easily be predicted from its ten or more in, e.g. dinoflagellates. Sterols are
position in the GC3GC plane—even with FID usually analysed as their trimethylsilylether (TMS)
detection. In the quoted paper, this was done for an or acetate derivatives by 1D-GC–MS. Sterols and
unknown peak which was tentatively identified as steroidal ketones belong to the class of steroids,
C :1n9, with the provisional identification being which all contain a four-ring cyclopentano-20

confirmed when a standard became available. The perhydrophenanthrene nucleus. Steroids having a
potential of GC3GC was also demonstrated by the saturated ring system are called steranes (Fig. 18A).
provisional identification of several fatty acids with Usually, in algae sterols have a hydroxyl group (Fig.
an odd number of carbon atoms of which no 18B), or in the case of steroidal ketones, a keto

Fig. 18. Structures of steroids (numbering indicated in A). (A) 5a-Cholestane as example of a sterane, i.e. a steroid with no functional
group; (B) 4a,23,24-trimethyl-5a-cholest-22E-en-3b-ol (dinosterol) as example of a sterol; (C) 4a,23,24-trimethyl-5a-cholest-8(14)-en-3-
one as example of a steroidal ketone.
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group in the 3-position (Fig. 18C). Sterols and ketones eluted at temperatures of 260–2808C.
steroidal ketones typically have 27–30 carbon atoms. Therefore, cryogenic modulation was essential since

A sample of the dinoflagellate Calciodinellum heated modulators (such as the Sweeper) and valve-
operosum was extracted with dichloromethane and based modulators cannot be used at such high
derivatised with N,O-bis(trimethylsilyl)trifluor- temperatures.
acetamide (BSTFA) in pyridine to convert com- Fig. 19 shows part of the GC3GC chromatogram
pounds containing free hydroxyl groups into their of an extract that was found to contain a number of
TMS derivatives. The extract was then analysed by sterols, steroidal ketones and steranes. To the best of
GC3GC–TOF MS, with the use of a 15 m30.25 our knowledge, this is the first attempt to apply
mm I.D.30.25mm DB-1 column in the first, and a GC3GC to the analysis of steroids. Related chemi-
0.8 m30.1 mm I.D.30.1mm BPX-50 column in the cal structures are again seen to dominate the posi-
second dimension. A 10-ml volume of the extract tions of the analytes in the GC3GC plane. All
was injected using an Optic 2 injector in the solvent- steroids (as their TMS derivatives) elute at second-
vent mode. The temperature of both columns was dimension times of about 2 s and have even shorter
programmed from 708C (4 min hold) at 208C/min retention times than most of the steranes. Obviously,
to 1508C and at 28C/min to 3258C (2 min hold). the TMS group causes a decrease of the retention in
An LMCS modulator was used, and the modulation the second dimension. Similar observations are made
time was 6 s. Full-scan mass spectra were acquired in Section 3.6, below, where siloxanes have shorter
in the rangem /z 35–600. The sterols and steroidal retention times than alkanes. Steroidal ketones were

Fig. 19. Detail of GC3GC-TOF MS total-ion chromatogram of an extract of Calciodinellum operosum, after derivatisation with BSFTA.
Conditions: 15 m, 0.25 mm I.D. DB-130.8 m, 0.1 mm I.D. BPX-50 column combination and an LMCS. Temperature programme: 708C (4
min hold), 208C/min to 1508C, 2 8C/min to 3258C (2 min hold). Peaks: D5dinosterol.
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found to have much higher retention in the second intense envelope across the whole chromatogram
dimension, which is caused by the interaction of the and, consequently, will easily obscure the analytes of
keto group with the stationary phase. As regards the interest, such as the chlorinated benzenes and phtha-
two steroidal ketones which have a second-dimen- late esters indicated in the figure. This will result in
sion retention as high as 5.5 s, a possible explanation poor-quality mass spectra and ‘missed’ (i.e. noniden-
is conjugation of a double bound with the keto tified) compounds.
group. The present sample contains a rather high Table 8 compares the data-processing results of
number of steranes. This indicates partial decomposi- 1D-GC and GC3GC, using the nontarget approach
tion of the sterols. as explained in Section 2.6.2. Halogenated benzenes

1The M ion of the mass spectrum provided the and related compounds are used as an example. The
number of carbon atoms in the molecule and the table shows retention times and mass spectral match
number of double bonds. As an example, the number factors (similarity, reverse, probability; for explana-
of carbon atoms of sterols and steroidal ketones is tion see Section 2.6.2 and [21,60]). A number of
indicated in Fig. 19 by braces. compounds were identified by both 1D-GC and

GC3GC. The latter technique clearly provides much
3 .6. Fly ash: GC3GC–TOF MS better mass spectral quality, as can be seen from the

higher similarity and reverse values. In addition,
Fly ash is the fine particulate waste material GC3GC identified a number of compounds which

remaining after incomplete combustion of, e.g. fossil were not found in 1D-GC (e.g. two dichlorobenzenes
fuel in power plants and in waste incineration plants and a bromotrichlorobenzene). The lower match
and is produced in massive quantities. It contains factors indicate that the quality of these spectra is
heavy metals, inorganic sulphur- and nitrogen-con- still somewhat poor, mainly because of low peak
taining compounds and a large number of organic intensities. Manual inspection confirmed the peak
compounds, many of which are toxic. Fly ash is identification. Due to the close similarity of the mass
often used in landfills or as a construction material; spectra of isomers, only a group-type identification
leaching, consequently, is a serious environmental can be provided in Table 8.
threat. In addition to the above, compounds belonging to

A fly ash sample from a household waste incinera- several other classes were tentatively identified by
tion plant was extracted with pentane using pres- means of their mass spectra, e.g. alkylbenzenes,
surised liquid extraction (PLE) at 1008C and 2000 alkylnaphthalenes, alkylbiphenyls, terphenyls and
p.s.i. (1 p.s.i.56894.76 Pa). A 1-ml volume of the phthalate esters. As in other cases, such structurally
extract was analysed by GC3GC–TOF MS using a related compounds showed ordered elution in the
15 m30.25 mm I.D.30.25mm DB-1 column in the GC3GC chromatogram. Some examples are indi-
first, and a 0.8 m30.1 mm I.D.30.1 mm BPX-50 cated in Fig. 20.
column in the second dimension. The temperature of
both columns was programmed from 708C (4 min 3 .7. Separation of CBs: GC3GC–mECD
hold) at 58C/min to 3008C (3 min hold). The
modulator was an LMCS. PCBs or CBs, which is a more correct designation

Surprisingly, the sample was found to contain a of the individual congeners, are routinely analysed in
rather high concentration of saturated hydrocarbons a variety of fish, fatty food and environmental
(C –C ), which appear as a horizontal band in the samples. In the past 10–15 years, the focus has been14 30

lower part of the 2D plot of Fig. 20, indicated by P. on the determination of the non-, mono- and di-ortho
The clearly visible siloxanes originate from the CBs, since they have toxic equivalency factors
sample preparation. They appear as a string of spots (TEFs) which are similar to those of polychlorinated
at the very bottom of the 2D plot (S) and have even dibenzo-p-dioxins and dibenzofurans (PCDDs and
shorter second-dimension retention times than the PCDFs, respectively) [106]. Special attention is
saturated hydrocarbons. It will be evident that in always given to the three nonortho, or planar, CBs
conventional 1D-GC, these compounds will create an 77, 126 and 169; despite their low concentrations
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Fig. 20. Part of GC3GC–TOF MS full-scan chromatogram of a fly ash extract from a waste incineration plant, obtained by PLE. Analysis
was performed using a 15 m, 0.25 mm I.D. DB-130.8 m, 0.1 mm I.D. BPX-50 column combination and an LMCS. Peaks:
15tetrachlorobenzene; 251-bromo-2,4,6-trichloro-benzene; 35cyclo-S ; 4, pentachlorobenzene; 55benzoic acid, 4-ethoxy-, ethyl ester;6

65diethyl phthalate; 75hexachlorobenzene; 85cyclo-S ; 9 and 125dibutyl phthalates; 105o-terphenyl; 115diphenyl sulphone; 1357

cyclo-S ; 145dicyclohexylbenzene (2 isomers); 1554-phenylbicyclohexyl; 165p-terphenyl; S5siloxanes; P5saturated hydrocarbons.8

Table 8
GC3GC–TOF MS vs. 1D-GC–TOF MS: selected data-processing results for PLE extract of fly ash

Compound GC3GC 1D-GC

1 2t (s) t (s) Similarity Reverse Probability t (s) Similarity Reverse ProbabilityR R R

Dichlorobenzene 336.1 1.05 380 794 806 N.f.

Dichlorobenzene 360.1 1.10 634 854 3869 N.f.

Trichlorobenzene 581.8 1.54 842 938 3680 582.2 656 838 3913

Trichlorobenzene 635.7 1.67 826 920 4531 635.2 704 859 6007

Dichlorobenzenamine 671.7 2.08 562 799 1561 N.f.

Tetrachlorothiophene 725.6 1.43 486 716 4985 N.f.

Tetrachlorobenzene 821.5 1.60 835 912 4426 819.6 704 849 5942

Tetrachlorobenzene 887.4 1.82 872 922 5645 886.6 695 851 4691

Bromotrichlorobenzene 959.3 1.88 637 777 8987 N.f.

Pentachlorobenzene 1091.1 1.79 777 809 9337 1092.2 688 753 4806

Hexachlorobenzene 1342.8 1.92 782 811 7033 1340.2 741 770 4497

N.f., not found by automated data processing.
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their contribution to the total toxicity is high because and a 1 m30.1 mm I.D.30.1 mm film HT-8
of their high TEFs. Despite many dedicated attempts (polycarborane–siloxane) column in the second di-
made in the past two decades, a complete separation mension, it was possible to separate all twelve CBs
of all 100–150 CBs present in technical PCB mentioned in the WHO list from each other and from
mixtures—and, consequently, in many real-life sam- the other CBs. It was, e.g., possible to separate CB
ples—cannot be achieved by 1D-GC. Incomplete 77 from the much more intense peak of CB 136
separation from other polychlorinated pesticides and/ which elutes at the same first-dimension retention
or industrial chemicals, and sample constituents, time (shown in insert of Fig. 21). In addition, a
adds to the problem. Solutions are usually found by highly ordered structure was observed with this
applying time-consuming heart-cutting GC–GC or column combination: CBs with the same number of
by introducing an LC-type preseparation on a chlorine substituents were found to elute in the
pyrenyl silica (PYE) column. GC3GC plane along lines indicated by dotted lines

Separations of standards and extracts were per- in Fig. 21. This is, of course, very useful to char-
formed with various column combinations, using a acterise CBs for which no standards are available,
Sweeper as the modulator and amECD as the and to determine their number of chlorine sub-
detector [27]. Fig. 21 shows the GC3GC separation stituents (such peaks are indicated by an asterisk in
of CBs in an extract of cod liver. Using a 30 Fig. 21). Further, the relevant non- and mono-ortho
m30.25 mm I.D.30.25mm HP-1 column in the first CBs (indicated by yellow peak labels) are seen to

Fig. 21. GC3GC–mECD chromatogram of a cod liver sample with HP-13HT-8 column combination. Insert shows separation of CBs 136
and 77 (second-dimension chromatogram).
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Table 9have the highest second-dimension retention times.
LODs of selected CBs in GC3GC–mECD compared with GC–In other words, and this was confirmed by further
mECD

study of the results for the other CBs, on each
aCB Molecular LOD (fg)isochlorine dotted line, the number of orthochlorine

no. formulasubstituents increases from the top to the bottom end GC GC3GC

of these lines. Finally, it is interesting to add that the 44 C H Cl 60 2012 6 4

other column combinations tested (HP-13BPX-50 97 C H Cl 50 1012 5 5

105 C H Cl 40 10and HP-13Supelcowax-10) showed hardly any or- 12 5 5

118 C H Cl 40 1012 5 5dered structure, even though with the latter combina-
137 C H Cl 30 1012 4 6tion, the overall CB resolution was better (cf. Section
156 C H Cl 30 1012 4 62.2). 180 C H Cl 40 1012 3 7

In a second example, a mixture containing 90 CBs 194 C H Cl 40 1012 2 8

206 C HCl 70 20and the 17 most toxic PCDDs and PCDFs was 12 9

aanalysed using the HP-13HT-8 column combina- Determined atS /N of 3:1.
tion; the 2D plot is shown in Fig. 22 [27]. The CDD
and CDF congeners were separated from each other
and also from all but one CB (CB 169 coelutes with not adversely affected. Still, for convenience, the
a penta-CDD or -CDF). This impressive separation chromatogram of Fig. 22 was modified to show the
was achieved without any preseparation, which is peaks at their true second-dimension times: the
always required in conventional GC analysis. In this broken line indicates the modulation time of 6.5 s,
GC3GC–mECD chromatogram, most of the CDDs and the insert shows the original GC3GC chromato-
and CDFs show wrap-around; however, in contrast gram.
to what was shown for the petrochemical sample of The LODs of some selected CBs are given in
Fig. 5, the separation of the analytes of interest was Table 9. For most CBs, LODs of about 10 fg were

Fig. 22. Part of GC3GC–mECD chromatogram of a mixture of 90 CBs and 17 PCDDs and PCDFs using the same conditions as in Fig. 21.
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obtained, which is approx. 3–5-fold better than with which are not immediately visible due to the limited
GC–mECD. Similar sensitivity improvements were dynamic range of the colours used to indicate peak
also reported in other studies for other detectors, as intensity. Therefore, the total number of peaks can be
was discussed in Section 2.5.3. Relevant data on expected to be much higher and is probably on the
linearity and repeatability as determined in another order of, at least, 500. Even though it is not
study [40], were already discussed in Section 2.5.2. immediately obvious because of the wide chemical

variety of the compounds showing up, also in this
3 .8. Air analysis: GC3GC–FID chromatogram there is a ‘hidden’ ordered structure.

For example, in the part of the chromatogram
Volatile organic compounds (VOCs) play an im- enlarged in insert A, many C -benzenes and closely3

portant role in the atmosphere. They are, for exam- related compounds are seen to elute, e.g. propyl-,
ple, precursors for the formation of tropospheric methyl-ethyl-, and trimethylbenzenes. The peak as-
ozone, while halocarbons are known to destroy signment is based on identification by GC3GC–
stratospheric ozone, organic acids contribute to the TOF MS and first-dimension linear RIs [62]. By
acidification of precipitation, and other compounds using these data, 150 peaks could be identified in the
act as greenhouse gases. Typically, VOCs are ana- in situ GC3GC–FID chromatogram. The majority
lysed by GC–FID or GC–MS. However, severe peak of the analytes were hydrocarbons (alkanes, alkenes
overlap in 1D-GC readily causes difficulties in and benzenes); other substance classes were alcohols,
identification and/or inaccuracy in quantification. aldehydes, ketones, nitriles and halogenated com-
The issue is further complicated by the low con- pounds.
centrations of some analytes, which are, therefore, The shot of Fig. 24, which shows a part of the
easily masked by (larger) coeluting peaks. Lewis et chromatogram of Fig. 23, should serve as an illustra-
al. [97] demonstrated that GC3GC greatly enhances tion of the merits of a 3D presentation of the results
the separation, and reveals many more compounds in of a GC3GC run. No doubt, many workers will
an urban air sample than are usually reported in appreciate such a presentation which, however, will
1D-GC measurements. As an example, in an 8-min display its real potential only when it is possible to
part of a GC3GC chromatogram they found 110– view the 3D plot in a more interactive way (i.e. by
120 compounds, while only 20–30 peaks were changing the ‘camera’ position and view angle, and
visible in the same part of a 1D-GC chromatogram. the scale of thex, y andz axes). The 3D view of Fig.

During the Mediterranean intensive oxidant study 24 was generated by raytracing algorithms and
(MINOS) project, in situ measurements of air sam- required a calculation time of 1–2 min, which is
ples were performed using GC3GC–FID [62]. The much too long for such an interactive presentation.
samples were collected on a cold trap and sub- As regards Fig. 24, there were, typically, only
sequently transferred to the GC3GC system. For three modulations across a peak, i.e. only three data
identification by GC3GC–TOF MS, a number of points were recorded in the first dimension. In order
samples were collected and stored in tubes filled with to generate a smooth surface, interpolation had to be
a combination of Tenax TA, Carbopack B and performed; the resulting 3D view therefore does not
Carboxen 1000 sorbents. Separation was performed reproduce the GC3GC data as precisely as one
using a 30 m30.25 mm I.D.31 mm DB-5 column in would desire.
the first, and a 1 m30.1 mm I.D.30.1 mm Car-
bowax column in the second dimension and cryo-
genic jet-type modulation [62]. 3 .9. PAHs in sediment: GC3GC–TOF MS

A rapid glance at Fig. 23 already reveals that more
than two hundred peaks can be recognised in the From a regulatory point of view, the polycyclic
chromatogram and that a 1D-GC run will, indeed, aromatic hydrocarbons (PAHs) are one of the most
provide insufficient separation, with direct conse- important classes of organic microcontaminants.
quences for identification and quantification. How- Their presence can be due, e.g. oil spills, the
ever, the chromatogram contains many small peaks incomplete combustion of wood or petrochemical
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Fig. 23. GC3GC–FID chromatogram of air sample taken at Finokalia (Crete, Greece) using a DB-53Carbowax column combination and a
four-jet cryogenic modulator. Insert A is blow-up of area A1. Peaks: (based on GC3GC–TOF MS and RI): 15(Z)-2-heptenal;
252-propenylbenzene; 352-ethylhexanal; 454-ethyloctane; 55propylbenzene; 651-ethyl-3-methylbenzene; 751-ethyl-4-methylbenzene;
851,3,5-trimethylbenzene; 951-ethyl-2-methylbenzene; 1052-octanone; 1156-methyl-5-hepten-2-one; 125methylstyrene.

products, and/or leaching from automobile tires. lower right-hand part of the GC3GC plot of Fig. 25.
Concern about PAHs as environmental pollutants Next to these, there were also many compounds that
stems from the acute toxicity of 2- and 3-ring were tentatively identified as derivatives of bi-
compounds such as anthracene and phenanthrene and phenylmethane and triphenylethane, i.e. compounds
the chronic toxicity (especially carcinogenicity) of with two or three noncondensed benzene rings. The
some of the higher-molecular-mass compounds. sample also contained many (alkyl-substituted)

A sediment sample from the river Vistula (Poland) PAHs, though at lower concentrations. In Fig. 25,
was extracted using 40-min pressurised hot-water these are indicated by polygons, with dots showing
extraction at 118 bar and 3258C. The toluene extract the apices of peaks identified by the TOF MS data
was analysed by GC3GC–TOF MS with a 15 m3 processing. As expected, the second-dimension re-
0.25 mm I.D.30.25 mm DB-1 column in the first, tention time of the PAHs increases with the number
and a 0.8 m30.1 mm I.D.30.1mm BPX-50 column of aromatic rings due to the strongerp–p interaction
in the second dimension. The sample was found to with the phenylene groups of the stationary phase
contain a high concentration of saturated hydro- (BPX-50) in the second column. Further, a number
carbons, which show up as a horizontal band in the of aromatic sulphur-containing (e.g. benzothiophenes
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Fig. 24. 3D view of part of the GC3GC–FID chromatogram of Fig. 23. Rectangle is same part as shown in insert A of Fig. 23.

and dibenzothiophene) and nitrogen-containing (e.g. 13BPX-50 column combination. The columns were
carbazole) compounds were identified on the basis of temperature programmed from 308C (2 min hold) at
their mass spectra; some of them are indicated in 48C/min to 2208C (5 min hold) [35]. The sample
Fig. 25. was also analysed on a GC3GC–TOF MS system

with the same column combination for peak identifi-
cation.

3 .10. Garlic powder: GC3GC–FID The 2–25-min part of the chromatogram of Fig.
26 is dominated by a number of intense peaks.

The analysis of flavours and fragrances is a Several of these (1–7) were identified by means of
challenging task for the food chemist. Firstly, it is TOF MS; the peak identification is given in the
necessary to detect ultra-small amounts of com- legend to the figure. Due to peak tailing in the
pounds that contribute to the aroma in an often very second dimension—which was probably caused by
complex matrix. These flavours usually comprise a the rather high concentrations of these compounds—
wide range of classes of chemical compounds. the peaks are longer than is usual. Surprisingly, even
Consequently, several papers have already been in the seemingly not very complex part at the right-
published which deal with the analysis of flavours in hand side, indicated as B1, quite a number of peaks
food, food ingredients and essential oils by means of coelute in the first dimension. This becomes evident
GC3GC [29–31,35,86–90]. The application pre- from insert B where a different shading was used for
sented here is one typical example that should the colours indicating the peak intensity. Many peaks
demonstrate the potential of GC3GC. which are not visible in the larger 2D plot, now show

An SPME extract of the headspace of garlic up and reveal that the chromatogram is much more
powder was analysed by GC3GC–FID using a HP- complex than expected at a first glance. This is
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Fig. 25. GC3GC–TOF MS of a river sediment extract using a DB-13BPX-50 column combination and an LMCS. Clusters of
alkyl-substituted 1–6 ring PAHs are indicated by polygons. The groups of peaks indicated by A and B were tentatively identified as aromatic
compounds containing two or three noncondensed benzene rings. Peaks: BTZ5benzothiazole; BTs5benzothiophenes; Cz5Carbazol;
DBT5dibenzothiophene; In5indole.

another example of the care one should take when Overall, the introduction of TOF MS for detection
selecting a range of colours for producing a truly has, no doubt, been the major step forward in recent
representative GC3GC chromatogram (see also years: identification and confirmation of identity of
Sections 2.6.1. and 3.8). It is our experience that two target and nontarget analytes can now be carried out
complementary ranges are often needed to retrieve with relative ease.
all information stored in the chromatogram. With the principles (e.g. modulation, orthogonali-

ty, wrap-around) and the analytical strategies (e.g.
the use of ordered structures, apex plots and de-

4 . Conclusions convolution) of the technique being well understood,
and analytical performance data being generated

The main message that we want to deliver in the which are of high quality, there are no real barriers
present overview is that GC3GC is, today, a anymore for newcomers to the field, to start using
powerful and versatile technique that can be used— GC3GC in research and development studies. Even
and has, indeed, already been used—for the analysis so, it is prudent to quickly summarise the main
of a wide variety of very complex samples. Here, advantages and present limitations of a GC3GC
one should add that the technique also improves the system-cum-operation.
analysis of what are commonly called less complex One main advantage of most GC3GC applica-
samples: often, many more sample constituents are tions is that the first-dimension column can be the
revealed than were, earlier, found with 1D-GC. same as, or closely similar to, the capillary GC
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Fig. 26. (A) GC3GC–FID chromatogram of a SPME injection of a headspace sample of garlic powder using a 30 m, 0.32 mm I.D.
HP-131.5 m, 0.1 mm I.D. BPX-50 column combination and a laboratory-made cryogenic modulator. (B) Blow-up of B1 (x axis five-fold
enlarged). Peaks: 15methyl-2-propenyl disulphide; 25dimethyl trisulphide; 35m-cymene; 45diallyl disulphide; 55methyl-2-propenyl
trisulphide; 653-vinyl-1,2-dithiocyclohex-4-ene; 75diallyl trisulphide.

column typically used for that application in 1D-GC. pected in this area. More importantly, the 100-mm
As a consequence, there is no limitation with regard I.D. second-dimension columns used in most publi-
to injection or (on-line) sample preparation tech- cations, require relatively long, e.g. 4–10 s, second-
niques that can be used, which may—in the near dimension run times. Consequently, either under-
future —also include on-line size-exclusion chroma- sampling in the first dimension is tolerated (only 2–3
tography (SEC) or NPLC, i.e. SEC–GC3GC and modulations across a peak) or slow temperature-
NPLC–GC3GC. In addition, the newest generation programming rates of only 1–28C are used in the
of, mostly jet-type, cryogenic modulators is user- first dimension, causing run times to become con-
friendly and robust and there is little restriction as siderably longer than is usual in 1D-GC. Fortunately,
regards the application (i.e. analyte boiling-point) recently polar 50-mm I.D. columns became available
range. Next, experience shows that there are no real which offer a much faster separation in the second
problems with finding a suitably polar second-dimen- dimension of a mere 1–2 s. A 3–4-fold lower total
sion column to create the required orthogonal con- run time, a more optimised first-dimensional sepa-
ditions. On the other hand, it has to be admitted that ration and a corresponding increase in signal intensi-
too little attention has been devoted so far to ty can now be achieved without adverse effects on
optimizing nonpolar3polar combinations for a vari- modulation [34].
ety of applications, and much more work can ex- As regards detection, from the early days of GC3
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GC, the FID has shown itself to be an excellent given careful attention, especially because of the
choice for all general-purpose work and, specifically different separation mechanism introduced in the first
in the predominant field of application, the analysis step. On the other hand, the GC-orientated approach
of petrochemical samples. As for the ECD, which should be further developed. One solution could be a
probably is the most widely used selective detector GC3GC3GC system [109] which features three
in GC analysis because of the abundance of (poly-)- different separation mechanisms—and will, also,
chlorinated organic microcontaminants present in immediately require completely novel strategies with
environmental and biota samples, it can be used regard to data visualisation and processing. Another
without significant problems if the internal volume is interesting approach, that has already been studied,
small enough and the auxiliary flow is sufficiently uses two parallel columns of different polarity in the
high [40,58]. The potential and performance of high- second dimension, i.e. GC32GC [94]. One thing is
acquisition-rate (and, therefore, conventional resolu- certain here: having finally partly resolved what was,
tion) TOF MS have been praised in several recent always, a structurless and huge background in too
papers, and there is no need for repetition here. On many chromatograms, analytical chemists will con-
the other hand, it is of interest to add that prelimin- tinue to apply more and more powerful additional
ary results were recently reported for two more techniques to unravel the composition of those bands
detectors, the sulphur chemiluminescence detector and zones in their chromatograms that still defy
[107] and the atomic emission detector [108]. In proper identification today.
other words, additional selectivity in detection for
GC3GC can be expected in the near future.
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