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CHAPTER 1.1
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1.1.1 Introduction
Detailed information on the composition of mixtures is crucial in many
areas of modern life including industry, life sciences, health care, safety,
trade, etc. For analytical laboratories answering questions on what is in a
mixture and how much of each constituent is present, is the core activity.
Chromatography is one of the key techniques applied to answer such
questions.
Chromatography is a very powerful separation method that can separate
highly complex mixtures into its constituents, but unambiguous information on the identity of the compounds is difﬁcult to obtain just from the
chromatograms. Coupled with sensitive and quantitative detectors, chromatographic separations can provide information on how much of a species
is present. For identiﬁcation, spectroscopic detectors are used to obtain
structural information. Several spectroscopic detectors have been applied in
the past, including infrared (IR) spectroscopy, ultraviolet/visible (UV/vis)
spectroscopy, vacuum ultraviolet (VUV), and nuclear magnetic resonance
(NMR) spectroscopy. Mass spectrometry (MS) uses molecular fragmentation to provide information on the identity of molecules. In recent years,
the combination of chromatography with MS has become the key method
for (organic) compositional analysis. This holds good for both forms of
chromatography, liquid chromatography (LC) and gas chromatography
(GC). An in-depth discussion on the advantages and disadvantages of LC
and GC, as well as the discussion of strategies for the selection of the most
appropriate chromatographic separation mode are out of scope of the
present chapter. We believe that GC should be the ﬁrst method to consider,
but others might disagree with that. Anyway, combining GC with MS is
much easier than LC-MS couplings, and spectral interpretation is much
easier in GC-MS than in LC-MS. For this reason we will here exclusively
focus on GC-MS couplings.
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Combinations of gas chromatography and mass spectrometry are
nowadays more or less exclusively performed as direct, on-line combinations. This is reﬂected in the hyphen between GC and MS, resulting in the
abbreviation GC-MS, as a directly coupled or hyphenated method. In GCMS the carrier gas ﬂows freely from the exit of the GC column into the
ionization region of the MS instrument, with no compound losses, no
changes in the molecules or in the composition of the sample, no other
compounds being added (except maybe for the tuning standard), and no
analyst involvement. Although originally the word “hyphenated” only
meant “directly coupled,” in recent years its meaning has broadened
dramatically. Hyphenation has become synonym for “complementarity,”
increased certainty, better ease of use, improved speed, sensitivity, etc.
Indeed with properly interfaced GC and MS these better performance
characteristics can be achieved, but only if the two techniques are mutually
matched rather than mutually compromised. The importance of proper
mutual matching of the GC and MS performances should not be underestimated. If, for example, the MS for sensitivity reasons requires a sample
amount that would overload the GC column, this would not be a happy
marriage. Or if the GC stationary phase has excessive bleeding that rapidly
fouls the MS ion source, this will also nullify the beneﬁts of hyphenated
systems. Or imagine that a GC column that elutes three nicely separated
peaks in 1 second is combined with an MS that requires 1 second to record
a spectrum. In this coupling there is a clear mismatch. The MS spectrum
recorded at the time that the compounds elute would contain mixed information on three analytes and will be useless. Clearly the best of both
worlds is only obtained if the hyphenation truly combines the strengths of
both techniques and the presence of one technique does not deteriorate the
performance of the other in an unacceptable manner. Important areas
where a match is needed include the relative speed of the two methods,
their molecular coverage in terms of size and polarity of the molecules, their
sensitivities and working ranges, carrier gas compatibilities, etc. Understanding these principles is crucial for successful use of the hyphenated
method GC-MS.
Gas chromatography-mass spectrometry is at the heart of many
important analytical methods. Focusing on this step of the analytical
method alone, however, neglects the fact that compositional analysis of
complex samples is a truly integrated chain of sample preparation, separation, detection, and data interpretation. This analytical chain is only as
strong as its weakest link. This can be exempliﬁed, for example, from the
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perspective of data analysis. For maximum reliability of automated data
interpretation strategies, three factors are generally crucial: stable retention
times, pure spectra, and the presence of baseline around the peaks. These
are best obtained if the samples are clean and the peaks are well separated
and ideally a bit over-resolved. Sample preparation is indispensable to
achieve this. It is the ﬁrst step in the analytical protocol and, where many
people thought sample preparation would become less important due to the
ever-increasing performance of GC-MS, the opposite is probably true.
Sample preparation becomes ever more important to allow to obtain the
much improved performance of GC-MS. The more sensitive the GC-MS,
the more vulnerable it becomes to the matrix. Repeated injections of
contaminated samples will rapidly deteriorate sensitivity, causing high
background noise that obscures compounds present at low levels,
complicating MS database searching and adversely affecting the performance of automated data evaluation protocols.
Understanding how sample preparation, GC separation, and MS
detection affect and complement each other is crucial for all applications of
GC-MS. For maximum performance careful optimization of every step in
the analytical protocol is essential, bearing in mind the performance characteristics of the other steps. It can be argued that the requirements on the
GC separation can be a bit relieved when MS instruments that provide high
(mass) resolution are used. Indeed every step of the analytical protocol
contributes to selectivity (i.e., the ability to distinguish the individual
compounds in a complex mixture from each other and from the background). So it is fair to say that all the resolution provided by the detector
does not have to be delivered by sample preparation or separation. Could
one become lazy because the detector now does all the dirty work?
Generally not, since improper sample cleanup will contaminate the
expensive detector rapidly. Moreover, many legislations, e.g., toxicology
and safety, are based on “as low as technically possible,” which will require
deployment of the latest, optimized methods in all stages of the analytical
protocol. Gas chromatography-mass spectrometry experts should hence also
be experts in sample preparation, sample introduction, and separation. Users
of hyphenated GC-MS must understand the possibilities and limitations of
all steps of the analytical protocol. They must be aware of recent developments in GC, MS, and in the coupling of the two methods and in all
pre-GC operations and post-MS steps. Hyphenated GC-MS is a powerful
tool, but the operator needs to be armed with lots of knowledge and
experience to really exploit the method to its full potential. This should be
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done bearing in mind the holistic combination, and not the isolation, of the
performance to be provided by the GC separation, by the sample injection
and the sample preparation.
To emphasize once more, sample preparation, separation and detection
should not be seen as separate steps that can be optimized in isolation.
Optimization of one step has to be performed bearing in mind, and
exploiting, the properties of the other two. Optimized separations, for
example, can relieve the requirements imposed on to the detection step and
can produce a more efﬁcient utilization of laboratory equipment, higher
sample throughput, better accuracy and repeatability, longer column lifetimes and can reduce detector maintenance. For a proper understanding of
hyphenated GC-MS and system developments, the requirements and
performance speciﬁcations of both techniques need to be considered and
properly balanced. We will deﬁne the various parameters that are relevant
for the coupling of GC and MS and the successful use of GC-MS in
Sections 1.1.2 and 1.1.3, respectively.

1.1.2 GC fundamentals in the perspective of hyphenation
and speed of analysis
In the last decades, GC has seen a number of very relevant developments.
The implications of these developments have recently been addressed by a
panel of GC(-MS) experts in a round table discussion [1]. The developments are numerous. Large volume injection (LVI) methods have
improved the sensitivity up to hundreds of times; solid-phase microextraction (SPME) as a sample preparation technique has simpliﬁed sample
preparation; QuEChERS (quick, easy, cheap, effective, rugged and safe)
did the same for complex extracts; comprehensive two-dimensional GC
results in 10 times more peak capacity; new stationary phases allow
obtaining unique selectivities; novel MS methods improve the accuracy,
reliability and speed, etc. And these developments continue. For UV
(VUV) detection, for example, it provides a whole new detection selectivity in gas chromatography. When looking to these developments it is
clear that many of them refer to couplings of sample preparation and
separation, or separation and detection, i.e., to hyphenation. An important
driver for hyphenation is automation, since automation eliminates the
human factor and associated errors, leading to more reliable analytical results. Retention times are important for identiﬁcation, but they can never
provide positive identiﬁcation when different compounds elute at the same
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retention time. For a true positive identiﬁcation, hyphenated systems using
mass spectrometric identiﬁcation and detection are clearly very powerful.
Of course mass spectra are not always fully unique: isomers can have very
similar if not identical spectra, but the combination of spectrum and retention
time should be used as it comes very close to being unique. Ignoring the
retention time in GC-MS is making use of only part of the information.
This retention information can now be used conveniently and in a fully
automated manner with the aid of modern retention time or retention
index MS databases [2].
For a proper understanding of GC-MS and developments of new hyphenated systems, the requirements and performance/speciﬁcations of both
techniques need to be considered and well balanced. For instance,
combining a mediocre GC separation with an excellent MS dimension will
not deliver a good ﬁnal performance. Here we will deﬁne the various
parameters that are relevant for the two dimensions and that need to be
properly matched, such as the MS spectral acquisition speed versus chromatographic peak width, MS sensitivity versus optimum column loading,
temperatures, mass range versus elution window, stability versus analysis
time, etc. To further complicate the task of the analyst, also sample
introduction methods (discussed in Section 1.1.2.2) and sample preparation
characteristics (in Section 1.1.4) have to be considered. Additionally, the
type of columns is also important, for example, thin ﬁlm, short, narrow
columns are much less tolerant to dirt than wider bore columns, or nonpolar polydimethyl siloxane columns deteriorate faster with water than
polar phases as in Carbowax-coated columns.
The column is the heart of the system. It is hence logical to put the
column in a central position during method development. The aim of the
column is to provide sufﬁcient resolution to separate the compounds of
interest from each other, if they cannot be distinguished based on mass
spectral information, and from interfering matrix species. Below some basic
concepts of chromatography are summarized in Table 1.1.1. At this point
we only discuss the very strong inter-relationship between the parameters in
the table next to the possibilities and problems caused by the use of MS
hyphenation.
The ultimate goal of a GC-MS analysis is to obtain information on
identity and amount of the compounds present in a sample. For this resolution is needed. In chromatography, resolution refers to separation: peaks
elute at different retention times and they are narrow enough to allow the
determination of their peak area. In GC-MS resolution can be redeﬁned as
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Table 1.1.1 Basic chromatographic concepts and their importance in hyphenated
systems.
Concepts
Deﬁnition
Remarks regarding hyphenation

Resolution
(Rs)
Selectivity
(a)

Peak width
(Wi)

Efﬁciency

System
performance

The separation of two
components in a
chromatogram. See
Fig. 1.1.1.
Represents the relative
interaction of the solutes
(relative retention times)
with the stationary phase
given.
Peak width at baseline
level (Wb), at half
height (Wh), or as the
standard deviation (s).
See Fig. 1.1.2.
Number of plates or
plates per meter. The
theory of band
broadening was ﬁrst
described by Golay [3].

Information provided
by the chromatogram
and/or the MS
background signal. Key
indicators: retention
time, size and shape of
chromatographic peaks.

Fully automated deconvolution
methods using MS spectra can
distinguish two poorly separated
compounds.
When a ¼ 1 there is no difference
in afﬁnity of the two analytes for
the stationary phase and hence no
chromatographic separation.
Through differences in spectra they
can still be distinguished.
Highly relevant in coupled systems
as it determines the time available
for spectrum acquisition by the MS.
1) Thick ﬁlm columns have a
lower efﬁciency due to band
broadening in the stationary
phase. They should only be used
to retain highly volatile species
or to increase sample loadability
with an insensitive detector.
2) Column length: the detector
responses may be insufﬁcient to
transduce the accurate shapes of
narrow peaks.
3) Carrier gas: hydrogen is not
often used for safety concerns
and complications when using
MS detection. Helium is most
common and is faster than
nitrogen.
4) Flow rates: higher ﬂow rates are
better to avoid band broadening,
but might cause poor vacuum in
the MS interface.
Losses and incomplete detection of
compounds due to adsorption,
surface-catalyzed thermal
degradation, leaks, and cold spots.
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Table 1.1.1 Basic chromatographic concepts and their importance in hyphenated
systems.dcont'd
Concepts

Deﬁnition

Remarks regarding hyphenation

Peak shape

The ideal
chromatographic peak is
Gaussian.

Peak asymmetry (Fig. 1.1.3) usually
caused by instrumental factors: dead
volumes in interfaces, dirt, cold
spots, adsorptive sites, loss of the
deactivation layer in the column or
in the transfer lines.

“the ability to distinguish compounds.” This can either be from their differences in retention times, or from differences in MS spectra. Compounds
are chromatographically separated if they have different retention times.
This difference in retention time is the consequence of the selectivity of the
stationary phase that retains one analyte more than the other. From the MS
perspective selectivity would refer to differences in MS spectra. If spectra of
two co-eluting compounds are different, MS can provide selectivity as well.
A further parameter that is important is the efﬁciency of the chromatographic
system. Basically this is a measure for the zone broadening that occurs
during chromatography. Narrow peaks are advantageous in terms of separation quality, but have the disadvantage that coupling to MS becomes
more difﬁcult. Higher mass spectral acquisition rates are needed and dead

Figure 1.1.1 Two nearly resolved peaks A, B and the parameters to calculate the
resolution. The symbol “d” represents the difference in retention times of the compounds A and B. (Wb)A and (Wb)B are the peak widths at baseline level of each
compound.
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Figure 1.1.2 Ideal Gaussian peak. The peak width at baseline level is Wb ¼ 4s. Peak
width at half of the peak height is Wh ¼ 2.354s.

volumes become more critical. The width of a chromatographic peak also
determines how many peaks ﬁt in a certain time, or in the entire chromatographic run. The term peak capacity is often used to describe how many
peaks can be separated with a given system. Peak capacity is also used to
estimate the likelihood of being able to separate all compounds present in a

Figure 1.1.3 The tailing factor is deﬁned as b/a (in case of tailing) or a/b (in case of
fronting).
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given sample. The addition of MS detection strictly speaking does not
increase the peak capacity, but it can signiﬁcantly increase the number of
compounds that can be distinguished in one run. From this short section it
is clear that the theoretical concepts are very important. For further reading,
extensive reviews are available in literature [3e5].

1.1.2.1 Column technology over the years
Nowadays, even with the introduction of selective methods for sample
preparation and detection, column quality, in all its facets, is still extremely
important. Columns should be highly inert and efﬁcient to generate
symmetrical peaks for the minute amounts of material that sensitive detectors can detect. Additionally, the stationary phases should be selective for
the solutes to be separated, stable over a wide temperature range, and have a
low vapor pressure at high temperatures. Finally, for separations near
ambient temperature, the phase must still be a liquid and not solid or
crystalline to avoid excessive stationary phase band broadening.
Despite lots of research into other column formats, open-tubular, fusedsilica capillary columns are still by far the most widely used columns in gas
chromatography. Packed columns have largely been replaced by capillary
columns, except in permanent gas analysis and industrial analyzers where
maximum ruggedness is crucial. Wall-coated open-tubular columns are the
most widely used capillary columns, but porous layer, open-tubular
(PLOT) columns are frequently used as well. Before we discuss developments in the preparation of these columns in more detail, it is
interesting to discuss other column types and formats that have not (yet)
been widely adopted in practice. Table 1.1.2 summarizes the characteristics
and limitations of the column types described in this section.
The etching of capillary columns in silica wafers was ﬁrst evaluated by
Terry in 1979 [6]. Initially, homogeneous channels with a square crosssection could be etched in a 5 cm diameter wafer with a column length
of 1.5 m [7]. In the following decades, numerous attempts with novel
etching technologies and micromachining processes were made; but in all
fairness, the efﬁciency and stability of etched columns are still not as good as
those of fused-silica, open-tubular columns. In the late nineties of the
previous century, multicapillary columns were popular for a short time.
These columns consisted of over 900 capillaries with an inner diameter of
40 mm and provided a very high speed, without the associated disadvantages
of narrow columns [8]. However, due to difﬁculties in handling the
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Table 1.1.2 Characteristics and limitations of the different column types in capillary
GC.
Column type
Advantages
Disadvantages
References

Wafer-etched

Small volume

Multi-capillary
fused silica

High speed

Monolithic

Unique
selectivity, high
speed, stability,
loadability
Thermal
stability, strong
retention
Thermal
stability,
efﬁciency,
selectivity
Analysis of high
molecular weight
compounds

Carbon
nanotubes
(CNTs)
Fused silica,
open-tubular
(siloxane-based
phases)
HT-GC
(>350 C)

Room
temperature
ionic liquid
(RTIL)

Thermal
stability,
selectivity, low
vapor pressure

Low stability and
insufﬁcient efﬁciency
Fragile, short length,
differences between
the capillaries
Low efﬁciency

[6,7]

Mechanical shocks,
conducting materials

[17,18]

Column bleeding

[20e24]

Leaks, MS
contamination,
limited range of
column selectivities
Long term stability
yet to be
demonstrated

[25e28]

[8,9]

[10,11,14,15]

[29-32,37]

extremely fragile multicapillary columns, and the detrimental effect of tiny
length, diameter, and ﬁlm-thickness differences between the individual
capillaries, on the efﬁciency [9], the column was taken from the market a
few years later.
Another innovative column format, introduced more recently, is the
monolithic column [10,11]. Monoliths are porous sintered beds of polymers or silica that have a sponge like structure [12]. Monoliths, according to
theory, should provide high plate numbers and a high speed because the
characteristic diffusion distances are very small. Moreover, the dimensions
that determine speed and efﬁciency, i.e., the dimensions of the throughchannels are not linked to the column diameter, while loadability is not
an issue as it would be in narrow-bore columns. The combination of high
speed and good loadability of monoliths has been used by Peroni et al. to
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solve problems with sample loading in the second dimension in comprehensive two-dimensional GC [13]. The performance of monoliths in onedimensional GC has been reviewed by Kurganov and Svec et al. [14,15]. So
far, the efﬁciency and speed of monolithic columns are poorer than expected, but the phases provide a unique selectivity.
Carbon materials are very interesting and valuable for nanotechnology,
electronics, and optics, but also for use as adsorbents. In chromatography,
these materials have been in use as GC stationary phases, in particular for
the analysis of highly volatile compounds, since the early days of GC.
Inspired by advances in nanotechnology, new carbon nanoparticle-based
materials, i.e., carbon nanotubes (CNT), another form of carbon with a
characteristic cylindrical nanostructure, were developed. Depending on the
method of preparation, CNTs can exist in various open- or close-ended
structures and interaction of sample molecules with the nanotube architectures can occur on the outside surface, on the curved graphene planes
between particles, in the interstices between tubes and inside the tubes
when these are open-ended. Additionally, sieving effects can occur due to
the interstitial spaces where larger molecules can be excluded [16]. The
combination of these various retention mechanisms with their excellent
thermal stability properties makes carbon nanotubes an interesting material
for use as a GC stationary phase. Additionally, the polarity of the material is
very low and the capacity factors and the plate numbers obtained in recent
studies are comparable to those observed on classical carbon packed GC
columns. The strong retention characteristics of the columns allowed the
separation of highly volatile species, like methane, ethane, and acetylene, at
above ambient temperature [17], while their high thermal stability permits
separation of higher molecular weight species at higher temperatures [18].
For use in hyphenated systems the extraordinary mechanical strength of
carbon nanotube materials is an advantage, but mechanical shocks caused by
switching valves or pressure pulses might result in particle loss. Therefore,
more studies are necessary for use of such materials with mass spectrometric
detectors, where the highly conducting carbon material could easily
shortcircuit the high voltages in the ionization source. Potentially, CNTs
could also be used to stabilize or modify other stationary phases similar to
the use of CNTs to stabilize polymers in automotive parts or boat hulls [19].
Fused silica, open-tubular columns coated with ﬁlms of high viscosity
liquids are by far the dominant column type in GC and GC-MS to date.
Selection of the stationary phases has become somewhat easier because of
the very high efﬁciency of modern GC columns: a lower selectivity can, to
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some extent, be compensated by a higher efﬁciency. Moreover, modern
sample preparation methods and most importantly advanced MS detection
strategies provide a great deal of additional selectivity.
Still today most of the liquid stationary phases employed in GC are
polysiloxane-based polymers, a group of polymers with a backbone of
alternating silicon and oxygen atoms where each silicon has two substituent
groups that determine the polarity of the phase. If, for example, all substituents are methyl groups, a highly non-polar dimethylsilicone phase is
obtained, which is a real workhorse in capillary GC. Furthermore, if the
methyl groups are replaced by other more polar substituents, polar or
polarizable phases can be prepared. Research into these polar and polarizable phases was started by Lee et al. in the early eighties of the previous
century and has resulted in a wide range of GC stationary phases with a
broad range of selectivities [20]. Particularly in hyphenated systems, the low
bleeding characteristics of the phenyl- or diphenyl-substituted phases and
their properties are attractive [21]. Numerous combinations of phenyl and
other polar groups have been evaluated for use as selective phases in GC, in
which the ﬂuorophenyl (methyl) substituted phases [22] and the cyanopropyl phases [23] are highlighted. The latter group presents the most polar
phases available to date and is widely used in (cis/trans) double bond separations relevant for the petrochemical industry and in particular also the
food industry, especially for the analysis of trans fatty acids, present in dairy
fats or partially hardened vegetable oils [24].
An important parameter in the development of stationary phases is
column bleeding, in particular, if high molecular weight bleed compounds
could contaminate the detectors used. Hence, column bleed is also an
important issue in column selection for GC-MS. Low bleed, high efﬁciency, and high inertness are the key criteria in the selection of the column. The chemistry of column bleeding is not perfectly understood, but it
is clear that the main mechanism is based on the so-called “back-biting”:
reactive groups at the end of the polymer chain bend back and attack their
own chain, in that way forming short, cyclic oligomers that eventually elute
from the column. The solution to this problem is stiffening the polymer
backbone through the inclusion of bulky side groups such as phenyl or
diphenyl groups. Alternatively, the chain itself can be made less ﬂexible by
including rigid, bulky groups in the backbone. Examples of such phases are
the sil-arylene-phases that contain phenyl in the backbone [25] or carborane phases [26]. With these stationary phases ﬁnal column temperatures
as high as 480  C are possible [27]. On this note, coupling MS to high-
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temperature GC (HT-GC), with ﬁnal temperatures in excess of 350  C, is
certainly not trivial since there are signiﬁcant instrumental difﬁculties,
especially in hyphenated systems. In HT-GC-MS fragmentation of the
compounds is stronger due to the higher ion source temperatures, there is
higher noise at higher MS temperatures, and detector contamination due to
bleeding of the stationary phase occurs frequently. Despite these practical
problems, HT-GC-MS has been widely applied for the analysis of fossil
fuels, triacylglycerides and other lipids, miscellaneous materials, polymers
and oligosaccharides in foods [28]. A drawback of HT-GC is the very
limited range of column selectivities at hand. Only non-polar to mediumpolar columns are available.
After almost two decades of hardly any progress in the development of
GC phases, the commercial introduction of room temperature ionic liquid
(RTIL or IL) columns created a great deal of excitement. The RTIL
technology provides more selective stationary phases that can be used at
high temperatures with low bleed levels [29]. Room temperature ionic
liquids, or molten salts, are non-molecular ionic solvents with low melting
points, usually composed of an organic cation containing N or P (i.e., alkyl
imidazolium, phosphonium) with inorganic or organic anions. Properties of
these materials that make them attractive for use as stationary phases in GC
include their very low vapor pressure, high thermal stability, excellent and
unique selectivity toward speciﬁc classes of compounds, as well as the good
wettability of the materials on fused silica. These phases are characterized by
an excellent complementarity to conventional organic polar stationary
phases. The ﬁrst use of ILs as stationary phases, at that time in packed
column GC, was reported almost 60 years ago [30]. A revival occurred
around 2004 with a series of publications by Armstrong et al. where several
new ionic liquids were evaluated in terms of their elution orders and
compared to standard GC phases [31]. An important advantage of ionic
liquid phases was their ability to separate both polar and non-polar molecules with good loadabilities for both classes of analytes [32]. This dualnature behavior broadens the scope of the phases and in that way
minimizes the need for a speciﬁc phase dedicated for only one single
application. Several attempts have been made to understand the GCrelevant properties of IL phases, such as thermal stability [33,34], viscosity,
and rapid diffusion [35,36], from the nature of the anion and the cation. A
detailed discussion of these studies is beyond the scope of the present chapter.
Reviews describing the evaluation and summarizing applications, in particular also in multidimensional systems, are available in the literature [37].
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1.1.2.2 Sample introduction and large volume injection
Sample introduction is a very important step in the chromatographic
process. When choosing the best injection technique, several sample parameters need to be considered, especially for GC-MS instruments, such as
concentration of the sample compounds, their boiling point, and thermal
stabilities. In addition, this choice should be in combination with the type
of column used, e.g., practical difﬁculties occur in on-column injection on
narrow columns versus wider bore columns.
The most commonly applied injection methods such as split, splitless,
and on-column injection are summarized in Table 1.1.3. Additionally, the
choice of the correct liner for each type of sample introduction is relevant,
since it prevents dirt from entering the MS detector. These injection modes
and the possibilities to alleviate some of their drawbacks by using programmed temperature vaporizing (PTV) injection have been extensively
reviewed over the years [38e46]. In split- and splitless injection samples are
rapidly evaporated in a hot liner. This causes the two main disadvantages of
the methods: discrimination and degradation. The PTV injector reduces
the thermal stress applied to the molecules and is hence an attractive
replacement for (hot) split and splitless injection, next to being good devices
for large volume injection as will be discussed below.
Large volume sampling techniques hold a special position amid the GC
injection techniques, and can be used if maximum sensitivity is needed,
which despite enormous improvements in the sensitivity of GC-MS still
occurs frequently. In such situations, LVI eliminates the need for a preconcentration step in the sample preparation procedure. For on-line systems with coupled sample preparation and GC analysis, e.g., solid-phase
extraction (SPE)-GC, as well as in two-dimensional LC-GC systems,
LVI is a key enabler [43]. It ensures compatibility between the liquid ﬂows
and volumes of the ﬁrst SPE or LC step, and the tolerable volumes of the
GC system. On-line systems bring a series of advantages for separation
sciences in terms of automation, sensitivity, robustness, reliability, and
reduction of costs. All of these features will be discussed in more detail in
Section 1.1.4.1.
There are three types of LVI injection techniques that will be discussed
in this chapter: loop-type interface, on-column, and programmed temperature vaporization. Clearly, for PTV LVI there are several different types
of injection methods that use the PTV injector as a common interface. This

Table 1.1.3 Application, advantages/disadvantages and liner selection of sample injection techniques for liquid injections in capillary
GC-MS.
Technique Application
Advantages
Disadvantages
Liner selection

Major
compounds

Split ratio prevents
overloading; no focusing on
column needed/freedom in
temperature selection
Direct quantiﬁcation

Hot
splitless

Trace
analysis

Oncolumn

Trace
analysis

No sample discrimination;
no thermal degradation upon
injection

PTV cold
split and
splitless

Major
compounds
(split), trace
analysis
(splitless)

Reduced thermal stress;
ﬂexible; large volume
injection; less sample
discrimination

Sample loss; sample
discrimination

Deactivated and packed liners
with glass wool or fused silica
beads.

Limited choice of applicable
solvents; thermal
degradation; discrimination

Liners with a gooseneck shape, to
focus analytes. Packed and
deactivated liners with glass wool
and fused silica beads also used.
Not applicable

Experimentally difﬁcult; risk
of column contamination;
limited choice of solvents;
use of retention gap
Requires optimization;
sample discrimination

Adapted from W.M.A. Niessen, Current Practice of Gas Chromatography-Mass Spectrometry, CRC Press, 2001.

Lower volume liners allow faster
heating. Cold injection is
preferred to avoid liner overﬂow
with evaporated sample.
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will be discussed in more detail. Additionally, other novel LVI techniques
will be brieﬂy addressed as well [43].
The loop-type LVI is a very simple technique originally designed for
LC-GC coupling [47]. In this method, the sample is introduced into a loop
and then transferred to a retention gap by the carrier gas. For this reason, its
main applications are limited to semivolatiles and heavy analytes. Volatile
species are lost with the solvent. One popular application of loop-type LVI
is the analysis of mineral oil saturated and aromatic hydrocarbons (MOSH
and MOAH) in foods and cosmetic products using an on-line LC-GC
system [48].
In on-column LVI, a retention gap is placed before the analytical column. Since the liquid sample is directly introduced into the retention gap at
a temperature below the solvent boiling point, discrimination or degradation of compounds is absent [43,49]. The retention gap used has to be
able to accommodate the entire liquid sample, hence it should be sufﬁciently long. In order to solve this problem, i.e., shorten the retention gap, a
technique called partially concurrent solvent evaporation (PCSE) was
developed [43]. In this approach, around 90% of the solvent is evaporated
during the introduction step of the liquid sample in that way enabling
sample volumes up to 800 mL [50]. A disadvantage of the earlier versions of
on-column LVI was that the solvent peak was very broad and all solvent
vapor had to be discharged via the detector. Many detectors, in particular
also the mass spectrometer, do not tolerate the introduction of large volumes of solvent. This drawback was eliminated by the incorporation of an
early solvent vapor exit (SVE) [43]. This additional gas exit is installed
between the retention gap and the GC column, accelerating the evaporation rate and protecting the detector from excessive amounts of solvent
vapors. In some cases, an extra so-called retaining precolumn needs to be
installed between the retention gap and the SVE outlet in order to avoid
losses of volatile compounds [51]. Nonetheless, a careful optimization of
two important on-column parameters is necessary to achieve optimum
conditions. Speciﬁcally, the SVE closure time and the injection rate are
critical. These two parameters should be in balance with each other, where
the SVE should not be closed too late and the injection rate should be faster
than the evaporation rate of the solvent. A detailed optimization was
described [43]. Even though on-column LVI allows the direct introduction
of the sample into the GC column, this technique has a number of disadvantages related to the retention gap (contamination, frequent replacement of the retention gap, and re-optimization of the SVE closure time).
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Programmed temperature vaporizing LVI uses a ﬂexible injector that is
similar to a conventional split/splitless injector but has a very sophisticated
temperature control function to allow fast, programmed heating and
cooling of the setup during analysis. This injector can be used with a wide
range of sample introduction methods, including splitless injection, vapor
overﬂow, solvent-split and PTV on-column injection [52]. Solvent-split
has become the most widely used PTV injection technique. It involves
sample introduction at a temperature below the solvent boiling point,
solvent elimination via the split exit, rapid heating of the injector with
splitless transfer of the analytes from the liner to the capillary column and
residual solvent/matrix components elimination via the split purge [53].
Once more, careful optimization of the PTV parameters (vent ﬂow,
temperature, pressure, and time) is necessary to achieve reliable and
reproducible results. Several vendors of PTV instruments offer calculators
for optimization of the injection parameters, speciﬁcally software that is
based on the pioneering work of Rijks and Staniewski [54]. Strategies for
systematic optimization have been described based on “one factor at a time”
or using statistical design of experiments (DOE) methods [55e59]. Solventsplit large volume injection can be performed in three different ways, as
direct or “at-once” injection, speed controlled sample introduction, and
multiple “at-once” injection [43]. Direct or “at-once” injection is more
common and preferable to other methods due to its simplicity. However,
the choice of liners and packing materials is of crucial importance in order
to maximize the sample injection volume, since the liners have to retain the
entire liquid sample. The packing material should meet a number of
criteria, such as the ability to retain large volumes of solvent, should be
sufﬁciently inert and thermally stable. Some examples are glass wool, quartz
wool, glass beads, and Tenax TA [43]. Other parameters for direct or “atonce” injection are equally important to optimize, i.e., the splitless transfer
conditions, sample volume, and solvent-elimination time. In contrast, speed
controlled sample introduction is slightly more complicated to optimize,
since it involves a more controlled and constant introduction of the sample
into the liner and has no restrictions in terms of maximum sample volume.
Other interesting developments in LVI approaches that include direct
sample introduction with microvial-insert (DSI/DMI), splitless overﬂow
(CRS-LV), at column, and through oven transfer adsorption-desorption
(TOTAD) were fully reviewed [43,60e65].
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1.1.2.3 High speed GC
“Time is money” is a key statement that certainly also holds for analytical
laboratories. Clearly ﬁnancial considerations, such as the paid labor of the
analyst and the use of supplies (carrier gasses, electricity, equipment, etc.),
explain the strong request for faster analyses from the industry. These and
other ﬁnancial aspects are important, but considerations on faster analysis
should start with a clear deﬁnition of what actually has to be faster. Two
extremes can be distinguished. One extreme occurs in a factory where a
raw material arrives just in time and needs to be tested before it can be used
in the production process. Here “time-to-result” is the relevant parameter
that needs to be minimized. Parallel operation, or, e.g., the possibility to
perform sample pretreatment for a sample while the previous sample is
being analyzed, is an irrelevant solution here. Another extreme is a laboratory that receives hundreds of the same samples a day and has to analyze
them within a ﬁxed reporting time. Here the ability to perform parallel
sample pretreatment and analysis will be a relevant factor. It is not the timeto-result of a speciﬁc sample that is relevant in this latter situation; the
crucial factor here is the net working time per sample.
An additional parameter to consider when discussing faster analysis is the
fact that a GC analysis is more than just the separation of the compounds on
the column. Sample preparation is a crucial and critical step for most GC
applications, and sample preparation can be a very time-consuming step.
Moreover, sample preparation is responsible for up to 30% of the errors of
analytical methods [66]. How recent developments in sample preparation
can aid in speeding up the GC analysis will be discussed in Section 1.1.4 of
this chapter. Other parts of the analytical chain that also take time, namely
the post GC-separation steps (data evaluation and interpretation), are not
further considered here.
The various options for speeding up the GC separation step itself have
been extensively discussed in a series of theoretical papers by Cramers and
Leclercq [67]. Eq. (1.1.1) describes the analysis time as a function of several
chromatographic parameters and properties of the analytes:

1=2
4
a3 pﬃﬃﬃ
h
3 ð1 þ kÞ
tR ¼ 64 RS
3 FðkÞ
dc
(1.1.1)
pa Dm;a
k3
ða  1Þ3
where h is the dynamic viscosity, pa is atmospheric pressure, Dm,a is the
diffusion coefﬁcient of the compound in the mobile phase and dc is the column diameter.
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F(k) is a function of the retention factor given by:
FðkÞ ¼

1 þ 6k þ 11k2
96ð1 þ kÞ2

(1.1.2)

In a qualitative sense, two groups of parameters are found to determine
the analysis time: selectivity (the terms in Eq. (1.1.1) with k and a) and kinetics of equilibration (the term with h, pa, and Dm,a). Translations of these
theories into practice have been published by Korytár and Matisová [68]. In
such studies, the approach towards faster GC separations is divided into two
steps. The ﬁrst step is to reduce resolution to the minimum, i.e., 1.5. After
this has been done, the second step is to reduce the analysis time at constant
resolution. The various options for this two tier approach are summarized in
Table 1.1.4 and the consequences of selecting a particular route for hyphenated GC-MS are also indicated. One remark holds irrespective of the
route selected: care should be taken that sufﬁcient spectra are collected across
the narrower peaks that are obtained in faster GC. It is also important to
realize that the low outlet pressure when using MS results in increased
diffusion rates in the column and faster radial equilibration, which is beneﬁcial for the speed of analysis. This can deliver a speed gain of up to a factor of
10 [69]. For more complex separations that need longer columns, however,
the gain unfortunately is very limited [70]. Increased diffusion rates can also
be obtained with hydrogen as the carrier gas. The combination of hydrogen
with MS detection is however, often discouraged by the instrument manufacturers. Moreover, hydrogen is reported to result in more noise in case of
MS detection [71]. Another option for obtaining increased resolution in a
ﬁxed time, unique to MS or other spectroscopic detectors, is spectral
deconvolution. Here peaks that are not chromatographically resolved can be
“separated” based on their unique ions. If spectral deconvolution can be
applied, shorter columns can be used in that way reducing the analysis time.
The factors in Table 1.1.4 relate to the kinetics of the chromatographic
process. Factors related to selectivity, such as the use of more selective
stationary phases, backﬂush, and/or selective detection (including MS) or
(MS) deconvolution strategies are viable approaches as well. It is clear that
MS detection provides an enormous selectivity, especially in the analysis of
compounds in complex samples, which generally results in a very signiﬁcant
time gain.
In literature, unfortunately, the clear two-step approach towards faster
analysis summarized above [ﬁrst reduce resolution to the minimum, then
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Table 1.1.4 Options for reducing the GC separation times including consequences
in hyphenated MS systems.
Option
Remarks

Shorter column length

Above optimum carrier gas velocity
Higher initial or ﬁnal temperature
(temperature programmed GC) or
isothermal temperature (isothermal
GC)
Faster temperature programming

Conversion from isothermal to
temperature programmed operation
Thinner stationary phase ﬁlm
Pressure/ﬂow programming

Reduced column inner diameter
Hydrogen carrier gas

Vacuum outlet operation
Turbulent ﬂow conditions

Too low column resistance might result
in sub-ambient injector pressure and
rapid air ingress.
Care should be taken not to exceed
maximum pumping capacity.
Temperature of the transfer line might
have to be increased, especially if the
ﬁnal temperature is increased.
Elution temperatures of the compounds
will increase. Column bleeding can
increase as well.
Adjustment of the transfer line
temperature might be needed.
Sufﬁcient resolution should be
maintained for maximum selectivity.
Care should be taken not to exceed
maximum pumping capacity toward
the end of the pressure/ﬂow program.
Dead volumes in connectors can
become critical.
Although most modern MS
instruments can work with hydrogen,
special (safety) precautions might have
to be taken.
Standard in GC-MS.
Requires extremely high ﬂow rates,
incompatible with normal GC-MS
vacuum systems. Generally of little use.

make faster at constant (minimum) resolution] is too often not followed and
strategies that are only suited for speeding up separations where a resolution
loss is acceptable have been proposed as general strategies. This has resulted
in unmet expectations and confusion, partly also because of poor positioning of methods by commercial suppliers. An example is the use of fast
temperature programming. The beneﬁcial effects of this method have been
convincingly demonstrated by Luong et al. in the separation of hydrocarbon
vapors [72], or by Mastovská et al. for the analysis of pesticides in a range of
food samples [73]. In the latter application, with faster temperature
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programming the analysis time could be reduced from 53 to less than
5 min. Resolution is traded in for time: less resolution is obtained in a
shorter time. Application of the same approach to situations where a resolution loss is not acceptable will result in unacceptable separations and
severe problems in peak area determinations. The effects of increased
programming rates on resolution in triacylglyceride analysis have been
extensively studied by van Deursen et al. [74]. Faster programming was
found to always result in reduced retention of the heavy analytes. Two
factors are important to consider: carrier gas velocity and elution temperature. Maximum gain in time is obtained only if faster temperature programming is combined with a concomitant increase in carrier gas velocity.
As a rule of thumb, carrier gas velocity should be selected such that the
programming rate is approximately 10 C per column dead time [75]. A
more accurate estimate of the optimum heating rate, optimum in terms of
maximum peak capacity per analysis times, can be obtained using the
theories developed by Klee and Blumberg [76]. The effects of faster programming rates on elution temperatures have been studied in detail by
Amirav et al. in their work on supersonic molecular beam (SMB) mass
spectrometry [77]. Elution temperatures clearly increase if faster programming is applied as some type of overshoot occurs: at some point in the
temperature program compounds are no longer retained and remain only in
the gas phase in the column. During the time it takes for the carrier gas to
transport them to the column exit, temperature increases signiﬁcantly as a
result of the faster programming and the compounds experience a higher
elution temperature.
Many options for faster separations are available, at constant or reduced
resolution, as is evident from Table 1.1.4. Irrespective of which option is
selected, the use of fast GC has important consequences for the equipment
used. Ovens capable of reliably delivering high heating rates, for example,
are needed. Additionally, since in fast GC the peaks are very narrow,
suitable injection modes and fast, very sensitive detectors should be
considered as well. On this note, narrow-bore columns have received a
great deal of attention as a generic means toward faster separations at
constant resolution. The theory on how column diameter affects the plate
heights, optimum carrier gas velocity, speed of analysis, and detection limits
has been described in a series of papers by the group of Cramers in the
eighties of the previous century [67]. Later, these theories were extended to
temperature-programmed analysis by Blumberg [75], and commercial
software was introduced for method translation from slower wide-bore, to
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faster narrow-bore columns. Very fast separations with column diameters as
low as 10 mm were published by van Es et al. in the early 1990s [78].
One particular problem of narrow-bore columns is the very limited
working range. As the column diameter goes down, the mass of stationary
phase per theoretical plate decreases with the third power of the column
diameter. Depending on the detector used, the mass detection limits only
go down linearly or to the second power, meaning that the range between
detection limits and maximum loadability gets progressively narrower. Very
narrow columns will already be overloaded at their detection limit as was
seen by Ghijsen and Poppe [79]. As a result of all these problems the
minimum column diameter today is 100 mm. Even with this diameter
sample loadability is already signiﬁcantly lower than that of the more
standard 250 mm columns. In a study by Mondello et al. [80], plate numbers
of a 100 mm diameter column were found to decrease already at injected
amounts above approximately 1 ng, whereas on a 250 mm column around
50 ng could be injected. Still, due to developments in detection sensitivity
it now slowly becomes possible to work with columns with lower inner
diameters. Columns with an inner diameter of 530 mm have been largely
abandoned and 250 mm columns are commonly used. The speed gain
resulting from a switch from 530 to 250 mm is about a factor of two. It is
clear that the trend towards lower column diameters will continue, albeit
slowly. Column diameters in the 150e180 mm range seem to offer a good
compromise between loadability, speed, and practical ease of use.

1.1.2.4 Selective and universal detectors
Several GC detectors have been developed and used over the years, but due
to an increased demand for trace analysis and the need for unambiguous
identiﬁcation, mass spectrometry is nowadays very often the detector of
choice. For less demanding applications sensitive ionization-based detectors
are also often used [81,82].
In this chapter we will brieﬂy describe the most widely used detectors,
such as the ﬂame ionization detector (FID), the electron capture detector
(ECD), the thermal conductivity detector (TCD), the ﬂame photometric
detector (FDP), the photoionization detector (PID), sulfur- and nitrogen
chemiluminescence detectors (SCD, NCD), and MS. Other detectors and
recent developments will also be discussed.
Universal detectors include the FID and the TCD. The FID remains the
most widely used and generally applicable detector for GC. In this detector,
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the number of produced ions is proportional to the number of carbon
atoms, making the device mass-ﬂow sensitive. It gives a strong response for
the majority of organic compounds [82]. Even though this detector is
considered as being universal, it has little or no response for certain functional groups, including carbonyl, alcohol, or halogen functionalities, as
well as non-combustible compounds, such as H2O, CO2, SO2, and NOx.
However, it is highly sensitive, has a wide linear dynamic range, low noise,
and is easy to use. Because of its excellent characteristics in quantitative
analysis and its almost structure-independent response, an FID is sometimes
operated in parallel with an MS system: the column efﬂuent is split with
part going to the mass spectrometer for identiﬁcation and part to the FID
for quantiﬁcation.
The TCD was one of the ﬁrst GC detectors to be developed. With this
detector the choice of the carrier gas is important because it has a strong
inﬂuence on the sensitivity of the detector [83]. Hydrogen is the best gas
from the perspective of sensitivity, but due to its ﬂammable properties,
helium is commonly used. The TCD detector is simple, has a wide dynamic
range, gives a response for all organic and inorganic compounds, and is
non-destructive. However, the main limitation is its low sensitivity.
The ECD is the most common selective GC detector. This detector is
non-destructive, highly sensitive, and selective to halogenated organic
compounds, but it is insensitive to, e.g., alcohols and hydrocarbons. Its main
disadvantages are the limited linear response range and the need for a
radioactive b radiation source (typically nickel-63) to produce electrons
[81e83]. The halogen-selective response makes the ECD a logical choice if
low levels of halogenated compounds have to be measured in complex
environmental samples, for example, in the trace analysis of pesticides. The
ECD detector can also be part of multi-hyphenated instruments, where a
dual-detector system is used. As an example, the ECD can be operated in
parallel to an FID via a ﬂow splitting “Y” connector that splits the column
efﬂuent to the two detectors. This type of tandem detection provides extra
selectivity when studying aromatic, aliphatic, and halogenated classes of
volatile organic compounds (VOCs) [84]. Similar parallel couplings of ECD
with the thermionic detector (PID or NPD) have also been described [85].
Such setups allow the simultaneous detection of several important classes of
pesticides.
The FPD in the phosphorous mode was used for many years in the
analysis of organophosphorus pesticides in environmental samples [81]. For
aromatic compounds and other aliphatic molecules that are easily
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photoionized, the PID is very selective [82,83]. Both of these detectors are
nowadays being increasingly replaced by MS detection. One element that is
still often analyzed using a selective detector is sulfur. Sulfur selective
detection is important in several application areas of GC, in particular, in
(petro-)chemical analysis and food analysis. An important detector here is
the SCD [86]. This chemiluminescence detector can be used to monitor
volatile sulfur species as encountered in food ﬂavor analysis and natural gas
analysis, as well as for heavy sulfur containing molecules in petrochemical
raw materials, intermediates, and ﬁnished products.
Mass spectrometry has had a remarkable impact on analytical chemistry
due to its ability to provide structural information, in this way greatly
contributing to the identiﬁcation of unknowns and to the conﬁrmation of
compound identities. In the detection of known species MS to some extent
is also a selective detector. By monitoring speciﬁc masses it provides
selectivity at the level of individual compounds. Mass spectrometry is
considered as one of the most powerful “detectors” for GC. Gohlke was
the ﬁrst to describe the hyphenation between gas chromatography and mass
spectrometry in 1959 [81]. General considerations and instrumental factors
affecting this hyphenation will be discussed in Section 1.1.3.1. The MS
detector can be operated in several modes including i) the (full) scanning
mode (TIC), measuring consecutive masses during a GC run, or ii) in the
selected-ion monitoring mode (SIM), where only a single or a few m/z
values are selected and monitored, and ﬁnally iii) in the multiple reaction
monitoring (MRM) mode [82]. MS ionization and operation modes are
also discussed in more detail later in this chapter.
Although GC-MS is by far the most widely used hyphenated GC
method, other spectroscopic detectors as the Fourier transform infrared
(FTIR) detector can add extra identiﬁcation capabilities, and the atomic
emission detector (AED) can provide information on unknown compounds
that have a chemical element in common [87]. They can all be coupled to
GC in multiple hyphenated or hypernated systems, in order to exploit their
complementarity and to solve speciﬁc problems that the individual detectors might face. However, even though the combination of different
techniques is powerful, it is not so commonly used because of the complex
nature of the equipment and the data that is generated.
Without any doubt the most important development in GC detection
in the last two decades is the very rapid adoption of mass spectrometry.
Primarily unit mass resolution instruments (mainly quadrupole and ion trap
instruments) were selected, but in the last decade high mass resolution
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instruments also, initially magnetic sector or time-of-ﬂight based, and later
Orbitrap-based technology became popular. These developments are fully
discussed in Section 1.1.3. Other developments in detection techniques for
GC included the introduction of a new barrier discharge ionization detector (BID) in 2012 featuring a helium-plasmaebased technology [88,89].
Its sensitivity is better than that of FID and the detector gives a universal
detection for all components, except helium and neon. In the same direction, a universal helium-plasma ionization detector (HPID) was developed in 2014, which requires only helium as carrier and makeup gas [90].
Sensitivity was quoted to be up to 1000 times higher than that of the TCD
detector.
More recently, a VUV absorption detector was developed as a universal
GC detector based on spectrophotometry principles. This instrument is
capable of measuring unique gas phase spectra of all chemical species that
absorb in a particular wavelength range between 120 and 430 nm at a rate
of 100 spectra per second [88]. Any carrier gas can be used with this system.
Sensitivities are typically somewhat lower than for GC-MS. Mass detection
limits range from 15 pg for benzene to 250 pg for water. The linear range is
three to four orders of magnitude. The strong point of the detector is that
co-eluted analytes can be resolved by applying spectral ﬁlters similar to
speciﬁc mass traces in MS, which increases the selectivity of the detector.
Moreover, the spectrum contains information that can be exploited for
identiﬁcation. Even though further studies need to be performed, the VUV
detector is highly promising also because of its robustness and ease of use.

1.1.3 Instrumental factors of MS
1.1.3.1 The mass spectrometer
Next to the FID, mass spectrometry has become the most popular detection method in gas chromatography, since it allows unambiguous compound identiﬁcation. The correct retention time is still an important
requirement in target compound analysis, but MS conﬁrmation is needed if
one wants to be sure about compound identities. An additional advantage
of MS is that it offers a very high selectivity and has an excellent sensitivity,
especially in the SIM or in the MRM modes. Yet, although the use of
modern MS instruments is rather straightforward, there are many parameters to consider in the selection of the most appropriate MS instrument and
its operational settings. For instance, the ionization method has to be
selected, a decision on full scan versus selected ion monitoring operation has
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to be taken, maybe MS/MS is needed, etc. All these questions have to be
answered, not in isolation but bearing in mind the performance of- and
consequences for sample preparation and separation. This evidently requires
a good understanding of the principles of MS, described below, next to a
deep knowledge of the other two steps (described in Sections 1.1.4 and
1.1.2, respectively).
1.1.3.1.1 Brief history of GC-MS
Thomson described the ﬁrst mass spectra from oxygen and nitrogen in
1913 [91]. Still it took another 50 years before the ﬁrst reliable GC-MS
experiments could be performed. Mass spectrometers operate at very low
pressures, typically around 105e107 Torr, roughly 108e1010 atm. In
the early years of hyphenated (packed column) GC-MS, a large problem
was the incompatibility of the high carrier gas ﬂow (deriving from packed
GC columns) and the low pressure needed in the mass spectrometer. To
solve such a problem a number of interfaces were developed that allowed
the reduction of the gas ﬂow directed to the MS. With the introduction of
capillary GC, with its much lower gas ﬂow rates (<5 mL/min), GC-MS
interfacing became much easier and on-line capillary GC-MS systems
could be developed. These lower carrier-gas ﬂow rates could easily be
handled by the improved MS vacuum systems. Gas chromatography and
mass spectrometry combine the power of a high chromatographic resolution with very selective and sensitive mass spectrometric detection, thus
providing identiﬁcation of unknown compounds, conﬁrmation of compound identities, and accurate quantitative determinations.
A schematic diagram showing the three operational stages of a typical
GC-MS system is shown in Fig. 1.1.4 (highlighted in gray). The ﬁrst step in
the MS instrument is the ionization of the gas phase analytes eluting from
the column. This takes place in the MS ion source. Ionization is necessary
because only charged fragments can be mass separated. Two ionization
modes are widely used: electron-impact ionization or electron ionization

Figure 1.1.4 Schematic representation of a typical capillary GC-MS system.
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(EI) and chemical ionization (CI). These will be discussed in more detail
below. Several other ionization modes exist, some of them are also
mentioned below, yet in less detail. After the ionization source, the ions
formed are separated according to their mass-to-charge ratio (m/z values) in
the mass separation step and ﬁnally detected. Different mass separators as
well as different ion detectors exist, each with their own characteristics in
terms of mass resolution, mass accuracy, ruggedness, sensitivity, and linearity. These features will be discussed in detail throughout this section.
Practical explanations of some typical features are provided in Table 1.1.5.
An overview of ionization modes, MS analyzers, and detection principles is
given in Table 1.1.6.
1.1.3.1.2 Electron ionization, EI
The most widely employed ionization method is electron ionization.
When the neutral analyte molecules (M) enter the ion source, they are
bombarded with electrons with an energy of 70 eV. Two reactions can

Table 1.1.5 Practical deﬁnitions of MS parameters relevant to GC-MS hyphenation.
For the exact numerical deﬁnitions the reader is referred to literature.
Parameter
Explanation

Scan range
Scan rate
Spectral
acquisition rate
Dwell time

Mass resolution

Mass accuracy

Sensitivity

Dynamic range

Lowest and highest mass-to-charge ratio covered in the
mass spectrum.
Number of m/z readings recorded per second.
Number of spectra collected per second.
Time required to collect one spectrum including
(electronics) reset time (full scan operation) or time
available for measuring the selected ions (SIM).
Ability to distinguish ions with similar masses. Unit mass
resolution implies that the MS is capable of seeing integer
masses only.
Relates to the proximity of mass measurements to the real
mass value. In practice it is often interpreted as the
number of decimal places in the m/z value that the MS
can record.
Minimal mass of a compound required for a reliable,
database searchable spectrum (full scan) or to obtain a
peak with a signal-to-noise ratio of 3 (SIM, MRM).
Region between detection limit and maximum level of a
compound that the MS (electronics) can deal with.
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Table 1.1.6 Ionization techniques and mass analyzers.
Ionization modes

Mass separation principles

Electron (impact) ionization

Magnetic sector

Chemical ionization

Quadrupole

Atmospheric pressure chemical
ionization (APCI)
Cold EI
Field ionization
Field desorption

Ion trap

Ion detection
options

Electron
multiplier
Multichannel
plate
Frequency

Time of ﬂight
Fourier transform
Orbitrap
Multistage systems (QqQ,
Q-ToF, etc.)

occur: a radical molecular cation Mþ* can be formed when an electron
from the neutral molecule is shot out of its orbit; or, on the contrary, the
neutral molecule captures an electron, and a radical molecular anion M-* is
formed. This process takes place under deep vacuum to avoid losing too
many electrons to background molecules. If energetically more favorable,
the molecular ions will start rearranging. As a consequence, the molecular
ion is observed in the mass spectrum in varying amounts. Ideally, at least
part of the molecules remain as molecular ions because this will be helpful
in elucidating the structure of the solute. Very often, however, the molecular ions have excess energies, which make them unstable and bonds in
the molecule will break. Since different chemical bonds have different
strengths, multiple fragments can be obtained. These in turn can rearrange,
resulting in compound-characteristic fragmentation. On the other hand,
most radical molecular anions M-* will convert to neutral molecules and an
electron. The characteristic fragmentation of the solute forms the basis of
the identiﬁcation of the compound by comparing the fragmentation of a
known compound (NIST and Wiley mass spectra databases) with the
fragments of the unknown compound. Clearly one of the strengths of GCMS is the ability to identify unknown compounds through the use of
electron ionization databases, provided that these are constructed with the
same electron impact ionization value (70 eV). For analytes that are not in
the database, manual identiﬁcation is needed. Here the classical book by
McLafferty and Turecek on MS fragmentation and spectrum interpretation
can be helpful [92].
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Excessive fragmentation is a problem in EI GC-MS since the larger
fragments, and especially the molecular ions, have the highest diagnostic
value. Reducing the energy of the electrons, i.e., the ﬁlament voltage, will
result in less fragmentation and hence a stronger abundance of the molecular ion in the mass spectrum. When doing so, however, the total ion
production usually strongly decreases causing a much lower sensitivity.
Recently two alternative methods for obtaining a higher abundance of the
molecular ion, without compromising sensitivity, have been described:
1. A supersonic molecular beam interface was used in high speed GC-MS
[93,94]. The SMB allows removal of the majority of the carrier gas while
transmitting the analyte stream to the mass spectrometer. In addition, it
has the effect of cooling the vibrational energy of the molecules, hence
its name cold EI. This cooling effect results in a signiﬁcant increase
(20e60 fold) in the abundance of the molecular ions versus conventional
EI [94], and reduction of fragmentation. Cold EI was further improved
by the introduction of: A) an increased helium makeup gas ﬂow rate
for additional “cooling,” especially for large molecules; B) an increased
nozzle-skimmer distance [95]. An example of cold EI and the much
stronger abundance of the molecular ion that is obtained with this technique are shown in Fig. 1.1.5. The presence of a molecular ion signiﬁcantly contributes to the successful identiﬁcation of unknown peaks.
2. Select-eV: with this device the electron ionization energy can be
reduced on a continuous scale from 70 to 10 eV without changing the
other parameters of the method [96]. Because of the lower ionization
energy less fragmentation occurs and the abundance of the molecular
ion increases. The speciﬁc gain factor unfortunately is compounddependent so that this approach might not always be beneﬁcial. The
Select-eV ion source uses a high potential difference to accelerate the
electrons away from the ﬁlament, but reduces their energy just before
they arrive to the ion chamber. In this way it allows the ionization energy to be tuned on a continuous scale. In the tandem ionization mode
one is able, by fast switching between two ionization energies (10 Hz), to
generate both hard and soft ionization data ﬁles. In this way information
on the molecular ions as well as on the fragments that can be formed is
obtained simultaneously.
1.1.3.1.3 Chemical ionization, CI
A relatively milder alternative for electron ionization is (positive- or
negative ion) chemical ionization (PCI or NCI). In general, compounds
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Figure 1.1.5 Cold EI versus standard (70 eV) ionization spectra of eicosane. Note the
much higher abundance of the m/z 282 molecular ion, which becomes the most
abundant ion. Diagnostic lower m/z fragments clearly indicate the compound to be a
hydrocarbon. Whereas determination of the chain length is difﬁcult from the standard
EI spectrum, it is straightforward in the cold EI spectrum [97].

that fragment too strongly in EI might give clear molecular ions in CI. This
is crucial for identiﬁcation, especially for homologous series of compounds
that give similar fragments. Chemical ionization requires the use of a reagent gas such as methane, isobutane, or ammonia [98,99]. From the reagent gas primary ions are produced by direct electron ionization. In case of
PCI using methane, for example, CH4 þ* cations are formed. These primary
cations will then react with other reagent gas molecules to produce secondary cations (CH5 þ ). These secondary cations in turn react with the
sample molecules to produce protonated molecular cations. An example of
PCI versus EI is shown in Fig. 1.1.6. This ﬁgure shows the analysis of the
fatty acid methyl ester methylstearate. In the EI spectrum it is difﬁcult to
pinpoint the molecular ion. Most logically the highest ion seen would be
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Figure 1.1.6 Comparison of spectra produced from electron ionization (A) and positive ion chemical ionization (B) of the fatty acid methyl esters FAME 18:0. (Reproduced
from S.N.E. Doomun, S. Loke, S. O’Callaghan, D.L. Callahan, A simple method for
measuring carbon-13 fatty acid enrichment in the major lipid classes of microalgae using
GC-MS, Metabolites. 6 (2016) 42 under the creative commons agreement.)

the molecular ion, but it could also be possible that the molecular ion is not
present. Here it is, at a relatively low abundance at m/z 298.2. In the PCI
spectrum an abundant ion is seen at 299.3, the [MþH]þ ion. Also the
adduct ion [M þ C2H5]þ is visible.
The key factor determining the ionization mechanism in PCI is proton
afﬁnity. Compounds can only be ionized if they have a higher afﬁnity for
protons than the reagent gas. Ammonia with its very high proton afﬁnity is
hence the weakest CI gas, methane the strongest. The CI process results in
less fragmentation than in the case of electron ionization with a much
higher abundance of the (protonated) molecular ion. Like in EI, a
continuous beam of ions is generated. The instrumentation for chemical
ionization needs a specially designed, relatively closed ionization source to
hold a comparatively high CI gas pressure of around 105e106 Torr
[101e103]. The electron entrance and the ion exit must be kept small,
since both have a major effect on the CI sensitivity. Pressure in the ionization source is again very low, but due to the presence of the reagent gas it
is higher than in EI. This relatively high pressure in the CI source requires
much higher electron energies (200e500 eV) to ionize the reagent gas
molecules (electrons with 70 eV penetrate only a short distance into the
source). On the opposite side, NCI is often used in the analysis of molecules
bearing electron-attracting substituents. These will react to form anions
such as [M]-*, [M-X], and [X]. Typically these are molecules rich in
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halogens and/or phenyl groups. The NCI process can be extremely selective because only molecules that meet this requirement are detected. It
generally is also extremely sensitive. For such a reason, the technique is
widely used in the analysis of low levels of organochlorine contaminants in
complex environmental extracts. In combination with selective derivatization it can also be applied to detect other compounds at very low levels.
De and coworkers, for example, applied pentaﬂuorobenzyl bromide
derivatization and NCI for the trace level analysis of tuberculostearic acid in
human urine for the diagnosis of tuberculosis disease [104].
1.1.3.1.4 Atmospheric pressure ionization, API
In the last decade, the interest in a third ionization mode, atmospheric
pressure ionization, has expanded signiﬁcantly [105]. The mode itself is not
new, it has been reported already in the 70s of the last century [106], but
the technique became popular because of developments in the ﬁeld of
liquid chromatography. Because the resolving power and peak capacity of
LC is much lower than that of GC, the additional resolution offered by the
MS detection step is more than welcome in LC. Initially, LC-MS was
performed with unit mass resolution instruments, soon followed by (unit
resolution) MS/MS and later accurate mass MS devices. As a consequence,
many of the larger laboratories active in the LC ﬁeld have equipment for
high resolution, accurate mass MS. Inspired by the excellent performance of
these instruments in LC, the desire grew to apply the same technology also
in GC. Obviously, to avoid high purchase costs for additional GC-high
resolution MS equipment, it was attractive to use the atmospheric pressure LC-MS instruments, in use in the laboratory also in GC-MS systems.
Rapid implementation would be possible if GC-MS could be done with
the same interface. Vendors of high resolution LC-MS, and especially those
not offering dedicated high resolution GC-MS instruments, supported this
desire and developed special GC-MS API sources. Apart from giving rapid
access to high resolution GC-MS, at least for those laboratories with the MS
already available, API also offers a number of additional advantages. It is a
rather soft ionization technique that preserves the highly diagnostic molecular ion, which is often lost in EI ionization processes. This, combined
with the fact that the mass spectrometers used in LC-MS are often highresolution accurate-mass devices, makes the technique very attractive for
identiﬁcation purposes. By now, GC with API MS has been used in several
application ﬁelds including the analysis of pesticides, (nitro) polyaromatic
hydrocarbons (PAHs), metabolites, etc. For a review of applications see
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Ref. [105]. In routine use it turned out that the combined use of LC and
GC on one high resolution MS instrument was not really practical. The
“chemical conditions” of the source, i.e., impurities present, strongly affect
the spectra obtained. The use of LC-MS leaves the source far too dirty for
reliable GC-MS analysis.
Like in API LC-MS, several ionization methods can be applied in API
GC-MS. The ﬁrst to mention here is atmospheric pressure chemical
ionization (APCI), with such an approach bearing some similarity to
standard (vacuum) CI. Using a corona discharge needle, primary ions N2 þ*
and N4 þ* are produced from, for example, nitrogen makeup gas. Such
species then react with water to form H3Oþ ions by which ﬁnally, through
proton transfer, the analyte molecules are ionized. In general, sufﬁcient
water is available in the source to get the desired reactions, albeit that the
addition of more water can stimulate the formation of the [MþH]þ ions
and in such a manner improve sensitivity [107]. Next to the [MþH]þ ion,
also other adduct ions, such as water adducts, can be formed. Water is an
important reactant in the ionization process and, hence, its presence in the
ionization zone is a critical aspect. For many applications rather humid
conditions give the best performance; other applications, e.g., the analysis of
polyhalogenated compounds, require extremely dry sources. Since water
levels cannot be controlled accurately, and because it is difﬁcult to predict
optimum water levels, method optimization can be tedious.
A second, less popular API ionization mode is atmospheric pressure
photoionization (APPI). In APPI, a strong UV lamp is used that emits photons
with an energy above the ionization potential of the analytes, but below those
of the carrier gas and makeup gases. This allows the selective formation of ions
from only the analytes. Several reactions occur. To summarize:
Direct ionization: Mþ h n ! Mþ. þ eMþ. þ X ! [MþH]þ þ [XeH].

(1.1.3)
(1.1.4)

Indirect ionization, in which water or other molecules present in the
source are ionized by the UV light and the charge is then transferred to the
analyte molecules. Several other ionization modes exist (see Table 1.1.6),
but these are too speciﬁc for a detailed discussion here.
1.1.3.1.5 Mass separators: operating principles and problems
In Fig. 1.1.4, a schematic representation of a mass spectrometer and its
different parts is shown in general terms. In the ion source a continuous
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beam of ions is formed, irrespective of which ionization mode is used. In
the very ﬁrst MS instruments a magnetic ﬁeld was used to separate the ions:
ions with different m/z ratios will follow trajectories with a different curvature resulting in a separation of ions “in space.” The ion currents could
then be recorded by moving an ion detector along the plane in which the
ions are focused. These so-called magnetic sector instruments are hardly
used anymore. They provide an excellent mass resolution and, if only one
mass is monitored, an excellent sensitivity. On the other hand, if more than
one mass has to be measured, or if the entire mass spectrum has to be
recorded, the magnetic ﬁeld has to be scanned which makes the device very
slow. One important application that still requires the features of magnetic
sector instruments is dioxin analysis [108,109], albeit that triple quadrupole
instruments due to their improved performances are also used. An
important factor related to the decreased popularity of magnetic sector
instruments is their limited applicability for multiresidue analysis. The
switching from one mass trace to another is simply too slow for the
monitoring of hundreds of compounds in one run. With latest generation
instruments this problem was partly solved by using multiple detectors
allowing the simultaneous monitoring of many masses, but this further
increased the price of the equipment [110]. A second reason for the reduced
popularity of magnetic ﬁeld MS instruments is that the need for a very high
sensitivity has somewhat dwindled due to the introduction of large volume
injection methods and improved sample preparation techniques [111].
The need for scanning if a full spectrum is required has a number of
adverse effects in GC-MS. First, the scanning speed must be compatible
with the peak width. Chromatographic peaks have continuously changing
concentrations. So, if the scanning process is too slow with respect to the
changing concentrations of the eluting compounds, then distorted, skewed
spectra are obtained. To avoid such a problem, scan times should not exceed
about one tenth of the width of the chromatographic peak. The criterion of
recording 10 spectra across a peak is often difﬁcult to meet. Fortunately,
because spectra are often averaged across the peak prior to database
searching, a situation of six to eight spectra across the peak often sufﬁces.
Scanning also reduces sensitivity because each ion can only be measured for
a fraction of the scan time. The wider the scan range, the lower the
sensitivity. A ﬁnal factor that is affected by the scanning is the mass
resolution. Faster scanning leaves less time to accurately determine the mass
of an ion. The interdependence between scan rate (speed), sensitivity,
and mass resolution is often referred to as the “MS compromise triangle.”
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One parameter can only be increased at the expense of the other two. Mass
spectrometers are either very fast or very sensitive or have a high mass
resolution, but not all three at the same time. This remains equally true for
the latest generation of MS instruments, albeit that the maxima for each of
the three parameters has improved considerably.
Up to the mid-eighties of the previous century, GC-MS was a technique that could only be performed by true experts. Around that time,
benchtop GC-MS instruments became available, where the MS could be
operated as a GC detector rather than the GC being an inlet for the MS.
Mass separation in these ﬁrst benchtop instruments was provided by
quadrupole mass ﬁlters as shown in Fig. 1.1.7.
The physics behind mass separation using four parallel rods is extremely
complex, but fortunately there is no real need for a user of full comprehension. Understanding the basic principles sufﬁces. By varying the voltages
on the four rods at a certain frequency, only ions of one speciﬁc m/z value
are stable and can pass the whole length of the quadrupole. If voltages and
frequencies are rapidly changed over time, a full scan mass spectrum can be
generated. Operating the instrument at constant settings will mean that
only one mass can be monitored, i.e., a selected ion monitoring “spectrum”
is recorded. Like in the magnetic sector instrument, ions are continuously
taken from the continuous beam of ions generated by the ion source.
Hence, if the recording of the mass spectrum is slow also here distorted
spectra are obtained. In comparison to magnetic sector instruments,
quadrupoles are small and relatively fast. Modern quadrupole mass

Figure 1.1.7 A schematic representation of quadrupole mass ﬁlters commonly used in
GC-MS hyphenated instruments.
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spectrometers operate at up to 20,000 ion readings per second allowing to
record up to some 50 full spectra per second at normal scan ranges. A
drawback of faster scanning always is that less time is available for measuring
each speciﬁc ion, which will adversely affect sensitivity, mass accuracy, and
mass resolution [112,113]. The vast majority of GC-MS instruments in use
in GC laboratories at this moment are of the quadrupole type. Quadrupole
instruments offer an excellent price/performance ratio and are very stable in
use, and hence easy to operate. The availability of large spectral databases,
and the excellent reproducibility of spectra have certainly also contributed
to the success of the technology. Still, such instruments suffer from a
number of disadvantages. First, the sensitivity is limited because every ion is
only monitored for a very short time. Selected ion monitoring offers up to
100 times higher sensitivity, but in this case all spectral information is lost.
The selection between full scan or SIM is an “either/or” compromise:
either one obtains full spectra or a good sensitivity, but not both at the same
time. An additional advantage of SIM over full scan is that SIM is much
faster because only one or a few ions have to be monitored. Careful selection of the ions to monitor is necessary. Ions with a higher abundance
offer the best sensitivity. On the other hand, ions that are unique to the
target compound should be selected to maximize selectivity. Multiple ions
can be selected, but the more ions are monitored, the lower the speed and
sensitivity. When many compounds have to be monitored, the chromatogram can be divided into segments and different speciﬁc ions can be
monitored in different segments, depending on the elution times of the
analytes of interest. A recent improvement is the possibility for the rapid
and alternating collection of full scan and SIM data. With this option both
spectral and highly sensitive quantitative information can be recorded in
one run. A comparison of full scan, SIM (5 ions, of which 3 for the internal
standard and 2 for the analyte), and alternating full scan/SIM is shown in
Fig. 1.1.8. This ﬁgure shows the analysis of the pollutant 1,4 dioxane in
drinking water. In the full scan mode m/z values from 45 to 450 were
recorded. In these experiments a signal to noise ratio (SN) of 24 is obtained,
whereas SIM gives an SN of 151. Alternating full scan/SIM provides an
intermediate sensitivity with an SN of 87.
A second important drawback of quadrupole MS systems is their limited
mass resolution. Typical benchtop quadrupole GC-MS instruments have
just slightly better than unit mass resolution. Mass accuracy is only around
0.1e0.5 amu. A ﬁnal drawback of the standard quadrupole is the impossibility to perform MS/MS or, more in general, MSn experiments. In MS/
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Figure 1.1.8 Comparison of different MS acquisition modes in the analysis of 0.05 ppb
1,4 dioxane in drinking water [114]. Scan time in the full scan/SIM experiments was
0.096 s. Dwell time in SIM was 0.03 s per ion. SIM plot shows m/z 88.

MS, ions formed upon ionization are further fragmented to obtain structural information on fragments. This can provide very helpful information
in the identiﬁcation of species if single-stage fragmentation and database
searching fail to provide the unambiguous identity. In practice, however,
for the ab-initio identiﬁcation of an unknown, MS/MS is often insufﬁcient
and investments in accurate mass measurements are probably needed.
Recently a number of benchtop triple stage quadrupole MS/MS instruments for GC have become commercially available. These instruments
are mostly used to provide additional selectivity in target compound
analysis. Typical applications include biomedical, food, and environmental
analyses, where low levels of compounds have to be measured in very
complex samples (e.g., pesticides in vegetable extracts, polyaromatic hydrocarbons in soil, etc.). Co-eluting compounds that might give the same
mass fragments can often be distinguished based on differences in their
daughter or product ions. For the quantitative analysis of low levels of
compounds in complex matrices the instruments are operated in the
multiple-reaction monitoring mode, represented in Fig. 1.1.9. For other
applications, such as, the analysis of molecules with speciﬁc structural features, other operation modes such as precursor ion scanning and neutral loss
are applied. The discussion of these alternative modes is beyond the scope
of the present chapter.
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Figure 1.1.9 Representation of multiple-reaction monitoring mode in quadrupole MS/
MS instruments. In most modern MS/MS instruments the reaction cell often is a
hexapole or octapole because of the higher ion transmission of such designs.

In MRM experiments, usually one parent (or precursor) ion is selected
in the ﬁrst quadrupole (Q1). This ion is then fragmented in a reaction cell
(Q2 in Fig. 1.1.9.), and the appropriate product ion is selected in Q3.
Usually two product ions are monitored, one for quantiﬁcation and the
other to conﬁrm correct peak assignments: the ratio of these two ions
should match that of a pure standard, otherwise co-eluting species that have
the same product ion might be present. In addition to a greatly improved
selectivity, MS/MS also has much better detection limits. Signal-to-noise
ratios undergo a great increase in GC-MS/MS applications because of the
considerable reduction of chemical background noise. Walorczyk, for
example, applied GC-QqQ MS/MS in a multiresidue screening method
for the simultaneous analysis of 122 pesticides in dry cereal grains [115].
Despite the high MS selectivity, a certain degree of sample preparation and
cleanup was still needed. Re-hydrated samples were extracted with
acetonitrile followed by a dispersive SPE cleanup step prior to GC-MS/
MS. Two MS/MS transitions were set for each pesticide to eliminate the
need for re-analysis of potentially positive samples, and to provide unequivocal identiﬁcation of the detected pesticides. In the developed
acquisition method, a total of 216 different MRM transitions were
monitored in one run. Limits of detection were less or equal to 0.01 mg/kg
for approximately 68% of the pesticides. Several research groups published
similar work, focusing on many analytes that all occur at low levels in
complex matrices such as chlorinated solvents in surface- and wastewater
[116], or anabolic steroids in hair [117]. A drawback in all of these applications is the time-consuming nature of the MS/MS experiments, where
state-of-the-art instruments can “only” record approximately 500 transitions per second. Hence, if 50 compounds have to be measured, each with
two transitions, and if interscan times are neglected, only ﬁve MRM
“readings” are obtained per compound per second. This means that
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standard QqQ MS/MS is just compatible with slow GC, but the use with
fast GC is challenging, albeit not impossible as was shown by Lehotay et al.
who used low-pressure, fast GC-QqQ MS for the determination of 150
pesticides [118]. In that work, 2.5 ms dwell and 1 ms interdwell delay times
were applied. Such operational conditions led to a cycle time of 210 ms
(4.8 Hz), sufﬁcient for quantiﬁcation purposes. A short analysis time here is
extremely relevant because of the large number of samples that have to be
analyzed to ensure food and feed safety. More recently, Tranchida and
Mondello et al. used a rapid scanning QqQ system and could obtain up to
10 Hz spectral acquisition rates and run times down to 10 min [119]. This
mass spectrometric instrument was capable of very rapid full scan operation
(maximum scan speed: 20,000 amu/s) and multiple-reaction monitoring
modalities. The triple quadrupole system used could even generate alternate
full scan and multiple-reaction monitoring data, in the same analysis and
also in a very rapid manner. Very good limits of detection (LOD < 10 ppb)
were obtained for a contaminant (o-phenylphenol) in a complex essential
oil sample. Signiﬁcant progress has been made in MRM GC-MS in recent
years. Modern instruments are easy to tune and operate. The availability of
databases with MRM transitions also adds to their rapid acceptance. A ﬁnal
point to discuss is the difference between MRM and SIM. The MRM
mode is more selective than SIM and often also offers a better sensitivity.
Whereas in SIM there is always a risk that the ion selected is also present in
co-eluting species, the risk of having a co-eluting compound with the same
precursor and product ion is much lower. This explains the better selectivity of MRM, and hence better reliability of MRM data. Additionally,
because in MRM most non-target ions are removed in Q1, there are much
less background ions in the system, hence there is less noise and a better
sensitivity. An example of the better selectivity and selectivity obtained in
MRM, as compared to SIM, is shown in Fig. 1.1.10 [120]. This ﬁgure
shows the analysis of an extract of curry power spiked with a pesticide at the
level of 0.025 mg/kg. A SIM analysis was performed for three different
ions, none of which can be accurately quantiﬁed. Moreover, there is a great
risk of misidentiﬁcations. Ion 154, for example, could easily be confused for
the target analyte. In MRM, identiﬁcation of the correct peak is much
more reliable and a much better signal-to-noise ratio is obtained. Like in
SIM, different MRM transitions can be monitored in the same “scan” and
MRM settings can be changed over time by working with different segments. The MRM mode tends to be somewhat slower than the SIM mode,
i.e., the time needed to complete a few transition measurements is relatively
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Figure 1.1.10 Example of the different detector signals with SIM (A) and MRM (B) in
the analysis of an extract of a curry powder containing 0.025 mg/kg ﬂudioxonil [120].

long. In the case of fast switching between different MRM transitions this
can result in cross-talk, meaning that product ions observed can actually
originate from the previous precursor ion. When using MRM, one always
has to decide which compounds to monitor before the actual analysis is
started. Additionally, because the number of MRM transitions and time
windows is limited, the number of compounds that can be recorded in one
run is also limited [121]. Finally, if narrow MRM windows are set,
retention time shifts easily cause compounds to move out of their respective
windows. Sample preparation hence is extremely important. On the other
hand, sample preparation should be minimal in untargeted analysis to avoid
the risk of eliminating important compounds in that step of the protocol.
Most modern instruments offer a so-called dynamic MRM feature in which
shifts in retention times are detected and window times are automatically
updated.
Parallel in time with the introduction of benchtop quadrupoles, benchtop
ion trap MS devices were also introduced. Fundamentally these instruments
are very different from quadrupole instruments. Ion traps load a packet of
ions, from the continuous beam of ions generated by the ion source, into a
three-dimensional cavity, the ion trap. The ion trap consists of a ring electrode with bottom and cap electrodes in which the ions are trapped in a
high-frequency electrical ﬁeld (Fig. 1.1.11). By slowly changing the voltages
on the electrodes, ions of progressively increased masses are ejected out of the
trap toward the ion detector. This scanning takes time but, since ions are
taken as discrete, microsecond wide time slices, slow scanning does not result
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Figure 1.1.11 A schematic representation of an ion trap analyzer. The ions are represented by the oval shapes.

in peak skewing. This makes the instrument in principle suitable for high
speed GC hyphenation [122]. An interesting feature of ion trap mass spectrometers is the ability to improve sensitivity by increasing the ion loading
time. Still, care should be taken not to load too many ions into the trap
because this can result in charge effects, ion repulsion, and consequently a loss
of mass resolution. Additionally, ion-ion or ion-molecule reactions can occur
eventually leading to distorted spectra. Ion trap MS instruments are still
popular in LC-MS, but have largely disappeared in the GC area for unclear
reasons. One strong point of the ion trap systems was the possibility to
perform MS/MS and even higher order MSn experiments. Like triple
quadrupole GC-MS/MS, also ion trap MS/MS is ideally suited for the
analysis of low levels of compounds in complex samples, as was demonstrated, e.g., in the analysis of pharmaceuticals in wastewater [123].
A third group of mass separators uses the time-of-ﬂight (ToF) principle:
very narrow ion packets are ejected from the ion source into a ﬂight tube
(usually positioned perpendicular to the ion beam). In the tube the ions are
accelerated and the time they require to traverse the tube is measured. This
is a measure for the mass since heavy ions have a longer ﬂight time than
lighter ones, schematically represented in Fig. 1.1.12. Flight times are very
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Ion
source

Figure 1.1.12 A schematic representation of a ToF analyzer.

short, typically of the order of tens of microseconds, so that very large
numbers of “spectra” can be recorded. Individual “spectra,” generally called
“transients” are too noisy, so many of them are summed to give one
spectrum. Spectral acquisition hence can be very fast, but if a high sensitivity
is needed large numbers of transients have to be summed, which again
results in the slower collection of mass spectra. The price to pay for
sensitivity again is speed. Since the packets of ions injected into the ﬂight
tube are very narrow, peak skewing will be absent. Time-of-ﬂight mass
separators can achieve very high mass resolutions.
Obviously such a factor is advantageous for compound identiﬁcation
because elemental formulas can now be calculated and the range of possible
structures can be reduced. Additionally, the higher resolution is also attractive
for target compound quantiﬁcation. A high resolution mass spectrometer can
provide “separation” between ions of nominally identical mass. How this can
be used to advantage in quantitative analysis of low levels of compounds in a
complex extract is illustrated in Fig. 1.1.13. This ﬁgure describes the use of
accurate mass GC-MS in the quantiﬁcation of acrylamide in an extract of
fried potatoes. Fig. 1.1.13A shows the TIC chromatogram of the extract. In
the TIC chromatogram a peak is seen at 9.43 min, the retention time of
acrylamide. Fig. 1.1.13B shows the MS spectrum of this peak. This spectrum
does not match the library spectrum of acrylamide. It is clear that there is a
severe overlap of acrylamide and a hydrocarbon. Acrylamide has a high
abundance ion at 71 amu. When plotting this mass trace with unit resolution
the chromatogram in Fig. 1.1.13C is obtained. Clearly the interfering hydrocarbon also has an ion m/z 71 in its spectrum. If now the characteristic
mass of acrylamide of 71.037 amu ([M] þ* ion, corresponding to C3H5NO)
is extracted with a window of 0.01 amu, only the acrylamide peak remains
(see Fig. 1.1.13D). The interfering hydrocarbon with mass 71.0839 (corresponding to C5H11) is removed completely, clearly illustrating the strength of
high mass resolution in quantitative analysis.
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Figure 1.1.13 Illustrative example of the use of accurate mass GC-MS in the quantiﬁcation of acrylamide in an extract of fried potatoes.

In ToF MS, the resolution (and speed) of the instrument depends
strongly on tube length and accelerator voltage. Some manufacturers
optimize the instrument for maximum speed, others for maximum mass
resolution. As follows from the MS compromise triangle, this is an either/or
optimization. Still, due to technological improvements fast instruments that
provide high resolution are now commercially available. The ToF mass
analyser enabled an entirely new way of working in several ﬁelds of analysis,
in particular also in environmental analysis and metabolomics. It continuously records full spectra, at very high sensitivity. This means that full
untargeted analysis can be performed, and there is no limit on the number
of compounds to be monitored. The fact that full spectra are recorded over
the entire run also means that data can be searched for the presence of
additional compounds in retrospect. In this respect, ToF MS eliminates a
key disadvantage of triple quadrupole MRM MS where the speciﬁc
compounds to be monitored have to be selected beforehand.
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Detailed comparisons of the different mass spectrometers in terms of
speed, spectral integrity, and sensitivity have been made by Cramers et al.
[124,125], and by Mastovská and Lehotay [126]. A summary can be found
in Table 1.1.7. Note that top performances on each of the individual parameters might not be obtainable at the same time. For example, maximum
resolution generally is only obtained at lower scan rates.
Very recently a fourth group of MS instruments has been introduced in
GC: Orbitrap Fourier transform mass spectrometers [127]. In an Orbitrap
system, ions are trapped in a cavity between an inner and an outer electrode,
balancing electrostatic attraction and repulsion. Ions cycle around the inner
electrode in elliptical trajectories and a transmitter records their movements
(Fig. 1.1.14). All ions are detected simultaneously over some given period of
time. Fourier transformation of the signal converts the frequency of oscillation into a mass spectrum. Resolution can be very high, depending on the
strength of the ﬁeld in the cavity and the duration of the detection.

Table 1.1.7 Comparison of different commercially available mass spectrometers for
GC-MS.
Mass
analyzer

Upper mass
limit (amu)

Spectral acquisition
rate

Quadrupole

800e1050

Ion trap

650e1000

High speed
ToF
High
resolution
ToF
Sector

1000

4500e20,000 amu/s
(15e66 spectra/s for
300 amu mass range)
Up to 5600 amu/s
(19 spectra/s for 300
amu mass range)
100e500 spectra/s

1500

200 spectra/s

4000

Orbitrap

3000

0.15 s/decadea (7
spectra/s per decade)
18 spectra/s at 12,500
resolution

Resolution (Rm)

0.5 amu peak width
(Rm ¼ 2m, 10%
valley)
1 amu peak width
(Rm ¼ m, 10% valley)
1400 FWHM at m/z
502
50,000 FWHM at m/z
614
Up to 80,000 (10%
valley)
Up to 100,000
FWHM at m/z 272

LOD values strongly depended on speciﬁc instrumental conditions (compound, MS mode, speed,
mass range, Rm). Data processing time was not taken into account for scanning instruments.
a
A decade is a factor 10 difference in lower to upper scan limit (e.g., 10e100 or 50e500 m/z).
Adapted from P.G. Van Ysacker, J. Brown, H.-G. Janssen, P.A. Leclercq, A. Phillips, High-speed
narrow-bore capillary gas chromatography in combination with a fast double focusing mass spectrometer, J. High Resolut. Chromatogr. 18 (1995) 517e524. doi:10.1002/jhrc.1240180903. For information on Orbitrap MS technology see text.
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Figure 1.1.14 A schematic representation of an Orbitrap analyzer. (Drawing reproduced from Thermo Fisher Scientiﬁc (Bremen) under the creative commons agreement.)

In their pioneering work on GC hyphenated with electron ionization
full scan high resolution Orbitrap MS, Mol et al. reported a resolving power
of up to 120,000 FWHM at m/z 200 [128]. A GC-Orbitrap MS approach
was successfully used to quantify 54 pesticides in complex fruit/vegetable
extracts. Despite the complex matrix and the rather simple QuEChERSbased extraction method, mass detection limits better than 0.5 pg were
obtained for all compounds. With a simple 1 mL splitless injection this
allowed to achieve detection limits better than 0.5 mg/kg sample. Mol et al.
studied the MS compromise triangle, with speed, mass resolution and
sensitivity at its corner points [128], in detail. Operating conditions were
selected that resulted in the best possible compromise. Under these conditions full scan spectra could be collected from m/z 50 to 500, at a
resolving power of 60,000, giving an adequate spectral acquisition rate of 12
spectra/peak, at 2 ppm mass accuracy and with the above quoted detection
limits. The EI spectra were consistent over a very wide range (5 orders of
magnitude) and showed a good match with NIST (EI-quadrupole) spectra.
An example of the excellent results obtained in the analysis of a complex
leek extract is shown in Fig. 1.1.15. Interference free quantiﬁcation of the
herbicide chlorpropham is possible at very low levels in complex extracts by
exploiting the very high mass resolution of the Orbitrap MS system.
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Figure 1.1.15 Orbitrap TIC chromatogram (top) and XICs using different mass
extraction windows for the exact mass ions of chlorpropham (m/z 127.01833,
171.00816 and 213.05511). A: 100 ppm, B:  25 ppm, C:  5 ppm. Chlorpropham
spiked to a leek extract at a level corresponding to 10 mg/kg. (Reproduced with
permission from Elsevier from H.G.J. Mol, M. Tienstra, P. Zomer, Evaluation of gas
chromatography-electron ionization -full scan high resolution Orbitrap mass spectrometry
for pesticide residue analysis, Anal. Chim. Acta 935 (2016) 161e172. doi:10.1016/
j.aca.2016.06.017.)

Similar to ToF MS, Orbitrap MS always provides full spectrum data.
Because the spectra are recorded at very high MS resolution, this has
important consequences for the requirements to be imposed on sample
preparation and separation efﬁciency, which can be slightly relieved. The
MS system can provide part of the selectivity that otherwise sample preparation or GC separation should provide. At this point, however, a warning
is appropriate. If dirty samples are injected, sooner or later problems will
occur with compound adsorption and detector contamination. For such
samples, sample preparation will always be needed.

1.1.3.2 MS without GC?
Mass spectrometry provides additional resolving power that reduces the
requirements to be imposed on the chromatographic separation. Peaks that
co-elute can be mass spectrometrically resolved, if at least the co-eluting
species have unique ions or ion ratios. In such a case, a signiﬁcant time
gain is possible because chromatographic resolution can be traded in for
time. The ultimate reduction, of course, is the complete elimination of the
chromatographic column. In this approach, ions are generated from the
sample directly and these ions are mass separated and quantiﬁed in the MS
instrument (represented in Fig. 1.1.4). For liquid samples this process is
called direct infusion mass spectrometry [129]. It is widely used as an
alternative to LC-MS and provides good results for relatively simple
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samples. The typical GC ionization modes EI and CI unfortunately are not
compatible with solvents that are used to dissolve samples. Filament and
multiplier life times would be very short. But for “solvent-free” gaseous
samples, including headspace samples, direct ionization and MS is possible.
Two such methods are brieﬂy discussed below.
1.1.3.2.1 Proton-transfer reaction mass spectrometry, PTR-MS
Gas chromatography-mass spectrometry is the gold standard for measuring
trace levels (ppt range) of gaseous VOCs by using a thermal desorption tube
ﬁlled with a suitable adsorbent. But of course, in GC-MS analysis it takes
time to separate the VOCs. Clearly faster techniques are required if it is
necessary to monitor compounds in real time. Direct MS methods without
chromatographic separation can be attractive. Proton-transfer reaction mass
spectrometry is a form of chemical ionization mass spectrometry which was
developed in the mid-nineties of the previous century [130,131], exclusively for the detection of VOCs in air. Such compounds are encountered
in numerous samples from different origins, including plants, animals,
bacteria, the human body (breath, urine, blood, etc.), and anthropogenic
sources [132].
A PTR-MS instrument consists of an ion source that is directly connected to a drift tube and an analyzing system (quadrupole, time-of-ﬂight,
or Q-ToF mass spectrometer). Water vapor is ionized to yield the H2Oþ
cation. From this, via ion-molecule reactions, the H3Oþ cation is formed,
very similar to the situation in APCI described earlier in this chapter. These
H3Oþ ions collide with the neutral solute (M) and a proton transfer reaction will occur, resulting in charged species that can be separated in the
mass analyzer.
H3Oþ þ M ! MHþ þ H2O

(5)

The advantage of PTR-MS is that it results in little or no fragmentation,
in contrast to other ionization techniques such as EI. This gives the method
a good sensitivity and improves selectivity.
1.1.3.2.2 Selected ion ﬂow tube mass spectrometry, SIFT-MS
In selected ion ﬂow tube mass spectrometry, represented in Fig. 1.1.16,
ions are produced by an electrical discharge, usually from a mixture of
laboratory air and water vapor. After the plasma, a quadrupole mass ﬁlter is
used to select one of the three precursor ions formed: H3Oþ, NOþ, or
O2 þ . These precursor ions then react in the ﬂow tube with the gaseous
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Figure 1.1.16 A schematic representation of a selected ion ﬂow tube mass spectrometry device.

sample resulting in chemical ionization and the formation of product ions
that are ﬁnally detected by a quadrupole mass spectrometer at the end of the
ﬂow tube. The SIFT-MS approach is extremely fast and can provide realtime concentration proﬁles, for example, for monitoring reaction kinetics
[132]. It can also be used for detecting and quantifying trace gases in air
[133].

1.1.4 Recent developments in sample preparation
for GC-MS
Modern analytical separation techniques coupled to high resolution/
sensitive detectors allow the analysis of many kinds of samples with no, or
just some very simple sample preparation like dissolution or a simple
derivatization. Still, sample preparation is needed for the more complex
samples. It is actually a critical step that needs to be carefully optimized for
the matrix and the analyte(s) in question. This generally is not easy. Many
of the sample preparation methods are time-consuming, tedious, laborious, prone to errors, and may involve multiple sample handling and
extraction steps [134]. Therefore, recent developments in sample preparation have been focused on miniaturization, integration, simpliﬁcation,
and ideally, full automation by allowing on-line coupling to the GC-MS
instrument.
Here a selection of off-line and on-line sample preparation methods
will be discussed. These include, for example, liquid-liquid extraction,
SPE, and (headspace) SPME [135e139]. Additionally, dedicated derivatization strategies can be applied to improve selectivity, peak symmetry,
volatility, and thermal stability of the sample molecules and ionization
behavior in the case of MS detection. These methods will be discussed in
Section 1.1.4.2.
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1.1.4.1 Off-line and on-line sample preparation methods in
GC-MS
Since the full spectrum of sample preparation techniques is very wide, in
this chapter only the most common methods, such as SPE, microextraction
in packed syringes (MEPS), SPME, stir-bar sorptive extraction (SBSE), and
headspace analysis, will be discussed (Fig. 1.1.17). Other techniques can be
found in several reviews [134,140e142]. Particular emphasis will be
devoted to on-line approaches. For more detailed information on on-line
coupling of extraction techniques with GC-MS the reader is referred to
some recent review articles [143,144].
Classical sample preparation methods, such as liquid-liquid extraction
(LLE), Soxhlet extraction, and ultrasonic solid-liquid extraction, are still
routinely used in analytical laboratories. Liquid-liquid extraction, in
particular, is the key reference method for the analysis of liquid samples. It is
widely used, but suffers from a number of important disadvantages

Figure 1.1.17 Main sample preparation techniques for gaseous, liquid, and solid
samples. Abbreviations are deﬁned in the main text. (Adapted from H. Kataoka, New
trends in sample preparation for clinical and pharmaceutical analysis, TrAC Trends Anal.
Chem. 22 (2003) 232e244. doi:10.1016/S0165-9936(03)00402-3.)
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including the limited choice of solvents, the low recoveries of polar analytes, and the need for dedicated and expensive equipment for on-line
hyphenation to GC-MS [142]. In order to solve these problems, SPE and
SPME have been widely applied.
Solid-phase extraction, ﬁrst introduced in the late 1970s, is based on the
partitioning of analytes between a liquid sample and a solid phase [142].
Due to the wide range of solid phase materials available and their enormous
differences in selectivity, SPE is extensively used as a sample enrichment
method and to clean up samples prior to chromatographic analysis [140].
The approach QuEChERS is a special form of SPE for sample cleanup
[145]. In the SPE ﬁeld, silica modiﬁed with C8 and C18 alkyl chains are the
most common SPE phases in analytical laboratories. Recent developments
are focused on novel, selective sorbent materials, such as immuno-sorbents
(ISPEs) and molecular imprinted polymers (MIPs) [134]. Additionally, the
progress made in miniaturization and small size particles and improvements
in the reproducibility of SPE enabled the automation and hyphenation to
GC systems. In on-line SPE-GC-MS, the coupling of the cartridge to the
GC-MS system is possible with the help of multi-port valves [143]. The
experimental parameters in on-line and off-line approaches are the same,
namely the choice of sorbent, the type of solvents for every step and their
ﬂow rates. On-line coupling can have some speciﬁc problems, such as
possible adsorption of the analytes in the sampling valve or tubing, or losses
in the large volume injection step. Nevertheless, method development in
on-line SPE-GC-MS is faster, the exposure to hazardous solvents is greatly
reduced, and analysis costs can be signiﬁcantly lowered, especially if a large
series of similar samples need to be analyzed [134]. For this reason, the main
applications of automated SPE-GC-MS are in the biomedical and environmental ﬁeld.
Recently, a miniaturized SPE technique was introduced, namely
MEPS, which can be directly connected on-line to a GC system [55,146].
This approach does not require a special setup, since the typical syringe
holders of the GC autosampler can be used. Contrary to SPE, the sorbent
material is inserted directly into the MEPS syringe needle and extraction
takes place by pulling/pushing the plunger up and down [55]. The analytes
are adsorbed onto the packing material and then released into the GC
column by a suitable solvent. The MEPS-GC approach is considered a fully
automated technique in which the sample extraction takes only a few
minutes. However, some parameters need to be optimized such as the
cartridge chemistry, its activation, elution of the compounds of interest,
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cleaning/reconditioning of the sorbent for the next analysis, among others.
A detailed procedure for optimization was recently described [55]. The
MEPS process has been applied for the determination of PAHs in water,
drugs in blood, anaesthetics, and polyphenols in human plasma
[55,134,146].
One of the most widely used on-line sample preparation methods is
SPME. This technique was introduced by Pawliszyn in 1990 as a solventfree alternative to SPE. In SPME, the analytes are absorbed onto a coating
on a fused-silica ﬁber rather than adsorbed onto an SPE material [147]. The
theoretical and practical principles of the technique, as well as the different
types of ﬁbers and sample exposures, have been extensively reviewed in
several excellent reviews [134,141,142,147]. The SPME approach is
frequently used in combination with GC-MS for the extraction of volatile
and semivolatile organic compounds from mainly environmental, biological, and food samples [142]. In short, the analytes are extracted either by
direct immersion of the ﬁber into the liquid sample (DI-SPME) or by
exposure, for a selected time, to the headspace of a gaseous, a liquid, or a
solid sample (HS-SPME) [142,147]. Several different ﬁber chemistries are
commercially available, including non-polar polydimethyl siloxane
(PDMS), semi-polar PDMS-divinylbenzene (PDMS-DVB), polar polyacrylate (PA) and Carbowax-divinylbenzene (CW-DVB) coatings
[134,140e142,147]. Positive aspects of SPME are that no solvent is
required and the ﬁbers can be re-used; the main disadvantages are the rather
fragile nature of the ﬁbers and their possible damage next to the risk of
selectivity change caused by the accumulation of non-volatile materials
[140,141]. Recent developments on SPME are focused on novel types of
coatings and improvements to increase the sensitivity of the technique, for
example, by increasing the volume of the sorption phase [134]. Two examples of systems with increased sorption volumes are the SPME arrow
method [148], and the method using an inert rod with a short sleeve of
PDMS rubber originally developed by Burger et al. [149], and now also
commercially available.
Another commonly used extraction technique is SBSE. In this approach
a magnetic stir-bar coated with PDMS or another material is rotated in a
liquid sample for a selected extraction time, often up to one or a few hours
[150]. Alternatively, it can also be put in the headspace of a sample. Once
the equilibrium distribution between the sample and the extraction phase is
established, the stir-bar is manually removed, if needed dried and cleaned,
and transferred to the GC (or LC) system, for thermal or liquid desorption
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[134,150]. After analysis, the SBSE bars can be re-used. The technique is
extremely sensitive. Drawbacks are the limited number of coating materials
commercially available and the difﬁculties in full automation. Current
developments are dedicated to the development of dual-phase/hybrid
systems by combining PDMS with carbon materials [134,151], or to
altering the volume and polarity of the PDMS by swelling the coating with
a solvent [152]. A ﬁnal interesting development is the combination of SBSE
with freezing of the sample [153]. This method can give an up 450 times
improved sensitivity compared to regular SBSE.
Most applications of SBSE are extractions of organic compounds present
at low concentrations in liquid samples [140]. Other types of methodologies, similar to SBSE, have been proposed for the analysis of more polar
analytes in water matrices, such as bar adsorptive microextraction (BAmE)
and polyurethane-phases for microextraction (PUmE) [154,155]. These
promising approaches operate based on the ﬂoating sampling mode, in
which the bar or the PU foam is standing just below the vortex formed by
the agitation of the sample ﬂasks, represented in Fig. 1.1.18 [155].
Headspace analysis is one of the simplest ways of extracting volatile
compounds from solid or liquid samples. In this technique the gas phase
above the matrix is analyzed either by direct sampling of the gaseous phase
(static headspace, sHS) or by trapping the volatiles in a cryogenic zone or
onto a sorbent material (dynamic headspace, dHS or purge-and-trap, P&T)
[140,141,156]. Another possibility is to use a sorbent material, like an
SPME ﬁber, and expose this to the headspace of the sample. In such a case,
the distribution is between the ﬁber and the matrix and, in contrast to direct
sampling of the gaseous HS phase, the less volatile compounds will be
favorably extracted [140,141,156]. Irrespective of which method is used,

Figure 1.1.18 Schematic representation of PUmE analytical approach during extraction
under ﬂoating sampling mode. (Adapted from M.P.B. Mourão, I. Silva, C. Almeida, N.R.
Neng, J.M.F. Nogueira, Application of polyurethane-based devices as sorption-desorption
phases for microextraction analysis e the all-in-one microextraction concept, J. Chromatogr. A. 1485 (2017) 1e7.)
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HS analysis is a safe technique even with very dirty samples, since there is
no risk of matrix material entering the GC system or (MS) detector.
Headspace extraction is the primary technique for the analysis of volatile
organic compounds in environmental, ﬂavor, and fragrances analysis, residual solvents in pharmaceuticals, solvents in body ﬂuids, particularly
ethanol in blood for the drunk driver test, and hop contents in beer and
beverages in food analysis, to name a few [141,156]. In dynamic headspace
P&T, the volatile analytes are ﬁrst trapped on a sorbent material, then the
trap is heated and ﬁnally the compounds are desorbed into the GC column
[140,156]. In P&T several parameters that affect the recovery of the analytes
of interest need to be considered in order to achieve better detectability.
Particularly relevant are temperature, purge time, and ﬂow rates [140]. A
major problem with P&T systems is the presence of high amounts of water
vapor in the liquid sample that is also transported into the trapping sorbent.
Therefore, water management is of extreme importance. All moisture
needs to be removed from the purge gas before it enters the GC column or
the cryotrap [140]. Purge-and-trap is the method of choice for analyzing
very low concentrations of volatile compounds in liquid samples, since it is
more effective in removing the volatiles from the liquid matrix than sHS.
Applications of this technique involve the analysis of VOCs in marine
waters, hydrocarbons in olive oils, and aroma compounds in cheese curd
[140,156]. Foaming is a second problem often seen, especially with proteincontaining samples such as beverages or blood samples [157].
Thermal desorption (TD) is considered as an alternative to HS techniques for the analysis of volatiles from liquid and solid samples. On-line
TD-GC-MS approaches can be used as screening methods, e.g., in the
detection of chlorinated hydrocarbon contamination or in speciﬁc applications, such as the determination of volatiles in plants and food [140,158].
Thermal desorption systems that allow the use of high temperatures, such as
PTV-based systems, can also perform pyrolysis or combined multistep
thermal desorption and pyrolysis.
Over the years, coupling different separation systems has been explored
extensively in order to increase the separation power of analytical techniques. In the ﬁeld of chromatography, LC has been coupled to GC either
in the hyphenated (LC-GC) or in the comprehensive two-dimensional
(LCGC) mode. Even though such couplings require complex instrumentation and careful optimization of numerous parameters, both LC-GC
and LCGC have proven to be very powerful in several applications and
studies [159e162]. In general, the coupling of these two techniques
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combines the high sample capacity and selective separation mechanisms of
LC, with the relatively fast analysis time and high efﬁciency of GC.
Additionally, LC (normal phase, NPLC, or reverse phase, RPLC) and sizeexclusion chromatography (SEC) have been used as cleanup methods prior
to GC-MS analysis, which makes the approach more selective and sensitive
[160,162]. Presently, there are commercial instruments available from
several companies. More detailed information on the different transfer
techniques, LC-GC and LCGC applications, is given in a recent review
published in 2012 [160].
Finally, there are other equally innovative methods such as supercritical
ﬂuid extraction (SFE), microwave- and sonication-assisted extraction
(MAE), pressurized liquid extraction (PLE), matrix-solid phase dispersion
(MSPD), and membrane extractions, all reviewed in detail
[134,140,141,143,144].

1.1.4.2 Derivatization and thermal conversion methods
Gas chromatography, when compared with LC, in general is a faster
technique, provides higher separation efﬁciency, can be combined with a
wider range of sensitive and selective detectors including mass spectrometry, and allows easier mass-spectrometric identiﬁcation [28]. However, for
the study of large and polar molecules some compound properties need to
be considered, such as polarity, volatility, and thermal stability. Many polar
compounds are not suitable for GC analysis due to their unfavorable
chemical/physical properties including the low volatility and possible
interaction with active sites in the column, injector, or transfer line. For
such reasons, sugars and amino acids, for instance, cannot be introduced
into a GC system. On the other hand, compounds must be able to withstand high temperatures without degrading and be volatile at temperatures
below 350 Ce400 C. If the compounds do not meet these requirements, a
chemical or thermal modiﬁcation is necessary.
The most commonly used methods that allow modiﬁcation of a
molecule are derivatization, i.e., silylation, acylation, alkylation, or (trans-)
esteriﬁcation, next to degradative methods such as pyrolysis (Py) and
thermochemolysis (thermally assisted hydrolysis and methylation, THM).
Additionally, another approach capable of including more molecules into
the realm of GC is high-temperature GC (HT-GC), in which the molecules are left unaltered but the chromatographic conditions are adapted
(previously discussed in Section 1.1.2.1).
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Derivatization is a process that chemically changes the molecules in a
sample. This method often simultaneously improves volatility, thermal
stability, and detectability of a compound of interest. The main scope is to
convert polar species into less polar species, by chemically replacing active
protons of the functional groups in the analyte. These functional groups
(e.g., eCOOH, eOH, eNH and SH) cause strong interactions between
the molecules, resulting in high boiling points, and intense interactions with
the stationary phase due to their strong hydrogen-donating or accepting
properties, which can cause peak broadening. The most common form of
derivatization is silylation. The silylation reagents, typically BSA [N,Obis(trimethylsilyl)-acetamide] and BSTFA [N,O-bis(trimethylsilyl)triﬂuoroacetamide], promote the analyte volatility and decrease surface
adsorption. Such reagents can be used as such or in the presence of a
catalyst, such as trimethylchlorosilane (TMCS). The main advantages of
silylation are the wide application range in terms of compounds, the easy
procedure, and the high volatility of the derivatives. However, its major
disadvantages are the requirement of a dry sample, the sensitive nature of
the derivatives to moisture, and the often time-consuming nature of
derivatization. Other derivatization methods, such as acylation, alkylation,
and esteriﬁcation, have the same function as silylation, but different reagents
are used depending on the functional groups and the type of compounds
[38,163,164].
Pyrolysis is an analytical technique that thermally decomposes and
cleaves large molecules into smaller volatile fragments. The main goal is to
use the information contained in the fragments to determine the composition or structure of the original sample. The combination of pyrolysis with
GC (Py-GC) and GC-MS allows the study of a wider range of materials,
including synthetic polymers, polymers additives, biomacromolecules in
complex environmental samples, solid materials in forensic sciences, and
paint analysis in art conservation [28,165]. The standard conﬁguration of a
Py-GC is basically that of a standard GC, where the pyrolysis device or
pyrolyzer is physically mounted on top of the injector. The most common
pyrolyzers are the microfurnace, the Curie-point, and the ﬁlament pyrolyzer. A comparison between these three devices was recently published
[165]. In order to overcome their main limitation, the possible losses of high
molecular weight components, in-column or non-discriminative pyrolysis
was introduced in 2001 [166]. In this technique, pyrolysis occurs in an inert
capillary tube that is directly connected to the GC column. Alternatively, a
PTV injector, discussed in Section 1.1.2.2, can also be used which also
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decreases the possible losses of the high molecular mass reaction products.
Additionally, laser pyrolysis has been reported as a new instrumental
development that allows localized analysis of speciﬁc areas and layers of the
sample. Recent applications involve the analysis of geological samples and
paint cross-sections [167].
A third conversion route enabling the GC-MS analysis of compounds,
not as such compatible with GC, is THM. This technique is a combination
of pyrolysis with in situ derivatization [28,168]. Compared to Py-GC,
THM-GC can be used for polymers yielding polar moieties upon pyrolysis.
Moreover, it can be used at lower temperatures, which has the beneﬁt of
less thermal fragmentation of the compounds, and therefore provides more
selective bond cleavage of ether and ester bonds [168]. The most
commonly used reagent is tetramethylammonium hydroxide (TMAH),
which is a strong organic base, but in some studies tetramethylsulfonium
hydroxide (TMSH) has been used as well [169]. The reaction between the
acidic functional groups and the reagent is done either off-line in the sample
vial, or inside a hot- or temperature programmed PTV injector, producing
alkyl esters and ether groups. Due to the formation of these less polar,
alkylated and smaller molecular weight compounds, the THM process is
widely used for structural characterization, as well as for chemical proﬁling
in different application areas where polar large molecules are encountered,
such as environmental, biological, food, art sciences and more recently
proteomics [28]. Although it is a fast method with no sample pretreatment
required, several practical aspects need to be considered when performing
THM-GC analysis. For example, the thorough mixing of the sample and
the reagent prior to analysis is very important. The injector temperature is
another important factor. It must be set at a temperature sufﬁciently high
for the reaction to occur, typically between 300 C and 600  C [28,168].
Other parameters require optimization, such as the choice of the most
appropriate derivatization reagent and its volume and concentration
[170,171]. Additionally, even though standard pyrolysis devices can be used
for automated THM analysis, other devices have also been studied such as a
direct thermal desorption (DTD) interface that works as a PTV injector
[172], a direct-thermochemolysis solids injector [173], and on-column
thermochemolysis performed in a deactivated stainless steel capillary column [174]. Furthermore, manual THM reaction can be performed off-line
in a vial and a separate oven. This route is generally less attractive also
because, for safety reasons, the maximum reaction temperature is limited.
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1.1.5 Applications, miniaturization, and future of
hyphenated GC-MS
1.1.5.1 Miniaturized and ﬁeld-portable instrumentation
The development of miniaturized and ﬁeld-portable devices for on-site
analysis has been a major step in the evolution of chromatographic
instrumentation. Already in the late 1970s, the Stanford GC-on-a-chip was
the ﬁrst device to be reported. It consisted of a complete working GC made
on a silicon wafer, with a column, injector, and a detector [6,81]. In 2002, a
similar micro GC instrument became commercially available, with its own
carrier gas and power supply, measuring (15  25  36) cm and weighing
only 7 kg [81]. Such devices should provide a fast, on-site analysis/response
and should be easy to operate, ultimately allowing non-trained operators to
use them. Important developments to allow this have been focused on
miniaturizing either the GC column or the mass analyzer. Regarding the
MS part, attempts to miniaturize more or less all mass separators, including
ToF, quadrupole, and the various types of ion traps, have been published
[175e182]. Additionally, several research groups have attempted to miniaturize other parts of the GC-MS system, such as the vacuum pumps, the
electronics, and the consumables [182].
Commercially-available transportable or ﬁeld-portable GC-MS devices
are already in use, mainly by the emergency ﬁrst-responders and the military forces for on-site detection of environmental contamination with
hazardous compounds [181]. Still, additional improvements have been
made in order to develop truly hand/ﬁeld-portable GC-MS devices. In
2004, Makas and coworkers developed a ﬁeld GC-MS instrument characterized by an original “concentrator-thermodesorber” (CTD) unit, a
multiple module GC system, and a compact magnetic mass spectrometer
with a two-stage vacuum system and multicollector ion detector [183]. The
total weight of the device, including the vacuum system, the high-pressure
gas cylinder with helium, and the data system, was 90 kg and the power
consumption was 250 W. The instrument was able to detect toxic substances in air at low ppt levels. A few years later, in 2008, Contreras and
colleagues described a hand-portable GC-MS apparatus featuring a low
thermal mass GC and a toroidal ion trap mass spectrometer (TMS) [182].
The novel GC-TMS was a totally self-contained, portable system with
dimensions of (47  36  18) cm and a total weight of 13 kg, including
batteries and helium carrier gas cartridge. These batteries and helium cartridges allowed 50 and 100 consecutive analyses, respectively. In addition,
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the peak power consumption during sample analysis was around 80 W, and
the setup was able to detect hazardous compounds at low picogram levels.
More recently, further miniaturized detectors, namely portable photoionization detectors connected to a micro GC system, were also introduced
[184e186].
The future of this ﬁeld has several directions in terms of sampling
techniques, GC columns, and different mass spectrometers/detectors.
Important focus areas could be on other types of sampling methods that
could be miniaturized, mass analyzers with higher resolution power, the use
of databasematching for detailed identiﬁcation, and further investigations
on the reduction of size and electronic circuits.

1.1.5.2 Key application areas and future prospects
of GC-MS
Hyphenated GC-MS remains one of the most important tools in analytical
separation methods. The excellent complementarity of the two techniques
makes the method indispensable for several applications, speciﬁcally when
dealing with trace analyte levels. However, one must emphasize that GCMS requires clean and sufﬁciently concentrated samples, free of matrix
interferences. In order to achieve such requirements a comprehensive
compromise between sample preparation, injection mode, GC separation,
and MS detection has to be made. Even though GC-MS instruments
currently in use are very sensitive and selective, a careful, joint optimization
of all steps in the analytical procedure is extremely important for reliable
analytical results. Throughout this chapter the most important and innovative sample preparation methods, different injection modes, and GC-MS
hyphenation parameters were discussed. At the end of this chapter we will
brieﬂy discuss the areas where scientists have successfully combined these
approaches to yield reliable methods for complex analyses.
Hyphenated GC-MS has a wide application range in several ﬁelds,
including environmental and forensic analysis, natural compound research,
food and health care products, quality control, petrochemical, biomedical,
energy and fuel industry [187]. Starting with the environmental ﬁeld, examples consist in the use of GC-MS to determine polycyclic and nitro
musks in environmental water [188], nitrophenols in soils [62], air pollutant
monitoring [142,156], and trace levels of pesticides [150,189]. In the area of
forensic and criminal cases, GC-MS has been used to analyze different drugs
in urine, such as amphetamines and methamphetamines [147,190], and also
for the ﬁngerprinting of ﬁre debris [191]. In food and personal care
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products, an important area is the study of fatty acids because of their
extensive presence in commercially available products [192]. Additionally,
food safety control is very important when dealing with such compounds,
due to the fact that oxidized fatty acids are produced upon cooking, which
could be harmful for health. The same is also valid for biomedical and
pharmaceutical applications, considering that fatty acids are a key component in several mycobacterial species: GC-MS allows speciation of mycobacteria based on separation and quantiﬁcation of whole cellular fatty acids
[135,136,162,193,194].
Nowadays, GC-MS is an invaluable tool in any analytical laboratory
due to its efﬁcient, reproducible, and fast results. The technique can be
further improved by the implementation of the recent developments made
in the areas of on-line sample preparation, LVI injection mode, and the
coupling to highly sensitive, fast, and accurate MS detectors. In addition,
ﬁeld-portable devices and multiple hyphenated systems further brighten the
future of analytical separation techniques in general, and of hyphenated
GC-MS in particular. In the hands of a well-trained analyst the technique is
today more powerful than it has ever been.
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