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Analytical methods for the
quantification of volatile aromatic
compounds

Matgorzata Biniecka, Sergio Caroli

The investigation of odorants is not an easy task, which needs to be undertaken in the context of fit-for-purpose quality systems.
To date, great attention has been paid to determination of the volatile fractions of odorants, since they are responsible for the
attributes of global flavor [i.e. a combination of olfactory (aroma) and gustatory (taste) sensations produced by chemicals]. This
kind of determination can be carried out by analytical techniques [e.g., gas chromatography (GC) combined with mass spec-
trometry and/or olfactometric GC]. Methods complementary to GC analysis are available, allowing assessment of the olfactory
impact by an electronic nose (e-nose) or a panel of selected individuals. Also, we consider some innovative analytical techniques
to study the effects of odorants in food during consumption.
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1. Introduction

Identification and quantification of odor-
ant molecules exhaled by natural products
of vegetable origin are attracting more and
more attention to the scientific and the
economic sectors. Such compounds can be
natural or synthetic. Smelling volatiles are
ordinarily used in the chemical and
pharmaceutical industry (e.g., antibiotics,
antiseptics, anti-inflammatories, and anti-
parasitic agents), the food sector (e.g.,
flavorings and preserving agents), the
perfume and cosmetics industry (e.g., fra-
grances, aromatherapeutic agents and
antibacterials), and, finally, agriculture
(e.g., phytopesticides). However, we
should not overlook that the formation
and the release of volatile organic com-
pounds (VOCs) into the environment can
cause adverse environmental effects [1-
4,WS1,WS2].

Such substances can be characterized
according to their sensory properties.
Needless to say, both chemical structure
and concentration of the aroma are
responsible for the smell. The volatility of
odorants depends on the chemico-physical
properties of the aroma itself, apart from
the characteristics and the structure of

raw materials. In particular, molecular
weight plays a special role in that the
higher it is, the lower is the release rate of
the volatile substance. The correlation
between molecular weight and persistence
is of prime importance for low-molecular
weight (LMW) compounds, as these can
diffuse across the matrix more easily than
other compounds.

Furthermore, the structure of odorants —
especially the position and the nature of
their functional groups — seems to induce
significant effects on the type and the
strength of interactions with the matrix.
Nonetheless, several exceptions to this rule
exist; double bonds, the nature and the
number of functional groups, and the
molecular weight must be taken into ac-
count, as must the polarity of the com-
pound. In general, both polarity of the
substance and matrix composition govern
the ability of the substance to be released by
the matrix and diffuse into the environment.

De Roos [5] ascribed the release kinetics
of odorants from the matrix to two major
factors:

(1) volatility (thermodynamic factor);
and,

(2) resistance to mass transfer from the
matrix to air (kinetic factor).
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The relative speed of release of a smelling compound is
a measure of its ability to move into the gaseous phase
when it is introduced as a solution or a mixture [6]. At
equilibrium, this ability is expressed as the ratio of the air
concentration (C,) of the compound to its concentration
in the matrix (C,) [Equation (1)]:

Pap — Ca/cp (1)

where P,, is defined as the air-matrix partition coeffi-
cient, which strictly depends on product composition
and temperature. The wide variety in chemical compo-
sition of odorants and their different amounts in the
same product make the analysis complex, especially
considering that some substances, which are responsible
for the smell, are characterized by very low concentra-
tions [6-9].

The selective extraction of an aroma from a given
matrix is typically based on volatility or solubility of
odorants. Solvent extraction, e.g., makes exclusive use of
solubility, while headspace analysis relies on volatility.
Methods (e.g., distillation or extraction) aim at analyzing
the whole set of volatiles in the matrix, but they are
unreliable in providing a self-consistent description of
compounds responsible for olfactory perceptions [6—
10,WS1]. Accurate, precise, rugged, robust multi-com-
ponent analytical methods characterized by high detec-
tion power and high throughput are thus keenly needed
in research and control laboratories. These features are
possessed to a large extent by some analytical techniques
[e.g., gas chromatography (GC) combined with mass
spectrometry (MS) and/or olfactometric GC]. In the fol-
lowing sections, we briefly cover both sensory and ana-
lytical techniques for the analysis of odorants.

2. Olfactometric and analytical methods

2.1. General aspects of olfactometry

Olfactometry (O) is an investigative approach based on
the assessment of the odor intensity from an osmogenic
mixture performed by a panel of experts. Unlike chemical
analysis, olfactometry does not identify a substance or a
group of substances; rather, it measures a gaseous
mixture in Odor Units (OU). Taking into account the
definition of odor threshold, 1 OU is the smallest amount
(number of molecules) of an odorant capable of trigger-
ing an odor sensation by an individual when dispersed in
1 m® of neutral air. Hence, 1 OU/m? is the bench mark
of the odorant concentration scale [11]. In this way, the
odor intensity can be estimated, although it remains a
subjective feeling. The number of OU/m> can be com-
puted for the sample under test on the basis of the
dilution factor needed for the odor to be perceived by the
panel. This measurement method is suitable to evaluate
possible synergistic and masking effects, since the odor
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concentration in terms of OU/m?> of a mixture is not the
algebraic sum of OUs for the individual components, but
results from the combination of complex phenomena
and mutual effects [10-13].

2.2. Headspace techniques

Both static headspace (SH) and dynamic headspace (DH)
techniques allow for the direct analysis of exhalations
from raw materials with no disruption or alteration of
their structure and with no use of chemical substances.
A disadvantage is that such techniques are not specific
enough in the detection of what actually reaches olfac-
tory and gustatory receptors. Nonetheless, the overall
volatile composition of a matrix can be exactly described,
even though the perception of the smelling profile in a
substrate can rarely be defined and headspace data
should thus be correlated to results from the sensory
analysis.

As regards headspace methods for the analysis of
volatile compounds released by foodstuffs, a key role is
played by static (or equilibrium) headspace sampling.
The sample is inserted into a sealed glass vessel, where it
attains equilibrium with its vapor, which is especially
rich in highly volatile components. The vapor is then
injected into a chromatographic column, thus bypassing
problems due to the introduction of poorly volatile sub-
stances or large masses of solvent. For a vapor at equi-
librium with a liquid, the concentration of volatile
components in the vapor phase is governed, under ideal
conditions, by Raoult’s law [Equation (2)]:

pi = y po (2>

where p; is the partial pressure of each single component
in the vapor phase, p, is the vapor pressure of each single
component at the temperature of the vessel, and y is the
mole fraction of each single component in the solution.

Headspace analysis allows chromatograms to be ob-
tained, where each peak area (S) is proportional to the
concentration of the corresponding component in the
vapor phase and, therefore, in the liquid phase [Equation

(3)1:
S=fyp, 3)

where f is the detector response factor, experimentally
determined.

Since p, is a constant (at a given temperature) for each
component, the above equation can be simplified as
follows [Equation (4)]:

S=fy (4)

Headspace composition depends on the partition of
volatiles between air and the various phases in the ma-
trix (water, lipids). The detection power of this method,
in terms of the amount of trapped volatile compounds,
strictly depends on sample exposure time, as
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demonstrated by Piggott [14,15]. A wide variety of
samples have been investigated by SH analysis (e.g.,
herbs and fragrances). The major merit of SH sampling is
its ability to detect LMW volatiles in a sample with no
solvent peak, so that many samples can be simulta-
neously tested for residual solvent content. Furthermore,
SH can be easily automated to eliminate the solvent
peak, this being especially important for sample-screen-
ing applications [16]. The SH technique has further
merits (e.g., relatively low cost per analysis, simple
sample preparation, and no use of reagents). Reagents
are not required because solvents are not needed to ex-
tract analytes, so no solvents need to be removed by
evaporation (with the ensuing concern about atmo-
spheric pollution) or recondensation. However, the
detection power of the SH technique can be insufficient
to determine very low amounts of analytes. An increase
in sample temperature generally enhances the volatility
of analytes, so the limits of detection (LODs) improve.
However, in most cases, SH instruments can heat sam-
ples only up to about 150°C [16,17].

As touched upon above, another approach for head-
space sampling is the DH technique, which is based on
dynamic conditions and is also called purge-and-trap
(PAT) analysis. An inert gas passes through the
thermostatted sample chamber as long as all or most
volatile compounds are extracted from the sample. Seu-
vre et al. used N, passing through the liquid phase at a
constant flow rate [18]. Many of the advantages of SH
techniques are also shown by the DH approach,
including easy sample preparation, absence of the sol-
vent peak, ability to analyze only the volatiles, and
automation. Moreover, the trapping stage of the analysis
features enhanced detection power, thus allowing vola-
tiles at the ng/g level to be routinely determined. From
this viewpoint, if contaminants and instrument back-
ground are carefully minimized, the PAT techniques are
capable of routine application in the pg/g range [16]. In
addition, a certain degree of selectivity as regards the
volatiles collected is offered by sorbents, which, in turn,
allows a combination of sorbent and temperature to be
selected for collection and concentration of specific
analytes of interest while skipping others. The overall
analysis is thus substantially simplified. Some drawbacks
of PAT are because the instrumentation is more com-
plex, may be more expensive to purchase than other
devices for sample introduction, and requires the moni-
toring of several steps (e.g., valving, heating zones) [15—
17,19,20]. The potential sources of error in PAT
instrumentation (e.g., sample storage, trap-heating ef-
fects, and carryover and purging efficiency) have been
reviewed by Washall et al. [19].

In DH sampling, volatiles must be examined within a
narrow temperature range, so, in order to gauge them, a
trap must be resorted to [e.g., a suitable adsorbing or
absorbing material (activated carbon, tenax)]. The most
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common trapping methods are, e.g., cryogenic traps
(also of the on-column type), adsorption beds (trapped
compounds can be efficiently desorbed), and vapor col-
umns. Selection of the fit-for-purpose trapping approach
depends on particular factors [e.g., chemical nature and
thermal stability of the analyte, risk of chemical con-
tamination (water vapor included), sorption and
desorption characteristics of the sorbent, breakthrough
volume of the analyte on the sorbent, and type and cost
of the cryogenic system]. The assessment of the sorbent/
analyte interaction and the selection of the best trapping
material play key roles at the developmental stage of any
DH technique. It may well be that more than one sorbent
in a trap should be used, especially when a wide range of
volatiles is to be trapped. Hence, sometimes it is prefer-
able to collect volatiles onto some inert surface using a
cryogenic device and then totally eliminate the sorbents
[16,17,20-22].

In this context, solid-phase micro-extraction (SPME) is
of growing importance. With this approach only a very
small amount of extraction solvent is used compared to
the sample volume. This leads to partial removal of
analytes into the extracting phase so that equilibrium is
attained between sample and extracting medium. From a
practical viewpoint, the extracting phase coats rods of
various materials in a very stable fashion [23]. Most
frequently, the extracting phase is a polymeric organic
phase cross-linked and firmly attached to the support.
One possible configuration features rods made of an
optical fiber of fused silica (i.e. a chemically inert mate-
rial). The fiber is protected against breakage by a coating
of a polymer [e.g., absorption fibers with poly-
dimethylsiloxane (PDMS) or polyacrylate (PA) and
adsorption fibers with Carbowax (CAR) or divinylben-
zene (DVB)]. Some experimental findings showed that
most of the other fibers achieve lower abundances of the
extracted components than those obtainable by CAR-
DVD-PDMS [24]. The fiber is exposed to the sample
matrix by sliding it outside of the protection tube into the
matrix. This step can be performed either manually or
automatically.

The amount of analyte extracted by the fiber coating is
determined by the partition coefficient of the analyte it-
self between the sample matrix and the fiber-coating
material. A variety of coatings with different polarities
can be used for quantitative and qualitative analysis by
SPME. Several important advantages are brought about
by SPME when compared to traditional approaches to
sample preparation. As said above, the absence of sol-
vent in SPME is a distinctive property of this technique,
as it makes the separation fast, with the ensuing high
throughput and use of simple instrumentation, along
with the fact that its environmental impact is minimized.
Furthermore, the limited dimensions make SPME ideal
for portable devices for field work. Its sensitivity and
detection power are comparable to those of techniques



Trends in Analytical Chemistry, Vol. 30, No. 11, 2011

based on liquid extraction. Although the analyte is ex-
tracted to a low extent from the matrix, the whole
amount is transferred to the detector — in contrast to
liquid extraction, which allows the majority of analyte to
be transferred from the sample to the organic phase,
even if only a portion of 1/100-1/1000 of the extracted
analyte actually reaches the detector. SPME is generally
used in a direct extraction mode or in a headspace
configuration. Headspace-SPME thus affords selectivity
significantly different from that of plain headspace
analysis. This type of sampling requires neither solvent
extraction (with the ensuing purification stages) nor
complex PAT apparatus [14-16,23-26]. On the basis of
the experimental data, the vapor-liquid partition coeffi-
cient of the odorants under test can be calculated. Once
trapped, solutes are extracted from the matrix, separately
injected into a GC column and revealed by means of
traditional flame ionization detection (FID) or specific MS
detectors [16,25,27,28].

2.3. GC and GC/0 analysis

One of the basic requirements of GC is that substances
under test must be as volatile as needed to be eluted and
detected at the operating temperature, while the sta-
tionary phase must be sufficiently non-volatile and
thermally stable in order to serve as the substrate on
which separation occurs. The molecular mass operating
range of GC spans the interval 2—1500 atomic mass
units (amu), so that the compounds that can be sepa-
rated by GC go from permanent gases (i.e., highly vola-
tile substances), volatile compounds (with a mass up to
~200 amu), and semi-volatile compounds (>200 amu).
It should be noted that such thermally stable columns
may not be necessary, as most essential oils elute in the
relatively low temperature range. However, column
stability also implies reliability over a long time period,
with the ensuing improved long-term reproducibility of
determinations, this eventually leading to reliable ana-
Iytical characterization [16,22].

The stationary phase in the capillary column shows
specific characteristics. It comprises an array of polymers
(e.g., dimethylpolysiloxane and polyethylenglycol). Also,
so-called chiral columns are available, by which cis- and
trans- isomers of chemicals can be separated. In the latter
case, the stationary phase generally comprises cyclo-
dextrin derivatives. Some specific problems of chiral
separation were addressed by Bicchi et al. by means of
specifically designed columns [29,30].

In the carrier gas (e.g., He or N,), very low amounts of
the vaporized substance under test can be revealed and
subsequently quantified by means of various detection
techniques [9,10,12,13,16]. In the case of essential oils,
the detection is performed by flame ionization detection
(FID) or MS. An FID device (detection power in the order
of 107" g of material) measures the ionic currents
generated by an H, microflame as a result of the
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combustion of the various components separated by the
chromatographic column. Conversely, in the case of an
MS system, not only does the spectrometer have a high
absolute detection power (around 102 g of substance),
but it also provides information on the fragmentation
pattern for each eluted component, thus allowing the
molecular weight of the compound to be ascertained
along with its structure and functional groups. MS
detection can be carried out in two different ways,
namely, full scan mode (FSM) and the selected ion
monitoring (SIM) [16,17,24,26]. A fairly reproducible
MS fragmentation pattern (fingerprint) can be obtained
by FSM. SIM is a highly powerful technique for trace
analysis. With this approach, scanning of the whole
spectrum is unnecessary and only a few ions are detected
during the GC separation. In this context, we should
stress that library searching is a very useful, time-saving
approach. Additional useful information for identifica-
tion work can be gained by measuring the GC retention
index, a parameter related to the time a component takes
to travel through the column.

Chemical ionization and laser ionization are two of the
most popular soft ionization modes. Atmospheric pres-
sure chemical ionization (APCI) and proton transfer
reaction (PTR) are chemical ionization [31]. In particu-
lar, APCI lends itself to the analysis of moderately polar
and volatile compounds present in aqueous media.
However, flavor molecules in the gas phase can be as-
sayed using the modified APCI source developed by
Lindforth and Taylor to allow for the introduction of
gaseous samples [22].

Laser ionization, in its turn, can be accomplished in
several ways. One of this is the resonance-enhanced
multi-photon ionization (REMPI) with pulsed laser, a soft
ionization mode with a high potential for fast on-line
analysis of complex gas mixtures. Unlike APCI and PTR,
laser ionization is based on a pulsed ionization scheme.
This makes a time-of-flight (TOF) mass filter highly suited
to MS analysis. REMPI-TOF-MS is a two-dimensional
analytical technique based on tuning of the laser to a UV
transition of a target molecule. Hence, REMPI can be very
selective and extremely powerful with LODs in the low pg/
grange [32-35]. This high selectivity makes REMPI-TOF-
MS by far superior to PTR-MS. After selective ionization,
the charged compounds are screened on the basis of their
masses. REMI-TOF-MS will in all probability play an ever
more important role for on-line monitoring of VOCs in
food products and processes [36].

The PTR-MS technique is capable of analyzing volatile
odorants at concentrations as low as the pg/g level [33].
GC-MS can conveniently be replaced by PTR-MS in the
analysis of VOCs with a response time of a few seconds
per compound. PTR-MS differs from conventional MS
primarily in that use is made of soft chemical ionization
of VOC molecules by reaction with H;0* generated by an
external ion source. Fig. 1 shows this kind of analytical
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A B
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Figure 1. Simplified sectional view of the PTR-MS technique. (A) lon source (1, Pump; 2, Hollow-cathode source; 3, Source-drift region; 4, H,O
vapour inlet); (B) Drift tube (5, Venturi-type inlet; 6, Gas inlet, ion to be analyzed); and, (C) lon-detection system (7, Pump; 8, High vacuum

pump).

Table 1. Instrumental and working parameters typically used with
the PTR-MS technique

Mass range 1-512 amu

Measuring time 2 ms—60 s/amu
Response time <200 ms

Measuring range 10 pg/g—10 pg/g
Linearity 10 pg/g-5 ng/g

Inlet flow adjustable 15-200 sccm

Inlet temperature
Reaction chamber temperature

adjustable 30-70°C
adjustable 40-80°C

Weight 130 kg
Power 230/115V, 700 W
Physical dimensions, L x H x W (cm) 78 x 86 X 55

set-up, whuile Table 1 sets out instrumental and work-
ing parameters typically used with PTR-MS.

One of the methods recently devised to improve the
analysis of complex mixtures, especially aimed at
deconvoluting overlapping mass spectra, is TOF-MS
[22]. With this approach instantaneous spectra can be
generated and there is no bias caused by the mismatch
between scan rate (duty cycle) and peak-abundance
changes in the ion source. This may well occur with
quadrupole (Q) MS instruments when used to obtain GC
peaks quickly. Hence, uniform mass spectra should be
expected across the whole range. With this approach,
spectra can be routinely assigned to each individual
solute in substantially overlapping elution profiles. Such
fast GC methods for complex samples are currently being
promoted, as peak overlaps may be deconvoluted and
the individual spectra of each overlapping solute can be
attained. Some applications of GC-TOF-MS for the
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analysis of essential oils were recently reported [35,36].
Among others, GC-TOF-MS has also been used to identify
and detect flavor volatiles in fruit, such as apples,
tomatoes, and strawberries [37-40]. Nonetheless, full
evaluation of the method is still needed to assess whether
it can offer the routine performance claimed.

Another approach with a high investigative potential
is direct analysis in real time (DART), an innovative
technology for the analysis of complex solid samples at
atmospheric pressure and ground potential. A DART
source ionizes the sample by a beam of neutral meta-
stable species and the ions thus generated are channeled
to an MS instrument [41]. One of the first examples of
the application of DART to the analysis of flavor sub-
stances and fragrances in raw materials was reported by
Haefliger et al. [42]. DART was also applied to semi-
quantitative determinations of perfumery raw materials
deposited on smelling strips. In the best case, absolute
LODs of about 100 pg could be attained. DART is a
technique suited primarily to small molecules, which
typically enable effective ionization of compounds with
molecular weight mostly not exceeding 1 kDa [43].

In the DART-MS technique, two factors play para-
mount roles: the temperature of the ionization gas and
matrix effects. The temperature of the ionization gas is
often one of the key factors affecting experimental re-
sults; hence, it should be carefully optimized to obtain
the required amount of analyte ions. This aspect is
important for the detection and reliable identification of
target analytes, especially in trace analysis. Maleknia
et al. demonstrated that a particular analyte or matrix-
component desorption time strongly depends on gas
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Figure 3. Overall view of the GC/O system. (A) Air humidifier; (B) injector; (C) detector; (E) splitter; (F) column; and, (G) smelling point.

temperature [44,45]. Matrix effects represent one of the
major drawbacks, in particular, for the atmospheric
pressure ionization (API)-MS or APCI-MS techniques.
Due to unavoidable matrix effects, it is quite obvious
that, when using the DART-MS technique for trace
components, a compromise between acceptable LODs
and minimization of sample handling has to be found
[46]. DART is undergoing rapid development and is
proving to be a powerful tool in combination with SPME
and GC-TOF-MS for the rapid screening (a few seconds)
of VOCs (e.g., present in herbs, spices, soft drinks and
fruits) [47-53].

The rapid analysis of soft-drink compounds by SPME
and DART-TOF-MS was reported by Cajka et al. [54]. A
novel approach aimed at authenticating the quality
grades of different olive oils as well as detecting their
adulteration by hazelnut oil was illustrated by Vaclavik
et al. [55]. As an example, Fig. 2 sets forth spectra ob-
tained by the DART-TOF-MS methodology [55].

In its turn, GC/0 is another very promising technique,
the analytical potential of which has not yet been fully
exploited. It was introduced in 1964 and recently
relaunched thanks to the unconventional detector now
available (i.e., the human nose). Fig. 3 shows an overall
view of the GC-O. This method, which is called Osme
(Greek for odor), is based on the psychophysical assess-
ment of the intensity of individual odors of volatile
compounds according to the Steven’s Law. This ap-
proach is characterized by very high detection power
and selectivity for certain chemicals and plays a key role
in some sectors (e.g., perfume and food industries).

The GC-O technique involves a GC instrument with an
analytical capillary column ending in a quartz Y-shaped
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joint that separates the chromatographically-eluted
substances into two distinct branches, respectively con-
nected to either a traditional FID or a specific MS
detector. In order to prevent condensation, it is wrapped
in a heated sheath. A glass funnel forms the end of this
latter branch and is in practice the sniffing port, through
which the analyst can assay the compounds eluted by
the column. The amounts of sample reaching both the
detector and the analyst’s nose are controlled by the
cross-section and the length of the two capillary tubes
coming out of the column; this allows detection power to
be optimized. An N, current gurgling in a water-filled
vial cools and humidifies the flow of transport gas
reaching the analyst’s nose. The substances eluted by the
column are sniffed by the analyst who, when perceiving
an odor, switches on a potentiometer in order to gen-
erate a signal that is stored by the chromatography-
management software along with the signal produced by
the FID or MS detector. At this stage, the intensity and
type of the odor are also described by the analyst
[8-10,39].

GC-O underwent remarkable development in recent
years, thanks especially to the efforts of two scientists,
namely, Terry Acree (Cornell University) and Werner
Grosch (German Research Center for Food Chemistry).
Acree introduced the so-called Charm Analysis (CA)
technique, while Grosch invented aroma-extract dilution
analysis (AEDA). These two techniques are similar, as
they both use GC-O to obtain an initial olfactogram from
an extract of the mixture under test and subsequently
analyze a 1:1 or a 1:2 diluted solution of the same
sample. This dilution procedure is carried on until the
analyst is no longer able to perceive any odorants in the
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sample. By this approach, threshold values for odor
perception of compounds eluted by the GC column can
be determined [56]. The application of GC-O, especially
AEDA, in investigations on aromas contained in food
essential oils is primarily due to the fact that not all
volatile substances involved in an aroma contribute to
its olfactory character. Both methods, as well as the OU
system, have been criticized as they do not take into
account either additivity of active compounds or syner-
gism and antagonism between chemicals. In addition,
such techniques are based on the assumption that there
is a linear correlation between olfactory perception and
concentration of the odorant examined, thus neglecting
the exponential relationship suggested by the Steven’s
Law.

GC-infrared spectrometry (IR) and GC-Fourier trans-
form infrared spectrometry (FTIR) [57] are coupled
techniques, in which separation is achieved by GC and
identification is performed by IR. As a rule, a capillary
GC column is attached to an FTIR instrument. The
modulated IR beam is focused into a heated light-pipe
cell, through which the GC effluent is directed. The light
pipe is a glass tube with an Au inner coating and IR-
transmitting windows placed at each end. By multiple
reflections from the inner Au coating, the IR beam is
directed down the light pipe with a transmittance up to
25%. The absolute LODs of GC-FTIR systems are mostly
10-100 ng. This is a reasonable compromise between
suitable resolution and acceptable sample capacity.

A recent version of GC-FTIR is GC-Fourier transform
vapor phase infrared spectroscopy (FTVPIR), the major
difference being that the optical system of GC-FTVPIR
must be continuously purged by an inert, dry purge gas
(e.g., N5). The necessary detection power for the IR
detector is obtained by cooling the Hg-Cd telluride IR
detector with liquid N, [57-59].

A rather recent powerful approach is offered by GC-
Fourier transform matrix isolation infrared (FTMIIR)
spectroscopy [60]. The successful operation of a com-
bined technique of this type depends on the complete
isolation of the effluent of a GC column in an inert noble
gas matrix (usually Ar) at temperatures down to 10 K
(—263°C). The carrier gas used for this purpose is He
containing 5% Ar. At 10 K, He does not freeze and can
be pumped away via a diffusion pump-roughing system.
This virtually eliminates all intermolecular interactions,
and molecular rotation is greatly reduced. The mainte-
nance of the temperature at 10K is of paramount
importance for a successful outcome, as the FTIR spectra
are gathered post-decomposition. Minimization of
molecular interaction and rotation allows differences in
the IR spectra of cis- and trans- isomers in the selected
compounds to be detected.

GC can be coupled not only to a fit-for-purpose
detector (MS or IR devices), but also to a suitable auto-
mated sample device (e.g., based on SPME, PAT, or
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headspace) [38]. Combination of GC with other tech-
niques is indeed a versatile tool in cosmetic sciences, and
the range of possible applications is wide (e.g., determi-
nation of volatile oils, separation of enantiomeric volatile
components in essential oils). Precision is thus improved
and throughput is high, this being of particular value in
routine analysis in industry. The latter parameter allows
a great number of samples to be processed, so that, e.g.,
method validation can be performed on the basis of a
large amount of experimental data [61—63].

Another important coupled technique is GC-IRMS,
which can be used for most volatile organic substances
without any need for sample preparation. In its turn,
IRMS is a highly sophisticated technique capable of
providing information on the geographic, chemical, and
biological origins of substances [64]. This ability is
rooted in the relative isotopic abundances of the
elements forming the samples under test. A variety of
kinetic and thermodynamic factors can locally enrich or
deplete the isotopic ratios of elements (e.g., C, H, N, O,
and S). Thus, measurement of the isotopic ratios can be
exploited to characterize samples with otherwise identi-
cal chemical compositions. Hence, authentication of or-
ganic food commaodities, forensic drugs, and essential oils
is achievable [64,65]. The same technique can be suc-
cessfully employed for the quality assessment of apple-
aroma profiles in apple juices [66]. There are many
sample-introduction methods to be used with commer-
cial IRMS instruments.

Among the various approaches based on GC worth
mentioning is multi-dimensional (MD) GC, which in-
volves more than one column with various selectivities
[36]. The combination of automated sample-preparation
techniques with MDGC offers a powerful tool for the
quantitative and qualitative analysis of a wide variety of
analytes in different matrices at the ng/g level. MDGC
also includes a device for the selective transfer of a por-
tion of a chromatographic run from one column to a
second one (i.e., heart-cut system) [67-70]. MDGC
systems are commercially available and can be subdi-
vided into:

(1) Heart-cat MDGC. A very small portion of the
material leaving the first column is presented to the
second column and subjected to separation in both
dimensions. However, if the number of heart-cuts be-
comes too large and the time for the separation is short,
this technique turns out to be inadequate. Basically, a
problematic section of the chromatogram is cut and
transferred into another column mounted in an addi-
tional GC instrument. Both GC instruments are con-
nected with a heated transfer line. As a rule, FID is used
in the first dimension [71]. When coelution occurs in the
first dimension, it is very expedient to have identification
also in this dimension. This was recently achieved by an
additional deactivated capillary used to split a part of the
effluent going to the FID and leading it into the MS
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instrument in the second dimension. This kind of anal-
ysis often requires chiral separation, since only one
enantiomer plays a role in biological processes. Subse-
quently, regions of interest inside the first-dimensional
chromatogram can easily be transferred by heart-cuts
according to pre-established timing. The retention times
of the uncut peaks eluting behind the cuts remain un-
changed in the commercially-available MDGC-2010
system, no pressure corrections of retention times being
necessary. Of importance in this context is the recently
reported multi-deans switch technology (MDST) [72].
Further improvements include additional switching
valves to be employed in combination with different
detectors or split of flows for parallel detection. MDST has
also prompted the development of dual-oven systems,
the merit of which is that the second column may be
independently controlled to analyze heart-cuts after
transfer from the first column; and,

(2) Comprehensive MDGC. With this approach, the
material exiting the first dimension is sampled at a given
frequency, the separation in the first dimension is pre-
served, and all of the compounds in the sample are
subjected to bidimensional separation. For example,
comprehensive multi-dimensional GC (GCxGC)Q-MS al-
lows complex mixtures to be one-shot separated (no
enantiomeric separation) [51]. In MDGC, the total peak
capacity results from the sum of the two columns (N1 in
the first dimension + N2 in the second dimension).
However, in comprehensive GCXGC separation, it is the
result of the product N1'N2. In the latter mode, there is
generally an orthogonal set of columns, with a classical
unipolar (polar) column connected to a polar (unipolar)
narrow bore column ~1 m in length. Therefore, largely
independent first-dimension and second-dimension sep-
aration mechanisms are employed, typically generating
peak capacity in the magnitude order of several thou-
sand, thus allowing complex multi-component samples
(e.g., essential oils) to be separated and quantified.

The modulator is the heart of any MDGC system [67].
There are basically two main types of modulation
devices, namely:

(1) Thermal modulators, grouped into heater-based
types, where a segment of thick filmed capillary column
is coated with a layer of Au paint as the interface be-
tween the primary and secondary column, and cryo-
genic modulators, where a segment of the column is
cooled with liquid CO, to cause analytes to partition into
the stationary phase in a small region of the column
itself. Cryogenic modulators are necessary when
working at high temperature, as heat may well
decompose the sample;

(2) Valve-based modulators, where differential flow
modulation takes place at the GC-GC interface. Most of
the effluent coming from the primary column is vented
to the atmosphere while the carrier gas is delivered to
the secondary column. The effluent from the primary
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column is sampled at pre-established intervals and a
secondary chromatogram can be recorded. This can be
repeated several times. With thermal modulation, frac-
tions are concentrated, and this gives way to a higher
signal in GCXGC than that obtainable in normal GC.
However, noise also increases as a consequence of the
higher sampling rate; yet, on the whole, detection power
improves significantly. Lee et al. have modeled amplitude
enhancement [69] and concluded that the increase was
15-25-fold with 4-5-s modulation periods — and the
longer the modulation period, the greater the decrease. It
is not out of place to note that intensity increase is not
directly proportional to the decrease in LODs and that
the use of the highest modulated fraction of the peak
envelope leads to a slight underestimate of the LODs for
GCxGC [71]. With flow modulation, peak column flows
of 10-20 mL/min are typically used. Such flows are not
suitable for Q-MS detection, primarily because the sam-
ple is diluted by the high flow. The consequence is that
detection power dramatically worsens.

All in all, much progress has been made so far in the
field of separation and GCxGC has become a powerful
alternative to conventional GC, whenever sample com-
plexity requires bidimensional separation and detection.
Ion-trap MS/MS, rapid-scanning Q-MS, and TOF-MS
boost, in their turn, the analytical potential of conven-
tional MS detection. However, the tedious preparation
step is still ““a pain in the neck” [38]. Over the past two
decades, several attempts have been made to upgrade
the performance of existing sample-preparation proce-
dures to make them adequate to the ever more powerful
analytical techniques available {e.g., MDGC, GCxGC,
MS, and nuclear magnetic resonance (NMR) spectros-
copy [73,74]}. The challenge today is to provide tech-
nical solutions based on the best possible separation of
analytes, thus allowing instrumental approaches such as
0O, MS, NMR spectroscopy, and still other techniques to
be exploited to improve characterization of the chemical
species separated. There are various novel strategies that
can lead to a substantial increase in separation power if
integrated with specific fit-for-purpose detection steps.
Two recent reviews by Adahchour et al. [75,76] well
illustrate the wide-ranging applicability of GCxGC, pref-
erably in combination with rapid-scanning Q-MS, TOF-
MS detection, or NMR spectrometry, and convincingly
show that significant achievements are still being made
in the field of trace and ultra-trace analysis of organic
compounds. However, there is a keen need to develop
further procedures capable of high sample throughput
accompanied by a fair degree of miniaturization,
robustness and user-friendliness.

2.4. Electronic nose

The application of electronic systems intended for odor
measurement and characterization is an issue of great
economic and scientific relevance. Current odor-
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computerized analysis.

Figure 4. E-nose configuration. (A) Odor gas; (B) trap tube (drying, ethanol removal, concentration); (C) multiple sensors; and, (D) multivariate

detection and measurement systems, based on panels of
experts and aided by chemical-analytical techniques
(e.g., GC and MS) are expensive and time-consuming, so
great attention is being paid to the development of cheap
systems, which can perform these tasks almost in real
time. Moreover, an electronic system removes any dis-
advantage associated with panels of experts [e.g., sub-
jectivity of judgment (individual variability) and
adaptation (i.e., the decrease in sensitivity due to pro-
longed exposure to an odor)]. In order to meet these
requirements, over the past 10 years various artificial
olfactory systems, called electronic noses (e-noses), have
been devised and developed. The term e-nose stands for a
system that can produce digital maps of complex odors
(chemical images) or even olfactory images when only
odors are analyzed.

All e-noses share the same approach based on a ma-
trix of gas sensors and a complex signal-elaboration
system [77,78]. The basic configuration of the e-nose is
shown in Fig. 4. Its working principle aims at
reproducing the human olfactory system. The detection
power of its sensors is close to that of human olfactory
receptors, while the data-elaboration system is similar to
the process occurring in the olfactory bulb. In addition,
the final classification of odors is performed by a neural
network with the aid of multivariate statistical analysis,
which mimics the identification mechanisms exploited
by the brain. Recent investigations focus on system
miniaturization based on nanotechnology, development
of electronics and management software, improvement
of the chemical part of the sensor based on production
and characterization of new materials to increase

detection power (in the range pg/g-ng/g) for analytes
under test and to decrease response time, as well as
complete reversibility, accuracy, and reproducibility of
measurements with an output signal affected by elec-
tronic noise as little as possible [WS4].

The structure of e-noses imitates the configuration of
mammals’ olfactory system and can be divided into three
different components, namely, the gas-detection system,
the elaboration unit for signals coming out from sensors,
and the odor-identification system. These three compo-
nents are connected in cascade. In a typical e-nose, the
gas-detection system comprises a chemical-sampling
unit and a sensor matrix normally characterized by a
low selectivity (i.e., the sensors can detect a large variety
of chemical compounds in one run). The matrix includes
different sensors, so that their overall response allows a
characteristic pattern for each chemical mixture to be
achieved. The sensor matrix is generally accommodated
in a measurement chamber made of a chemically inert
material (PVC, glass, or stainless steel) through which a
reference gas flows (e.g., synthetic air or N5). The ref-
erence gas is used to establish a baseline for the response
of sensors. In order to perform the measurement, the
chemical-sampling system injects the odorant into the
measurement chamber under controlled conditions, thus
causing an almost instantaneous change in the chemical
atmosphere contained in the chamber and, therefore, a
transient signal in the sensor response.

Steady-state conditions are reached in a few seconds to
several minutes, according to the type of sensors used,
the operating parameters, and the odorants under test.
The measurement procedure ends when the reference
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gas is once again injected into the measurement cham-
ber to clean the active material of the sensors and re-
attain the baseline response.

The elaboration system first performs the preliminary
evaluation of sensor-response data, which includes drift
reduction by proper compensation techniques and data
normalization. Then, it executes data compression by
extracting some characteristic parameters (feature
extraction) and removing redundant information
[77,79].

In general, the odor-identification system is just a
classifier made up of a neural network. In the course of
the preliminary phase, the neural classifier learns how to
set up representative patterns for different mixtures by
using the examples stored in a database. A typical neural
classifier is made of two or more layers of neurons. The
endings of neurons accommodated in a layer are con-
nected to the trigger zones of neurons placed in the
subsequent layer. During the learning phase, the net-
work performs several synaptic-weight (multiplicative
coefficient associated to a connection) adjustments, so as
to learn and to identify characteristic patterns for a given
group of odorants. When this phase is over, an input
pattern is entered into the network and propagated
across the various neuron layers. At the end of this
process, the pattern is labeled and a relative confidence
level is assigned [78].

At present, e-noses are able to perform not only odor
classifications, but even, by means of the above-men-
tioned structure and a differently arranged neural net-
work, assessment of odor concentration or odor
characteristics as perceived by humans. Like the human
olfactory system, the e-noses depend for their function
on a structure accommodating a large number of sensors
(receptors), which are able to recognize a large variety of
odorants, an efficient data compression system (olfactory
bulb), and a refined system which learns and elaborates
formerly stored data to give a final output (brain).

The key component of an e-nose is its sensor matrix.
Several types of sensors are available. Among these, the
most used are variable-conductivity, piezoelectric and
metal-oxide semiconductor field-effect transistor (MOS-
FET) sensors [77]. All of them feature fast response and
there is no need for long preliminary treatment of the
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sample to be analyzed. Other very important optical
sensor systems exist that are somewhat more complex
than conventional sensor-array devices based on trans-
duction mechanisms and changes in electrical resis-
tance. Light-modulation measurements are pivotal to
optical sensors. These make use of various types of light
sources that exploit optical fibers, photodiodes and light-
sensitive photodetectors. These optical sensors can
measure changes in absorbance, fluorescence, light
polarization, optical-layer thickness, or colorimetric-dye
response. Thin films of chemically-responsive dyes are
employed in colorimetric sensors, whereas fluorescence
sensors quantify the fluorescent light emitted from the
gas analyte and are more sensitive than colorimetric
ones. Such devices are characterized by very high
detection power and multi-parametric detection capa-
bilities. Due to the complexity and the fragility of optical
and electric components, such systems are more
expensive to operate and less portable than conventional
sensors [78-81].

The applicability of e-noses is clearly high. In the food
industry, they can be used to perform objective quality
assessments (e.g., evaluation of food-preservation state,
supervision of protected denominations of origin, and
prevention of food sophistication and frauds) [77,78,82—
84,WS3]. Also, in the perfume industry, e-noses are an
aid to research and control, where the identification of
the notes composing a fragrance is a common issue
[82,85].

Among the various applications of the e-nose recently
reported, worth mentioning is the determination of
mangone (an aversive taste found naturally in certain
plants) in a fragrance. Mangone was chosen not only
because it has a low threshold value for sensory detec-
tion, but also because it belongs to the olfaction family of
citrus and grape fruit, which differs from that of the
compounds of the fragrance (i.e., green and pinecone
notes). Analyses were conducted by means of an e-nose
comprising an array of 11 Sn-oxide-based sensors, and
the results were compared with those obtained by two
other methods, namely, a GC-MS system and a sensory
panel of 20 trained experts. Each panelist had to smell
three different samples, two of which were pure fra-
grance, while the third contained the substance under

Table 2. Comparison of GC-MS, sensory panel and e-nose for the detection of mangone in a fragrance sample [85]

Mangone concentration” GC/MS™ Sensory panel™ E-nose
1 Yes Yes (100%) Yes
107" Yes Yes (89%) Yes
102 No No (Yes 37%) Yes
1073 No No (Yes 45%) Yes
107 No No (Yes 3%) Yes

“Percentage (weight/weight of mangone in the fragrance).

“"Yes' means that GC-MS, the sensory panel, or e-nose can distinguish the presence of mangone in the fragrance.
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test. For the global panel of 20 panelists, the overall
identification was deemed to be positive if at least 70% of
the experts could properly identify the sample containing
mangone. All of the above three techniques could detect
mangone in the fragrance if concentrations were in the
range 0.1-1% (Table 2), whereas, at concentrations
below 0.01%, only the e-nose could sense its presence
[85].

Moreover, e-noses can perform environmental moni-
toring (e.g., combustion gases, gas leaks, aromatic
hydrocarbons, and aerosols). In space technology, they
can be used to assess air quality of human space vehi-
cles, while, in the security sector, they are suitable for
harmful gas detection [82,WS1,WS2].

Finally, in medicine, an e-nose proves an effective
diagnostic instrument (e.g., skin diseases and endocra-
nial-system dysfunction). Further, e-noses are able to
identify certain pathologies (e.g., diabetes, lung cancer,
schizophrenia, and various types of psychopathy)
[82,86,WS4,WS5]. Needless to say, people are
surrounded by several odors playing an important role
and representing a sort of direct connection between the
interior and the exterior of the human body, so knowledge
about how to detect and to record changes in body odors
can prove essential for the early diagnosis of some dis-
eases.

Recently, innovative e-nose systems based on mass
fingerprinting were developed. These incorporate the
basic knowledge of aroma chemistry in terms of com-
plexity and specificity of odor perception and their rela-
tion with food flavor better than other approaches. A
number of applications to food items have been already
reported (e.g., wine, and garlic flavoring in tomato
sauce) [82,87]. An MS-based e-nose combined with
pattern-recognition software was also applied to aroma
compounds extracted by headspace-SPME. This coupled
e-nose configuration was applied successfully to identify
the various parameters influencing roasted coffee flavor,
in particular as regards classification of roasted coffee
powders produced from green beans of different geo-
graphical origins, fast industrial and slow artisanal
roasting processes, and packaging systems [82,83,WS3].
The remarkable analytical potential of the MS-based
e-nose was further confirmed in wine testing with results
in good agreement with those of sensory analyses by
oenologists [84].

An important, interesting issue, which concerns the
future technological development of e-noses and all
complex sensor systems, is the current trend towards
hardware standardization [i.e., harmonization of output-
data formats used for measurement results and of com-
munication protocols between different systems (e.g., new
plug-and-play sensors, based on the IEEE 1451 standard,
are now commercially available)]. Also the Transmission
Control Protocol/Internet Protocol (TCP/IP) system is
likely to play a leading role, since, apart from anything
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else, it is expected to allow for the construction of inter-
connected networks of measurement systems, thus pav-
ing the way to possibilities of new applications. Research
in this field is progressing quickly, e-noses being no
exception. The above-mentioned trend is expected to
cause a new generation of e-noses to be manufactured,
comprising high-level instrumentation that can be used
by an operator with no need for knowledge of low-level
hardware and software details [78,79,82].

2.5. Innovative analytical instruments for the in-vivo

investigation of odorants

The matrix-flavor partition coefficient gives information

about only the interaction between the matrix and the

exhaled odorants at equilibrium. However, during food
consumption, the equilibrium state is never reached. In
order to attain data that better describe the pattern of
volatiles reaching olfactory receptors during consump-

tion, new analytical methods have been developed {e.g.,

sampling the headspace from the mouth and nose

(analysis of the air expired when eating food), which

allows the actual smell released into the oral cavity to be

measured [9,22,88,89]}.

Investigations based on the analysis of breath from the
mouth and nose have allowed important information to
be obtained on the quality of odorants. Such studies
demonstrate that, during consumption, volatiles are re-
leased under different kinetic conditions and the con-
centration of individual components of flavor changes
over time. The investigator can thus develop precise re-
lease kinetic models — the so-called time-release (TR)
curves — for each odorant. The advantage of this tech-
nique derives from the possibility of comparing TR
curves to sensory time-intensity (TI) plots, which allow
compounds involved in flavor perception to be identified
[21,22,90]. The TI test is regarded as a dynamic sensory
method, since it shows sensory changes over a given
period of time.

Both the TI test (from the sensory viewpoint) and
mouth-space and nose-space sampling techniques (from
the instrumental viewpoint) are deemed as the most
innovative, effective analytical methods to study the re-
lease of odorants during food consumption. Mouth-space
and nose-space sampling methods involve the intro-
duction of a plastic tube into the operator’s oral cavity or
nostrils, respectively [22,90,91]. When eating food, the
expired air gets trapped in the tube and is subsequently
analyzed by GC. At present, the most frequently used
techniques to analyze volatile substances during con-
sumption are the following:

(1) adsorption of volatiles onto Tenax traps (adsor-
bents) or similar materials, followed by desorption
by means of vacuum pumps and detection by GC
analysis [22,92-94];

(2) direct introduction of volatiles into the MS instru-
mentation (e.g., APCI-MS). This method gives fast
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and detailed information about the release of vola-
tile compounds during breathing by examination
of air samples from the nose. It involves the trap-
ping of breath samples expired by selected individu-
als forming a panel of experts when eating a food
sample from a specific source by a deactivated and
heated fused-silica transfer line. Volatiles are ionized
by means of an electric discharge and are then
transferred into the high-vacuum region of the MS
system. Chemical ionization is thus obtained, which
proves effective, at atmospheric pressure, due to the
high collision speed of particles. Results obtained so
far by this technique are satisfactory [22,92].

In order to perform food-quality assessments by odor
monitoring, there is available a patented label, the color
of which changes according to changes in odor due to
food degradation. These are the so-called colorimetric
sensor arrays for VOCs, through which changes in color
are obtained when there is exposure to either single
substances or mixtures. As a consequence, the
combination of 20-30 different coloring substances,
each with its specific ability to react to a given substance,
produces a sort of unique cultured fingerprint [95]. The
colorimetric sensor, when exposed to different smelling
volatiles, allows for the construction of a database to
accomplish not only the identification of various known
compounds, but also the detection of unknown sub-
stances [96]. In other words, it is an odor decoder that
offers several advantages [e.g., low cost, strong selectiv-
ity and high detection power (down to 10™> M)].

3. Conclusions

Identification and quantification of smelling volatile
molecules exhaled by natural products of vegetable ori-
gin are attracting more and more attention to the sci-
entific and the economic sectors.

In this context, innovative analytical techniques based
on significant improvements in the separation ability of
GC systems and their coupling to powerful detectors
(e.g., MS, FTIR, and NMR) are generally available to the
experimentalist for investigation of odorants and volatile
aromatic compounds. Further advancements of these
analytical systems will most probably exploit the com-
bination of high-speed GC instruments with high-speed
MS and IR or UV equipment. On-line sample
introduction systems, such as SPME, MDGC, and
headspace, will, in turn, lead to significantly better LODs.

We should not overlook that miniaturization of
hardware, increase in analytical throughput, and de-
crease in the cost of analytical determinations will ever
guide the end-user in the selection of the methodology to
be applied. All this will ultimately enhance the quality,
the reliability, and the comparability of experimental
information. It is commonplace that no laboratory can
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survive in the long term without having a fit-for-purpose
quality system in place. Documented evidence is essen-
tial to attach credibility to experimental information. In
a chemical laboratory, two distinct, yet complementary,
quality systems play a major role {i.e., those based on
the Principles of Good Laboratory Practice (GLP), in
particular as developed by the Organization for Eco-
nomic Co-operation and Development (OECD), and those
adopting the criteria for accreditation, mostly those
worked out by the International Standardization Orga-
nization (ISO) [97-100]}. Which quality system is to be
preferred obviously depends on the purpose of the spe-
cific research or control activity. Last, but not least, in
consideration of the dramatic lack of fit-for-purpose
Certified Reference Materials (CRMs) for checking mea-
surement accuracy, the major producers should be
encouraged to promote projects to put novel CRMs at the
disposal of the experimentalist and thus alleviate the
present dismal state of affairs.
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