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ABSTRACT

Competition and interaction phenomena among volatiles during their adsorption process by
solid phase micro-extraction (SPME) fibers in static headspace sampling procedure (SHS) cast
doubt on its ability to quantify virgin olive oil volatiles. SPME fibers being excellent traps,
their use was analyzed with a new device allowing the concentration of volatiles in a
dynamic headspace sampling procedure (DHS). A central composite experimental design
optimized the main variables of the device (4 g sample weight, 40°C temperature, 150
mL/min flow-rate, 50 min adsorption time) while values of the analytical quality control
parameters of the method (repeatability, limits of detection and quantification, working
range, sensitivity, resolution) were compared with those ones from static headspace. DHS
shows better precision results for aldehydes and alcohols than SHS and allowed analyzing
higher concentrations with no problem of saturation. In 19 out of 28 compounds analyzed in
50 samples the chromatographic areas were higher when running DHS. The concentration
values of volatile compounds in these samples after applying SHS and DHS are discussed
together with the ability of the new method for distinguishing virgin olive oil by their

categories (extra, virgin and lampante) by the volatiles quantified in commercial oils.

Keywords: virgin olive oil, volatile compounds, solid phase microextraction, dynamic

headspace, gas chromatography, internal quality control.
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1. INTRODUCTION

The chemical explanation of aroma descriptors detected in virgin olive oil (VOO) by sensory
assessors has been a research objective for decades.! However, the interest has increased
after European Union stated that there is a need for the development and validation of a
method for the assessment of the organoleptic characteristics of VOO in its recently funded
Framework Programme Horizon 2020.2

Volatile compounds are the only chemical compounds responsible for aroma perceived by
consumers when their concentrations in VOOs are higher than their odor thresholds.
Volatiles have also an important contribution in the retronasal or throat-catching
perception’? due to its combination action with phenols.® All the volatiles have to be
concentrated in traps prior to being determined by GC-FID/GC-MS. Although the initial
proposals for the concentration step, mainly based on dynamic headspace (DHS) sampling,
produced good results, they have been widely substituted by methods that use static
headspace (SHS) sampling with SPME fibers as traps.>® Low cost, simplicity and versatility are
the main reasons for this change. However, those powerful reasons seem to have masked
problems - even using internal standards - when VOO samples being analyzed have volatiles
at high concentrations; for example, VOOs qualified with intense rancid or vinegary defects.’
Thus, under these circumstances, competition and interaction phenomena among volatiles
occur during their adsorption process by the fiber in a static headspace procedure, and these
phenomena explain the poor selectivity and low recovery factors for some compounds.® In
order to compensate this phenomena and reduce their effect on the quantitation, one
solution is to use multiple internal standard normalization by selecting the best internal

standard for each volatile compound.'® The quantitation and the procedure of stable isotope
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dilution!*!3 have been also developed to avoid these problems and increase accuracy.
However, the use of volatile analysis as a routine method requires a major simplicity in
guantitation and an actual improvement in the extraction step. Thus, in the search of other
solutions, many studies have compared the performance of SPME sampling with other

1418 or developing a modified procedure.?

existing alternatives
A SWOT (Strengths, Weaknesses, Opportunities and Threats) analysis of the pre-
concentration step based on DHS and SHS procedures?® results in the opportunity of
implementing SPME fiber in DHS by designing a new device adapted to SPME. This new
proposal, however, should avoid the complexity and high cost of current DHS instrumental
approaches as well as to offer satisfying selectivity, sensitivity, loading capacities and
stabilities, and good recovery factors for a higher number of volatiles.

Thus, the aim of this work was to examine the development and optimization of a new
sampling unit for volatile analysis that is simple, robust, reliable and solvent-free and permit
the use of SPME fiber in a DHS mode. The technique was checked with samples at different
concentrations and complexities of VOO aroma profiles, and chromatographic results are
scrutinized in terms of the competition and interaction phenomena over quantitation. The
work allowed understanding whether DHS-SPME sampling showed better results than SHS-
SPME sampling by analyzing their results when determining volatiles in complex VOO
samples in terms of their analytical quality parameters as chromatographic capacity,
sensitivity and selectivity. The knowledge gained in this study has been checked with
commercial VOO samples to determine the usefulness of the method determining

differences between the categories of virgin olive oil (extra virgin, virgin and lampante). This

new sampling procedure would allow establishing a new usability of SPME to improve its
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performance in determining VOO flavor compounds, in particular in those cases where

sensitivity or recovery pose a problem.

2. MATERIALS AND METHODS

2.1. Reagents

Figure 1 shows two chromatograms in which the volatile compounds identified in this work
are indicated with codes. The following compounds (and their codes in the chromatograms)
were purchased from Sigma-Aldrich (St. Louis, MO, USA): Octane (1), ethyl acetate (2),
ethanol (3), ethyl propanoate (4), pentan-3-one (5), pentanal (6), 4-methylpentan-2-one (7),
1-penten-3-one (8), butan-2-ol (9), ethyl butanoate (10), 2-methylpropyl butanoate (11),
hexanal (12), butan-1-ol (13), 4-methylpentan-2-ol (14), heptan-2-one (15), heptanal (16), 3-
methylbutan-1-ol (17), (2E)-2-hexenal (18), 3-octanone (19), hexyl acetate (20), octanal (21),
1-octen-3-one (22), (3Z)-3-Hexenyl acetate (23), (2E)-2-Heptenal (24), heptan-2-ol (25), 6-
methyl-5-hepten-2-one (26), hexan-1-ol (27), (3E)-3-hexen-1-ol (28), (3E)-3-Hexen-1-ol (29),
nonanal (30), 1-octen-3-ol (31), acetic acid (32), propanoic acid (31), butanoic acid (34),

pentanoic acid (35), hexanoic acid (36), Z-3-hexenyl acetate (a) and (3Z)-3-hexen-1-ol (b).

2.2. Samples

A VOO var. Hojiblanca was used for the optimization of the variables affecting the
concentration step of volatiles. The determination of quality analytical parameters was,
however, carried out with a lampante VOO, qualified as rancid, as the high complexity of the
aroma of rancid VOOs (high concentration and numerous types of volatiles) is responsible

for incorrect data when the concentration of volatiles in SPME is carried out under static
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headspace.® An odorless refined olive oil (Aceites del Sur, S.L.) was used for the
determination of apparent recovery, linearity and limits of detection and quantification to
which different concentrations of volatile standards were added (0.05, 0.10, 0.20, 0.30, 0.50,
1.00, 3.00, 6.00, 10.00, 15.00 mg/kg) from a stock solution of 20 mg/kg.

A total of 50 VOO samples from 7 producer countries (Argentina, Australia, Italy, Portugal,
Spain, Turkey, Uruguay) were analyzed using the validated method to compare the
concentration of the volatiles quantified by GC after a pre-concentration step using SPME
fiber in static and dynamic headspace sampling modes.

Finally, a set of 32 samples - 9 EVOO and 23 VOOs, qualified by the standard procedure for
sensory assessment?! - was used to check the ability of the volatiles to distinguish samples
by their categories in the complex classification tasks of distinguishing extra virgin olive oils
(with absolute absence of sensory defects, EVOO) and virgin olive oil (with slight sensory
defect, VOO), in accordance with sensory assessment. Volatiles were determined by GC after

being concentrated in a SPME fiber in dynamic and static headspace sampling modes.

2.3. Concentration step

The design of a sampling unit that allowed the volatile concentration in a SPME fiber through
a dynamic headspace (DHS) procedure was based on five conditions: (i) the trap had to be a
commercial SMPE fiber coated with polymers with no modification; (ii) volatiles had to be
swept from the vial headspace containing the sample by nitrogen inert gas; (iii) vial
containing the sample have to be thermostatized by an automatic control system; (iv)
sample inside the vial had to be shaken in order to facilitate the release of volatiles; and (v)

the design of the new instrument had to guarantee that all the volatiles swept with the inert
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gas would be in contact with the coated polymer of SPME fiber during enough time to
facilitate their adsorption by the fiber. The last condition requires a special care in the design
of the outlet of the inert gas passing through the SPME fiber. Figure 2 shows the simple
design that allows converting a static in a dynamic headspace instrument.

Controlled variables of the design were: (i) the vial volume (20 mL); (ii) the temperature of
the vial (409C); and (iii) the speed of the magnetic shake (100 rpm). The values of all these
variables were already proved to be successful in several previous studies.>??

The fiber is placed inside input A (Figure 2), a capillary tube with an internal diameter of 0.75
mm, while the inert gas (N2), which sweeps the sample headspace, is introducing in the vial
through input B (Figure 2) that has an internal diameter of 3.4 mm. Nitrogen flow is
controlled by a needle wrench and its flow is measured by a pressure gauge. Nitrogen flow
was a variable to be optimized since it greatly depends on the dimensions of system and the
required speed by which volatile are in contact with the SPME polymer. The vial was inserted
into an aluminium block thermostatized at 402C by means of two resistances and a
temperature sensor PT100 controlled through a digital temperature controller (Electemp,
J.P. Selecta S.A., Barcelona, Spain) and coupled with a magnetic stirrer (KMO2 Basic, IKA,
Staufen,Germany).

The SPME fiber was purchased from Supelco (Bellefonte PA, USA). It was of 1 cm length and
50/30 um film thickness and it was endowed with the stable flex stationary phase of
divinylbenzene/carboxen/polydimethylsiloxane. The fiber was previously conditioned

following the instructions of the supplier.

2.4. Determination of volatiles
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The internal standard (4-methylpentan-2-ol) was successively diluted in each VOO sample up
to reach a concentration of 2.6 mg/kg, and then placed in a 20 mL glass vial. The volatiles
adsorbed by the fiber were thermally desorbed in the hot injection port of a GC for 5 min at
260°C with the purge valve off (splitless mode) and deposited onto a TR-WAX capillary
column (60 m x 0.25 mm i.d., 0.25 um coating; Teknokroma, Barcelona, Spain) of a Varian
3900 gas chromatograph with a flame ionization detector (FID). The carrier gas was
hydrogen, at a flow rate of 1.5 mL/min. The oven temperature was held at 40°C for 10 min
and then programmed to rise 3°C/min to a final temperature of 200°C.3 The signal was
recorded and processed with the WorkStation (v6.41) software. Each sample was analyzed in
duplicate.

The identification of the volatiles was carried out by GC-MS (7820A Agilent Technologies gas
chromatography coupled to a Series MSD 5975 Agilent Technologies mass spectrometry)
and verified with chemical standards of all the quantified volatiles (35), which were
purchased from Sigma Aldrich (St. Louis, MO, USA). The strategy followed to identify the
compounds was that described by Molyneux and Schieberle (2007).23 Thus, the identification
was carried out by using two columns with different polarities, TR-WAX capillary column,
describe above, and BPX5 capillary column (30 m x 0.25 mm i.d. x 0.25 um coating; SGE
International, Ringwood, Australia). Mass spectra, comparison with standards and linear
retention index were considered for a full identification. Although they are however well
known compounds in VOO, comparison with previous works of the group'>® and other
authors!®24in terms of identification, retention time, linear retention index and mass spectra
were also taken into account. The identification was verified by comparing odor qualities

determined by GC-olfactometry as reported in previous works?>. Once all the compounds
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were identified with this strategy, for a routine analysis, the TR-WAX capillary column
described above was used. Quantification was done with internal standard (4-methylpentan-
2-ol), although, the analytical quality parameters were studied on the chromatographic
areas to evaluate the efficiency in the volatile extraction in the worst case without the
correction effect of the internal standard.?® The determination of volatiles by GC-FID after a
concentration step in a SPME fiber in a static headspace process was the same of that just
described above. The concentration step was carried out by placing 2 g of the sample in a 20
mL glass vial, tightly capped with polytetrafluoroethylene (PTFE) septum, and left for 10 min
at 40°C to allow for the equilibration of the volatiles in the headspace. After the equilibration
time, the septum covering each vial was pierced with a SPME needle and SPME fiber was
exposed to the headspace for 40 min.?’” The SPME fiber was the same already described

above. The fiber was also conditioned following the instructions of the supplier.

2.5. Mathematical procedures

2.5.1. Statistical procedures

Linear regression analysis and Student’s t-test were used in the analyses of internal quality
parameters. Correlation curves were evaluated by adjusted R-squared (R%.qj) that is an
indicator of the corrected goodness-of-fit. We have used RZ,q instead of R? because the
latter tends to optimistically estimate the fit of the linear regression while the former
attempts to correct for this overestimation. Principal Component Analysis (PCA) was applied
to evaluate the ability of volatiles distinguishing between extra-virgin and virgin olive oil

samples.
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2.5.2. Experimental design
Experimental design is widely used to show the statistical significance of an effect that a
particular factor (e.g. flow-rate or temperature) exerts on the dependent variable of interest
(e.g. number of chromatographic peaks). The general rule for planning the experiments to
be carried out is that the more orthogonal the columns are, the better the design is. That is,
the more independent information can be extracted from the design regarding the
respective effects of interest.
Experiences were planned from a 2-by-2 factorial design to which there were added star-
points to produce a rotatable design. Thus, Table 1 shows that runs 5 through 8 are the so-
called star points or axial points, and runs 9 and 10 are center points. The information
function for this design for the second-order model is rotatable, that is, it is constant on the
circles around the origin.
The evaluation of the results of the central composite was carried out by considering three
criteria:

e Total area of the chromatogram.

e Number of peaks in the chromatogram.

e Chromatographic area of two volatiles, (2E)-2-hexenal and hexanoic acid, which are

markers of high and low quality VOOs respectively.

2.5.3. Internal quality control
Internal quality control (1QC) is the set of the operational techniques used for continuous
assessment of the quality of the results of analytical methods, also so-called, analytical

quality control. Thus, it is essential that IQC has to be properly validated before any

10
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analytical method is put into routine use. The analytical quality parameters - accuracy,
precision, working range, limits of detection and quantification, selectivity and sensitivity, for
example - should be implemented as a minimum program of validation.?®2° The first three
are known as primary quality parameters3® and they have major incidence in the quality
control. Accuracy is a parameter that refers the total error (systematic and random) while
the precision of the method'3? is given in terms of repeatability and results are expressed
as relative standard deviation (RSD%). The working range of the entire method is
determined between the limit of quantification (minimum value) and the highest
concentration tested with good linearity3! (maximum value). Limit of quantification (LOQ) is
the lowest amount or concentration of the analyte that can be determined with an
acceptable level of precision and accuracy.? Limit of detection (LOD) is the minimum
amount or concentration of an analyte that can be reliably detected by a given analytical
method.?° LOD and LOQ were calculated as three and ten times the value of the relationship
between the standard deviation of the regression and the slope of the calibration curve.3?
The determination of selectivity was based on the calculation of the resolution3? between
two consecutives peaks of the chromatogram (previous and next to the reference peak).
Sensitivity results from the ratio between the volatile concentration of volatiles and the

concentration of volatile added to the matrix.3?

3. RESULTS AND DISCUSSIONS

The first objective was the optimization study of those analytical variables affecting the best
determination and quantification of VOO volatiles with concentration step in solid phase
micro-extraction (SPME) under a dynamic headspace (DHS) sampling mode. Experience

11
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dictated that sample quantity, sample temperature, adsorption time and flow-rate of inert
gas were the four main variables to be controlled.'>??> From the beginning, sample
temperature was decided to be 402C because it has shown to be the optimum value when
the objective is to release only those volatiles perceived by assessors when evaluating
VOOs,%?? so avoiding sensory perceptions resulting from a thermo-degradation process
whether temperature is high enough.3? Thus, the optimization process was focused on the
optimization of three variables: (i) VOO sample quantity; (ii) flow-rate of nitrogen gas used
to sweep the sample headspace; (iii) adsorption time or time that SPME fiber is exposed to
volatiles released from VOO sample.

Optimization of the variables was first carried out by means of independent studies of each
variable, followed by an experimental design that allowed perfecting the optimal values of
variables already reached from the previous studies. The first study allowed reducing the
number of experiments so avoiding a large number of experiments when implementing the
experimental design.

The flow-rate of the inert gas (N2) was the first variable to be independently evaluated in
duplicate. The experiments, with 5 g of sample and 15 min of exposing SPME fiber to
volatiles (adsorption time), were carried out with 10 different flow-rates of inert-gas (12, 25,
50, 100, 150, 200, 250, 300, 350 and 400 mL/min). Adsorption time (15 min) was selected
because it is short enough to allow multiple experiments and it allows enough amount of
volatiles trapped in DHS.?%3* The information evaluated (dependent variable) for selecting
the optimal flow-rate was the total number of peaks and the total area of those peaks for

each experiment as in previous studies.??3*
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Table 2 shows that the total area of all the peaks registered in the chromatogram is higher at
low flow-rate while there is lower number of peaks. Thus, the number of peaks (20-101) is
low enough at low flow-rates (0-25 mL/min) and they do not represent the complex VOO
aroma. It is consequence of the fact that the fiber (SPME) adsorbs volatiles with higher vapor
pressure when the flow-rate of the inert gas sweeping the sample headspace is low. On the
contrary, volatiles with lower vapor pressure need of higher flow-rate to be adsorbed by the
fiber polymers. Table 2 also shows the results for a selected set of volatiles. The compounds
corresponded to those already identified in previous works and described as sensory
relevant and some of them being considered as markers of the most common VOO sensory
defects.>1%24 Thus, chromatographic areas of volatiles with high volatility (e.g., ethanol and
ethyl acetate) are larger at low flow-rate, and volatiles with low vapor pressure show larger
chromatographic areas at high flow-rate (e.g. acids but with the exception of acetic acid).
Some compounds such as butan-2-ol and hexanoic acid showed more than a single
maximum, probably due to the effect of the flow rate on the precision of the measurements,
which are also shown in Table 2 as relative standard deviation (RSD%). Thus, the optimal
values of flow-rate for the central composite experimental design were 50, 100 and 150
mL/min on the basis of the percentage (42%) of volatiles that reached their maximum values
at one of these flow-rates, their lower values of RSD% in comparison with other
experiments, and besides the authors’ experience analyzing the volatiles of hundreds of VOO
samples with SHS-SPME and DHS-Tenax as pre-concentration step.!

The next study was performed with 12 different adsorption times (5, 10, 15, 20, 25, 30, 35,
40, 80, 120, 180 and 240 min) and keeping a sample amount of 5 g and a flow-rate of 100

mL/min as it produced better results (Table 2). Figure 3 highlights that the time of sweeping

13



273

274

275

276

277

278

279

280

281

282

283

284

285

286

287

288

289

290

2901

292

293

294

295

promotes the adsorption of volatiles by polymers because nitrogen sweeps them from the
sample headspace so favoring the release of new volatile compounds. Thus, the largest
number of adsorbed compounds (249) corresponded to 240 min. However, only 80 min
were enough to reach a high percentage of the total of the chromatographic areas. Figure 3
also shows saturation in adsorption times over 180 min - in terms of the total of
chromatographic areas - while the saturation is reached at 30 min in static headspace®
although with less amount of volatiles (in number of extracted compounds and their areas).
There is, however, a limiting condition, which is the length of the analysis. Thus, the total
time for the analysis should be less than 60 min, otherwise the method would be little useful
as it would be lengthy enough to be applied in control laboratories.3?

The explanation of VOO sensory defects by the volatile compounds responsible for them?3
is, nowadays, one of the major application for the quantification of volatiles. In this context,
47% of the volatiles responsible for sensory defects were determined after 40 min of
adsorption time and the number of chromatographic peaks was high enough (205). The
individual analysis of the evolution of the chromatographic areas of each volatile with the
adsorption time, however, showed that there was not an agreement about the optimum
adsorption time among volatiles because of their different vapor pressures. Thus, Figure 4
shows the evolution of the chromatographic areas of 1-hexanol which maximum was around
40 min of adsorption time in contrast to the sum of all the chromatographic areas (Figure 3).
This adsorption time also corresponded to the maximum area of many other volatiles, which
was interpreted that the range between 40 and 80 minutes would include the optimum
value. Ideally, a short adsorption time is required to avoid a difficult implementation of the

method. On the other hand, some volatile compounds have a low odor threshold, so having
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an important impact on the sensory characteristics of the oils even when they are present at
low concentration. These compounds may be undetected or detected with low
chromatographic areas with a static headspace system. For that reason, the adsorption time
can be considered in a dynamic system as a variable able to modulate the sensitivity of the
method and the recovery rates of the volatile compounds considering, firstly, that the
compounds have quite different characteristics in their affinity to the fiber and in their
sensory impact, and secondly, a short adsorption time has to be sought, as previously
mentioned.

The third study of variables was focused on the optimal amount of VOO sample. The
experiments were carried in duplicate with six amounts of samples (0.5, 1.0, 2.0, 4.0, 5.0,
and 6.0 g) and the values for flow-rate and adsorption time were 100 mL/min and 40 min,
which were also the values already used for a DHS with Tenax TA traps by authors.?? The
larger number of chromatographic peaks was reached with the sample of 5.0 g, and the
lowest with 0.5 g. Figure 5 shows the evolution of the total area of the chromatographic
peaks in the six experiments. The last three experiments (4.0-6.0 g) did not show significant
differences according to t-test for two independent samples: p=0.054 between experiments
with 5.0 g and 6.0 g, and p=0.063 between experiments with 4.0 g and 5.0 g. Because less
amount of sample can allow extracting a larger percentage of the entire content of volatiles
in the sample, 4.0 g was selected as the most adequate.

A 2-factor factorial design based on central composite rotatable design was carried out for a
definitive optimization of the variables of flow rate and adsorption time, considering their
interdependence, and fixing the sample amount as 4.0 g and temperature as 40°C. The

central values (0,0) for the independent variables were 150 mL/min for nitrogen flow-rate
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and 50 min for the adsorption time while the factor levels were +1.00 and £1.41 as already
said. It was decided that a unit of the central composite (+1.0) would be 50 mL/min for the
flow-rate and 20 min for the adsorption time in order to include all the best conditions
already pointed out (Table 2 and Figures 3-5). Table 3 shows the ten experiences of the
experimental design with the values for the two independent variables.

The dependent variables were the number of peaks, the total area of the chromatographic
peaks and chromatographic area of two volatile compounds, (2E)-2-hexenal and hexanoic
acid. These volatiles were selected because they are markers of sensory defects (hexanoic
acid) and cherished attributes ((2E)-2-hexenal),?® and besides they are widely separated in
the chromatograms, the retention time for (2E)-2-hexenal is 22.34 min and 49.40 min for
hexanoic acid. Hexanoic acid was used in the study despite its concentration is usually
affected by competition phenomena with other volatiles in SHS concentration step.® This
phenomenon is not uncommon when the quantification is done with a large number of
volatiles that compete among them to be adsorbed by traps (carbon dioxide, Tenax, SPME,
cold finger, etc.).

Table 3 shows that the chromatographic areas of E-2-hexenal were higher for medium and
high adsorption times (50, 70 and 78 min) while the lowest areas corresponded to the high
flow-rate values (150-200 mL/min), overall if it is combined with the lowest adsorption time
(22 min). High flow-rate values (> 150 mL/min), on the contrary, showed great influence in
the registered chromatographic areas of hexanoic acid that were higher excepting when, in
general, the adsorption times were low enough (< 30 min). It is important to point out that
hexanoic acid has lower volatility than (2E)-2-hexenal, and it needs of higher flow-rate values

to favor its release and adsorption to the fiber. The maximum number of peaks (224)
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corresponds to 200 mL/min of flow-rate and 70 min of adsorption time. However, the result
with 150 mL/min and 50 min is slightly lower (207 -218) but the adsorption time is much

better for an analytical method as it does not prolong the entire method too much.

3.1. Internal Quality Control Study

As result of the central composite experimental design and additional practical aspects
(analysis time), the optimal values of the variables for the DHS-SPME were: 4.0 g for VOO
sample, 40 °C for heating the sample during the concentration step of volatiles, a nitrogen
flow-rate of 150 mL/min and 50 min for the adsorption time. Figure 1 shows the
chromatograms of the volatile compounds of the same VOO sample when concentration of
volatiles was carried out with the dynamic headspace (DHS) and a static headspace (SHS)
sampling procedures, using the same SPME fiber. The chromatogram from SPME-DHS-GC
presents higher concentrations of the volatiles with medium and low vapor pressure than
from SPME-SHS-GC. It is important to notice that the sensory differences between EVOO and
VOO samples are consequence of the presence of volatiles responsible for sensory defects
that mostly are characterized by their medium and low vapor pressures. The fact of using a
DHS or a SHS concentration step does not modify the kind of volatile compound quantified
by GC though the volatile concentrations are higher after a DHS concentration step.
Unfortunately, volatiles with high vapor pressure are, in general, at high concentration in
SHS although they also have low odor activity value and hence they scarcely contribute - if
they do - to virgin olive oil sensory descriptors.

Once the optimal values of the analytical variables of the DHS-SPME procedure were

determined, with the help of a central composite experimental design, a validation was
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carried out according to ISO 17025:2005.3” The selected quality analytical parameters were:
precision, linearity, sensitivity, selectivity, accuracy, and limits of detection and
quantification. The most noticeable volatile compounds (36 volatiles shown in Figure 1) were
validated with the cited seven quality analytical parameters. Results, however, are shown
with five volatiles that comply with two basic requirements (i) to be determined at very
different retention times (Rt) of the chromatogram and linear retention index (LRI), and (ii)
to be markers or responsible for the perception of the most known sensory defects of virgin
olive 0ils.3® Thus, ethyl butanoate (Ri: 12.16 min; LRI: 1137) is a marker of fusty sensory
defect, 1-octen-3-one (Rt: 26.23 min; LRI: 1360) is a marker of mustiness, nonanal (Rt: 30.87
min; LRI: 1492) is a marker of rancidity, 1-octen-3-ol (Rt: 33.31 min; LRI: 1502) is a marker of
mouldy defect, and acetic acid (R:: 33.53 min; LRI:1553) is a marker of vinegary defect.'>33:36
A sixth volatile compound (2E)-2-Hexenal (Rt: 21.50 min; LRI: 1318) was selected as
representative of desirable VOO sensory attributes. In fact, this volatile is marker of green,
bitter almonds and green astringent sensory perceptions.?

Precision, a parameter that measures the similitude of the values obtained from an
adequate number of repeated measurements, was determined with a sample of lampante
virgin olive oil (LVOO). DHS-SPME-GC analysis was repeated seven times by the same analyst
under identical analytical conditions. The range of values of relative standard deviations
(%RSD) for dynamic headspace (DHS: 1.98-16.53%) — for all the quantified volatiles (34) - was
similar to those obtained with static headspace (SHS: 2.12-16.02%).2” Table 4 shows the
values of the five selected peaks. Acetic acid showed the lowest RSD (%). In fact, the
repeatability of the quantified acids — acetic, propanoic, butanoic, pentanoic and hexanoic -

was better in dynamic than static headspace because of their lower volatility and the
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difficulty of extracting these compounds compared with most of the volatile compounds.
With respect to other volatile compounds (Figure 1), DHS sampling procedure shows better
results, in terms of %RSD, in aldehydes (ranges of 2.38-9.81 for DHS and 4.82-13.47 for SHS)
and alcohols (ranges of 2.30-7.95 for DHS and 3.16-10.35 for SHS) with only two exceptions
heptanal (8.28 vs. 4.82) and 3-methylbutan-1-ol (7.01 vs. 3.16).%’

Linearity was the second analytical quality parameter studied because it informs about the
ability of the overall analytical method to provide results that are directly proportional to the
concentration of each volatile. Seven dilutions were carried out for the linearity study, which
covered the whole range of concentrations (min-max) of volatiles for the three VOO
categories (extra-virgin, virgin and lampante).?’-38 Table 4 shows the adjusted R-squared
(R%qj) in the range of concentration (C;), which varies from zero to the maximum
concentration where saturation was observed. Although linear regression calculates an
equation that minimizes the distance between the fitted line and all of the data points, a
high R2,qj does not necessarily indicate that the model has a good fit. The most common
validation is the residual plot. Thus, if the points in a residual plot are randomly dispersed
around the horizontal axis, a linear regression model is appropriate for the data; otherwise,
a non-linear model is more appropriate. In general, volatile compounds showed a linear
behavior, and in the case of DHS sampling, this procedure allowed analysing higher
concentrations of volatiles with no problem of saturation (e.g. 50 mg/kg nonanal).

The next studied analytical quality parameters were the limit of detection (LOD) and the
limit of quantification (LOQ). The first informs about the minimum amount of an analyte that
can be detected with a reasonable certainty by means of an analytical method, and the

second informs about the minimum amount of analyte that can be quantified with an
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adequate level of precision and accuracy.?® Another quality parameter is the working range
(WRg) that is limited by the concentration for LOQ and the highest concentration checked
with good linearity.?”3! Table 4 also shows the results of these quality parameters in which
concern the five selected volatiles determined after the pre-concentration step of DHS
sampling procedure. The behavior of the volatiles, however, was not so much different when
comparison was carried out taking into account their molecular mass and polarity, or the
volatile times of elution in the chromatogram. Values of LOD for SHS are of the same order,
slightly lower, compared with DHS sampling. DHS shows, however, higher values for upper
working range (WR) because DHS sampling enable to release much more amount of volatiles
than SHS sampling on the basis of their thermodynamic backgrounds.! The upper limit of the
working ranges (Table 4) is higher for DHS than for SHS up to more than 15 times (i.e. acetic
acid)?’ although the lower limit for DHS sampling is higher as well, with the exception of
nonanal. It seems that we are facing a shift due to leakages of volatiles, which are not
trapped by the SPME fiber when working in this first prototype for DHS sampling procedure.
In the case of nonanal and acetic acid the width of the working range was remarkable
higher.

Sensitivity, expressed as the ratio between changes in the output of an instrument and its
corresponding changes in the input, was also studied.3'"32 This ratio was extracted from the
slope of the calibration curve for each volatile compound. The sensitivity values should cover
a wide range because of the diversity of structures and natures of the volatile compounds
responsible for VOO aroma. Table 4 shows that the sensitivity of the volatiles determined
using DHS sampling is much higher than using SHS procedure.?’” However, this higher

sensitivity does not change the fact that acid compounds have the lowest sensitivity values,
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the intermediate values correspond to alcohols and the highest values are associated to
ethers (e.g. ethyl butanoate), whichever the kind of concentration step because the SPME
trap (DVB/CAR/PDMS) is the same for DHS and SHS sampling. In absolute terms, the higher
sensitivity to volatiles, as consequence of the DHS concentration step, is improving the use
of this technique for particular applications where sensitivity is relevant, such as explaining
sensory defects (e.g. rancidity) from volatiles with low recovery factors (e.g., nonanal).

VOO aroma is a complex mixture of more than 100 volatiles which chromatograms are not
exempted of potential interferences between peaks, which can be evaluated by the
selectivity or ratio of the retention factors of two successive peaks (also visualized as the
distance between the apices of the two peaks).3? The highest concentrations of many
volatiles after a DHS concentration step complicate even more a good chromatographic
resolution. Table 4 also shows the resolution of the five selected volatiles with respect to
their previous and next peaks. All the values are higher than 1.5, which means good
resolution.?®

An estimate of the accuracy is the percentage of the theoretical amount present in the
matrix (natural or added) versus the amount measured by the instrument.3¥32 This
percentage is related with the apparent recovery (Casp in Table 4). The apparent recovery was
calculated by adding a reference concentration (Crer in Table 4) that was located within the
working range to a fully refined olive oil, the equation is C.,,=(C/Cref)x100; where c is the
concentration determined with the method to be validated. It is a habitual procedure when the
concentration range is large and diverse between volatiles, which is the case of the volatiles
responsible for the aroma of VOO categories. Acids, for example, are at low concentrations

in extra virgin olive oils but can reach very high concentrations in lampante virgin olive
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oils,*® which are not fit-for-consumption and do have to be refined prior to being
consumed. Table 4 shows the recovery, expressed in percentage, obtained in the five
selected volatiles after the chromatographic determination of the added reference

concentration to the refined olive oil (experiment repeated for six times).

3.2. Validation of DHS-SPME-GC with commercial samples.

Once the variables with major influence on the design were optimized and the analytical
quality parameters were also determined, the next steps were focused on (i) comparing the
volatile areas (34 volatiles) of 50 commercial VOOs concentrated in SPME fibers with SHS
and DHS, and (ii) evaluating the ability of DHS-SPME distinguishing between VOO categories
(extra-virgin, virgin and lampante) of commercial oils.

The set of 50 VOO samples from 8 countries of the 5 continents (Argentina, Australia, Italy,
Portugal, Spain, Tunisia, Turkey, Uruguay) was qualified with 34 volatiles compounds. The 34
volatiles were selected according to their relevance explaining sensory attributes (mainly
defects) of VOO.! The ratios between the areas of the volatiles after the concentration steps
with SHS and DHS were determined to highlight the differences between the two sampling
modes. These ratios and their mean and standard deviation, are shown in Table 5. A major
number of volatiles (24) increases their chromatographic areas (ratio < 1.00) when
concentration is carried out under DHS sampling, while only 10 volatiles showed higher
chromatographic areas (ratio >1.00) working with SHS sampling.

In an idealized scenario of DHS sampling, both solution and headspace are depleted of
volatiles because they are transferred to the sorption trap (SPME). The presented

instrument is a prototype and it was expected that volatiles with high volatility would
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present more difficult to be adhered to the SPME fiber because leakages with the carrier gas.
Thus, ethyl acetate and ethanol showed the greatest differences between SHS and DHS, in
favor of the first option. Table 5 shows the values of correlations (R in the table) between
the chromatographic areas obtained by SHS and DHS sampling procedures for those volatiles
with significant differences in the areas (p<0.05) between these two procedures. Eleven
volatiles show correlation values lower than 0.60 so pointing out different behaviors of the
volatiles when the concentration step was implemented by SHS and DHS. Other 14 volatiles,
however, showed high correlation (R>0.80), which means the behavior of the volatiles with
the two concentration methods was similar enough. The comparison of results between
different compounds do not reveal a clear effect of the chemical series. Thus, the aldehydes
(2E)-2-hexenal and (2E)-2-heptenal show similar ratios (0.44 and 0.36 respectively) but the
correlations (R) are dissimilar (0.94 and 0.30 respectively) because of dispersion of data is
higher in (2E)-2-heptenal than (2E)-2-hexenal displayed by their standard deviations (SD 0.05
and 0.10 respectively). The pentanoic and butanoic acids have a dissimilar behavior in terms
of ratio for the SHS and DHS procedures (0.94 vs. 0.49), but the dispersion of data is much
higher in pentanoic acid (SD: 0.25) than butanoic acid (SD: 0.04) and hence the correlation
value when comparing the results from both extraction procedures was much lower for
pentanoic acid (0.30) than that for butanoic acid (0.81). The reason of the dispersion might
be related with the affinity of SPME coated polymers to different compounds, which is
diverse even among compounds of the same chemical series. The uncontrollable leak of
these volatiles with the carrier-gas can also have an influence in these differences.

Acetic acid provides lower chromatographic areas with DHS than SHS though there is a good

correlation (R) between them. It is supposed that there is not an erratic behavior but a less
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affinity of acetic acid to SPME fiber, which has been underlined in previous works.>® On the
opposite side, it is 1-octen-3-one, which was poorly quantified or simply not detected when
worked with SHS but was fairly quantified with DHS.

The last step was the analysis of the volatiles of 32 samples qualified as extra-virgin (9) and
virgin (23) olive oil. Twenty-two volatiles compounds — numbered 1-3, 5, 8-10, 12, 15-19 24-
28, 30-33 in Table 5 — were quantified with the internal standard in all the 32 samples. The
statistical procedure of principal component analysis (PCA) was applied to the volatiles
quantified in those samples as this is an unsupervised statistical procedure oriented toward
modelling the variance/covariance data matrix and allows checking the similarity of the
samples in terms of their volatile composition. Figure 6 shows the place of EVOO and VOO
samples qualified by volatiles concentrated in a SPME with a DHS in the PCA plot. The EVOO
samples are in Q2 or in its vicinity with the exception of sample E8. Three VOO samples (V2,
V9, V20) are classified together with EVOOs. The position of EVOO samples is explained by
higher concentration of ethyl butanoate (PCA1) and lower concentration of nonanal, octane
and acetic acid (PCA2) than VOO samples. Samples V5 and E8 were multivariate outliers for
their categories though they were not removed when applied PCA. The separation of
samples is slightly better when volatiles were obtained by DHS sampling (Figure 6).
Considering the results from quality analytical parameters, a device using SPME-DHS shows
similar if not better results than the current SPME-SHS. The differences between static and
dynamic enrichment methods in some compounds are not so relevant in terms of the values
of limit of detection and RSD in repeatability.?® Thus, the RSD values in repeatability of two
compared methods were sufficiently good for all the analytes but somehow better for

SPME-DHS. The latter method shows better extraction yield of analytes with medium to low
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vapor pressure that is not exhibited with high vapor pressure compounds, probably due to
some leakage that could be improved in a second prototype by optimizing the capillary tube
section where the SPME fiber is inserted. Thus, SPME-DHS would show better performance
in terms of extraction yield in compounds with low recovery factors, such as nonanal.
Additionally, SPME-DHS allows to avoid the problems of competence between volatiles in
the static enrichment method; particularly when the sample is a lampante virgin olive oil.°
That explains the higher maximum concentration in the linear working range. Another
advantage is that the method based SPME-DHS can be also completely automated, like
SPME-SHS. In fact, there are some automated instruments based on different traps (e.g.
Tenax), but they are not based on SPME. Particularly, SPME-DHS can be used for routine
headspace analysis for quantifying volatiles responsible for virgin olive oil with sensory
defects that have low volatility but a remarkable sensory relevance even at low
concentrations.3® Future work in this area could aim at an inter-laboratory comparison for

similar methods based on SPME-DHS.

ACKNOWLEDGMENT

This work was supported by the Comisidn Interministerial de Ciencia y Tecnologia (Spanish
Government) through the projects AGL2011-30371 and AGL2015-69320-R. Authors thanks
the Erasmus-Socrates bilateral exchange programme for partially funding the research stay

of one of the authors (Dimitrios Trypidis).

25



549

550

551

552

553

554

555

556

557

558

559

560

561

562

563

564

565

566

567

568

569

570

REFERENCES

1. Morales, M.T.; Aparicio-Ruiz, R.; Aparicio, R. Chromatographic methodologies: compounds
for olive oil odor issues, In: Handbook of Olive Oil: Analysis and Properties, 2" edition;

Aparicio R., Harwood J., Eds.; Springer: New York, NY, 2013; pp. 261-309.

2. EU. HORIZON 2020 Work Programme 2014-2015. Olive QOil Authentication. 2014.

http://ec.europa.eu/research/participants/portal/desktop/en/opportunities/h2020/to

pics/2329-sfs-14a-2014.html

w

. Aparicio, R.; Morales, M.T.; Alonso, M.V. Relationship between volatile compounds and
sensory attributes of olive oils by the sensory wheel. J. Am. Oil Chem. Soc. 1996, 73,

1253-1264.

4. Genovese, A.; Yang, N.; Linforth, R.; Sacchi, R.; Fisk, I. The role of phenolic compounds on

olive oil aroma release. Food Res. Inter. 2018, 112, 319-327.

5. Romero, |.; Garcia-Gonzdlez, D.L.; Aparicio-Ruiz, R.; Morales, M.T. Validation of SPME—
GCMS method for the analysis of virgin olive oil volatiles responsible for sensory

defects. Talanta. 2015, 134, 394-401.

6. Oueslati, |.; Haddada, F. M.; Manai, H.; Zarrouk, W.; Taamalli, W.; Fernandez, X.; Lizzani-
Cuvelier, L.; Zarrouk, M. Characterization of volatiles in virgin olive oil produced in the

Tunisian area of Tataouine. J. Agric. Food Chem. 2008, 56, 7992-7998.

7. Genovese, A.; Caporaso, N.; De Luca, L.; Paduano, A.; Sacchi, R. Influence of olive oil
phenolic compounds on headspace aroma release by interaction with whey proteins. J.

Agric. Food Chem. 2015, 63, 3838-3850.
26


http://ec.europa.eu/research/participants/portal/desktop/en/opportunities/h2020/topics/2329-sfs-14a-2014.html
http://ec.europa.eu/research/participants/portal/desktop/en/opportunities/h2020/topics/2329-sfs-14a-2014.html

571

572

573

574

575

576

577

578

579

580

581

582

583

584

585

586

587

588

589

590

591

8. Vichi, S.; Castellote, A.l.; Pizzale, L.; Conte, L.S.; Buxaderas, S.; Lopez-Tamames, E. Analysis
of virgin olive oil volatile compounds by headspace solid-phase microextraction
coupled to gas chromatography with mass spectrometric and flame ionization

detection. J. Chromatogr. A. 2003, 983, 19-33.

9. Oliver-Pozo, C.; Aparicio-Ruiz, R.; Romero, |.; Garcia-Gonzdalez, D.L. Analysis of volatile
markers for virgin olive oil aroma defects by SPME-GC/FID: Possible sources of

incorrect data. J. Agric. Food Chem. 2015, 63, 10477-10483.

10. Fortini, M.; Migliorini, M.; Cherubini, C.; Cecchi, L.; Calamai, L. Multiple internal standard
normalization in virgin olive oil volatile organic compounds (VOO-VOCs) Talanta. 2018,

165, 641-652.

11. Sellami, I.; Mall, V.; Schieberle, P. Changes in the key odorants and aroma profiles of
Hamlin and Valencia orange juices not from concentrate (NFC) during chilled storage. J.

Agric. Food Chem. 2018, 66, 7428-7440.

12. Franitza, L.; Nicolotti, L.; Granvogl, M.; Schieberle, P. Differentiation of rums produced
from sugar cane juice (Rhum Agricole) from rums manufactured from sugar cane

molasses by a metabolomics approach. J. Agric. Food Chem. 2018, 66, 3038-3045.

13. Wagner, J.; Schieberle, P.; Granvogl, M., Characterization of the key aroma compounds in
heat-processed licorice (succus liquiritiae) by means of molecular sensory science. J.

Agric. Food Chem. 2017, 65, 132-138.

14. Kraujalyte, V.; Leitner, E.; Venskutonis, P.R. Characterization of Aronia melanocarpa

volatiles by headspace-solid-phase microextraction (HS-SPME), simultaneous

27


https://www.ncbi.nlm.nih.gov/pubmed/?term=Vichi%20S%5BAuthor%5D&cauthor=true&cauthor_uid=12568367
https://www.ncbi.nlm.nih.gov/pubmed/?term=Castellote%20AI%5BAuthor%5D&cauthor=true&cauthor_uid=12568367
https://www.ncbi.nlm.nih.gov/pubmed/?term=Pizzale%20L%5BAuthor%5D&cauthor=true&cauthor_uid=12568367
https://www.ncbi.nlm.nih.gov/pubmed/?term=Conte%20LS%5BAuthor%5D&cauthor=true&cauthor_uid=12568367
https://www.ncbi.nlm.nih.gov/pubmed/?term=Buxaderas%20S%5BAuthor%5D&cauthor=true&cauthor_uid=12568367
https://www.ncbi.nlm.nih.gov/pubmed/?term=L%C3%B3pez-Tamames%20E%5BAuthor%5D&cauthor=true&cauthor_uid=12568367
https://www.ncbi.nlm.nih.gov/pubmed/12568367
https://www.ncbi.nlm.nih.gov/pubmed/26568468

592

593

594

595

596

597

598

599

600

601

602

603

604

605

606

607

608

609

610

611

612

15

16

17

18

19.

20

21

distillation/extraction (SDE), and gas chromatography-olfactometry (GC-O) methods. J.

Agric. Food Chem. 2013, 61, 4728-4736.

. Xu, Y.; Fan, W.; Qian, M.C., Characterization of aroma compounds in apple cider using
solvent-assisted flavor evaporation and headspace solid-phase microextraction. J.

Agric. Food Chem. 2007, 55, 3051-3057.

. Loughrin, J.H. Comparison of solid-phase microextraction and stir bar sorptive extraction
for the quantification of malodors in wastewater. J. Agric. Food Chem. 2006, 54, 3237-

3241.

. Carasek, E.; Pawliszyn, J., Screening of tropical fruit volatile compounds using solid-phase
microextraction (SPME) fibers and internally cooled SPME fiber. J. Agric. Food Chem.

2006, 54, 8688-8696.

. Choi, H. S., Aroma evaluation of an aquatic herb, changpo (Acorus calamus var. angustus

Bess), by AEDA and SPME. J. Agric. Food Chem. 2004, 52, 8099-8104.

Zhu, H.; Li, X.; Shoemaker, C. F.; Wang, S. C. Ultrahigh performance liquid
chromatography analysis of volatile carbonyl compounds in virgin olive oils. J. Agric.

Food Chem. 2013, 61, 12253-12259.

. Tena, N.; Wang, S.C.; Aparicio-Ruiz, R.; Garcia-Gonzdlez, D.L.; Aparicio, R. In depth
assessment of analytical methods for olive oil purity, safety, and quality

characterization. J. Agric. Food Chem. 2015, 63, 4509-4526.

. International Olive Council. Method for the Organoleptic Assessment of Virgin Olive Oil.

COI/T.20/Doc. No 15/Rev. 9. (2017), Madrid (Spain).

28



613

614

615

616

617

618

619

620

621

622

623

624

625

626

627

628

629

630

631

632

633

22. Morales, M.T.; Aparicio, R. Optimization by mathematical procedures of two dynamic
headspace techniques for quantifying virgin olive oil volatiles. Anal. Chim. Acta. 1993,

282, 423-430.

23. Molyneux, R.J.; Schieberle, P. Compound ldentification: A Journal of Agricultural and

Food Chemistry Perspective. J. Agric. Food Chem. 2007, 55, 4625-4629.

24. Angerosa, F.; Servili, M.; Selvaggini, R.; Taticchi, A.; Esposto, S.; Montedoro, G.F. Volatile
compounds in virgin olive oil: occurrence and their relationship with the quality. J.

Chromatogr. A. 2004, 1054, 17-31.

25. Romero, |.; Garcia-Gonzalez, D.L.; Aparicio, R.; Morales, M.T. Study of volatile
compounds of virgin olive oils with ‘frostbitten olives’ sensory defects. J. Agric. Food

Chem. 2017, 65, 4314-4320.

26. Peris-Vicente, J.; Esteve-Romero, J.; Carda-Broch, S. Validation of Analytical Methods
Based on Chromatographic Techniques: An Overview, In: Analytical Separation Science;
Anderson J.L., Berthod A., Pino Estévez V., Stalcup A.M., Eds.; Wiley-VCH: Weinheim

Germany, 2015; pp. 1757-1808.

27. Aparicio-Ruiz, R.; Garcia-Gonzalez, D.L.; Morales, M.T.; Lobo-Prieto, A.; Romero, |.
Comparison of two analytical methods validated for the determination of volatile

compounds in virgin olive oil: GC-FID vs GC-MS. Talanta. 2018, 187, 133-141.

28. IUPAC. International Union of Pure and Applied Chemistry. Harmonized Guidelines for
Single Laboratory Validation of Methods of Analysis. Pure Appl. Chem. 2002, 74, 835-

855.

29



634

635

636

637

638

639

640

641

642

643

644

645

646

647

648

649

650

651

652

653

654

29. EURACHEM. The Fitness for Purpose of Analytical Methods. A Laboratory Guide to
Method Validation and Related Topics. EURACHEM Secretariat. Teddington.

Middlesex. 1998.

30. Companio Beltran, R.; Rios Castro, A. Garantia de la calidad en los laboratorios analiticos,
Sintesis: Madrid, Spain; 2010, pp. 1-320.

31. Gonzdlez, G.; Herrador, M.A.; Asuero, A.G. Intra-laboratory assessment of method
accuracy (trueness and precision) by using validation standards. Talanta. 2010, 82,
1995-1998.

32. Boqué, R.; Maroto, A.; Riu, J.; Rius, F.X. Validation of analytical methods. Grasas Aceites.

2002, 53, 128-143.

33. Morales, M.T.; Rios, J.J.; Aparicio, R. Changes in the volatile composition of virgin olive

oil during oxidation: Flavors and off-flavors. J. Agric. Food Chem. 1997, 45, 2666-2673.

34. Barros, E.; Moreira, N.; Pereira, G.; Gomes Ferreira Leite, S.; Moraes Rezende, C.; Guedes
de Pinho, P. Development and validation of automatic HS-SPME with a gas
chromatography-ion trap/mass spectrometry method for analysis of volatiles in wines.

Talanta. 2012, 101, 177-186.

35. Aparicio, R.; Morales, M.T.; Aparicio-Ruiz, R.; Tena, N.; Garcia-Gonzalez, D.L. Authenticity
of olive oil: Mapping and comparing official methods and promising alternatives. Food

Res. Int. 2013, 54, 2025-2038.

36. Morales, M.T.; Luna, G.; Aparicio, R. Comparative study of virgin olive oil sensory defects.

Food Chem. 2005, 91, 293-301.

30


http://pubs.acs.org/author/Morales%2C+M+T
http://pubs.acs.org/author/Rios%2C+J+J
http://pubs.acs.org/author/Aparicio%2C+R

655

656

657

658

659

660

661

662

663

664

665

666

37.1SO/IEC 17025:2005. General requirements for the competence of testing and calibration
laboratories. Int. Organization for Standardization.

https://www.iso.org/standards.html.

38. Garcia-Gonzalez, D.L.; Vivancos, J.; Aparicio, R. Mapping brain activity induced by

olfaction of virgin olive oil aroma. J. Agric. Food Chem. 2011, 59, 10200-10210.

39. Miller, N.J.; Miller, J.C. Statitics and Chemometrics for Analytical Chemistry, 6% edition;

Pearson Education Limited: Harlow, UK; 2010 pp. 154-185.

40. Kremser, A.; Jochmann, M.A.; Schmidt, T.C. Systematic comparison of static and dynamic
headspace sampling techniques for gas chromatography. Anal. Bioanal. Chem. 2016,

408, 6567-6579.

31


https://www.iso.org/standards.html

667

668

669

670

671

672

673

674

675

676

677

678

679

680

681

682

683

684

685

686

687

688

FIGURE CAPTIONS:

Figure 1. Chromatograms of the volatile compounds of a virgin olive oil sample analyzed by
SPME-GC-FID with dynamic headspace (DHS) and static headspace (SHS) sampling
procedures for concentrating its volatiles in a SPME fiber. Code numbers are displayed in 2.1

Reagents.

Figure 2. Desing of the system for using SPME fiber in a Dynamic HeadSpace (DHS). Note: A,

SPME fiber capilar and inert gas outlet; B, intert gas inlet.

Figure 3. Total area of all the chromatographic peaks of a VOO sample (5 g) that was swept
with a nitrogen flow-rate of 100 mL/min for 12 different adsorption times (5-240 min) and
volatiles were trapped in a SPME fiber (DVB/CAR/PDMS). Adjusted curve was done with
distance weighted least squares. All the samples were analyzed in duplicate and the error

bars are shown.

Figure 4. Chromatographic areas of 1-hexanol from a VOO sample (5 g) that was swept with
a Nitrogen flow-rate of 100 mL/min in 12 different adsorption times (5-240 min) for a triple
(DVB/CAR/PDMS) SPME fiber. Adjusted curve was done with distance weighted least

squares. All the samples were analyzed in duplicate and the error bars are shown.
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Figure 5. Total area of chromatographic peaks of the experimental design with six amounts
of VOO samples (0.5-6.0 g) that was swept with Nitrogen at 100 mL/min flow-rate during an
adsorption time of 40 min. Volatiles were adsorbed in a triple (DVB/CAR/PDMS) SPME fiber.
Adjusted curve was done with distance weighted least squares. All the samples were

analyzed in duplicate and the error bars are shown.

Figure 6. Principal component analysis of 32 commercial samples of extra-virgin olive oils
(coded E) and virgin olive oils (coded V). The concentration of the volatiles was carried out in
a SPME fiber placed inside the instrument of Figure 1. Inserted figure corresponds to
another PCA with the same samples but with information from SPME-SHS procedure;

triangles (green) correspond to VOO and squares (blues) to EVOO.
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Table 1. Central composite experimental design.

Run Factor1 Factor2

1 1 -1
2 1 1
3 -1 1
4 -1 -1
5 0 1.41
6 0 -1.41
7 -1.41 0
8 141 0
9 0 0
10 0 0
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Table 2. Number of chromatographic peaks, total and individual chromatographic areas of the volatile compounds in the experiments with

different flow-rate (mL/min) of inert gas (N;) sweeping the headspace of a sample of virgin olive oil. Values are the mean of experiments

carried out in duplicate. Note: RSD%, percentage of Relative Standard Deviation. The maximum values are highlighted in bold.

Code Flow rate (mL/min) 0 12 25 50 100 150 200 250 300 350 400
Peaks 20 85 101 112 153 146 123 126 135 148 151
Total area of volatiles 468850 4815932 4514476 3003129 3125368 2607632 3086233 1814679 2065095 1929794 1921622
1 Octane 0 134339 151240 116977 104486 70867 70167 47010 45966 46257 38554
2 Ethyl acetate 4236 86471 75531 37190 38784 30286 28801 20060 16312 15093 16926
3 Ethanol 295439 1488432 1148811 426298 342572 163977 215563 120738 116226 108554 75434
5 Pentan-3-one 0 46865 43827 27808 23099 13639 14947 9286 8812 8842 8271
6 Pentanal 0 63729 49436 35996 28527 19097 17584 11470 11397 12985 10053
8 1-Penten-3-one 0 2642 4067 2602 2047 3250 7499 2302 3691 2552 0
9 Butan-2-ol 0 3313 6218 5130 6252 2454 3308 1860 1785 1612 868
12 Hexanal 0 43566 54159 53918 53134 44189 37304 30574 28184 31623 11942
15  Heptan-2-one 0 2809 4571 4072 4930 4146 3531 2844 3822 3074 1861
16  Heptanal 0 881 1185 3190 3964 5156 2843 3305 1704 2693 3644
17 3-Methylbutan-1-ol 0 71368 69956 52189 50170 32879 28490 24133 23273 23934 30264
18  (2E)-2-Hexenal 0 1685 2977 2669 3421 1797 1939 1521 2636 1559 5160
19  3-Octanone 0 37990 41092 37199 33647 26538 24905 19679 19753 19558 10942
20 Hexyl acetate 0 40649 69359 83923 108093 131342 120479 94223 95350 108256 119774
21 Octanal 0 1216 1812 1555 3003 2469 2881 1801 2996 2372 2888
23 (2E)-2-Heptenal 0 8329 17837 18981 24661 24536 25550 17867 39368 22552 24794
24 Heptan-2-ol 0 883 3429 3469 3976 1157 1272 865 1461 901 1010
25  6-Methyl-5-hepten-2-one 0 2485 4769 6564 6304 7428 6596 4465 6611 5361 5284
26  1-Hexanol 0 348460 476074 502299 528698 534268 510018 399822 398140 425904 297447
27  (3E)-3-Hexen-1-ol 0 13028 36978 30947 37696 20113 19801 13209 17651 14135 26683
28  Nonanal 0 701 1380 1777 1206 2391 2116 1891 2135 2049 3076
30  Acetic acid 6930 413266 406186 261911 239398 241884 252281 109183 111491 107026 88931
31  Propanoic acid 0 3580 4102 3439 3963 3224 3685 2342 1527 2021 1963
32 Butanoic acid 1433 4034 5562 5044 7213 5634 7347 4655 5575 5467 6678
33  Pentanoic acid 0 1694 2564 2525 3972 3382 5112 2815 4200 2975 2559
34  Hexanoic acid 0 1768 2889 2221 5720 5145 7972 4423 6032 4866 8335
-- Area of these volatiles 308038 2824183 2686011 1729893 1668936 1401248 1421991 952343 976098 985221 803341
RSD% 15.6% 9.9% 11.3% 9.9% 7.1% 5.7% 12.7% 18.4% 19.8% 24.0% 28.3%
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Table 3. Experiences of the central composite experimental design for two factors (flow-rate and
adsorption time). Standard run indicates the random ordering of the experimental analyses. Factor A
corresponds to nitrogen flow-rate and Factor B to adsorption Time. Dependent variables are the

areas of E-2-hexenal and hexanoic acid, total chromatographic areas and number of peaks. Note: ?,

mL/min; 2, minutes; 3, values are rounded; 4, chromatographic area.

Standard Order Factor A Flow-ratel® Factor B Ads_orpztiaon (2E)—2—3 Hexzfn;)ic Total Peak
Run time? Hexenal acid area numbers
2 1 1 200 -1 30 31280 2905 2999813 158
1 2 0 150 1,41 78 64913 9470 5377926 203
9 3 0 150 0 50 52621 7302 5429856 218
4 4 1 200 1 70 49327 11145 5670002 224
8 5 0 150 -1,41 22 22495 1305 2308953 118
3 6 -1.41 81 0 50 68132 1302 6275378 124
5 7 1.41 221 0 50 36929 5693 4045949 179
10 8 -1 100 1 70 63799 5554 6816197 175
6 9 -1 100 -1 30 52179 1641 4476133 137
7 10 0 150 0 50 59538 5294 5185238 207
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Tabla 4. Values of the analytical quality parameters for volatiles analyzed with the optimized dynamic headspace (DHS) concentration step.
Quality parameters for volatiles analyzed with static headspace (SHS) have been taken from Aparicio-Ruiz et al.?” Information from calibration
straight-line equation are: adjusted R-squared coefficient (R?.g;), concentration range of volatiles (C;), limits of detection and quantification and
working range (W), the last four in mg/kg. Repeatability is given in percentage. Reference concentration (Crer) and apparent recovery (Csp) are
expressed in mg/kg and percentage respectively. Rpp and Rpn are the chromatographic resolution respect to the previous and next peak

respectively.

Ethyl butanoate 1-Octen-3-one Nonanal 1-Octen-3-ol Acetic acid (2E)-2-Hexenal
DHS SHS DHS SHS DHS SHS DHS SHS DHS SHS DHS SHS
Repeatability 9.72 26.74 8.93 16.67 9.57 8.98 7.95 6.57 1.98 2.21 2.38 5.30
R%adj 0.995 0.992 0.998 0.997 0.999 0.991 0.977 0.998 0.998 0.997 0.930 0.996
C 0-5 0-1 0-5 0-3 0-50 0-15 0-10 0-10 0-100 0-6 0-25 0-6
Limit of Detection 0.46 0.09 0.74 0.30 1.57 2.41 1.02 0.74 1.43 0.56 0.11 0.54
Limit of Quantification 1.54 0.30 2.47 0.98 5.23 8.05 3.40 2.46 4.28 1.77 0.36 1.81
Working range (Wg) 1.54-5.0 {0.30-1.0 | 2.47-5.0;{ 0.98-3.0 | 5.23-50.0 {8.05-15.0|3.40-10.0{ 2.46-10.0 | 4.28-90.0 ; 1.77-6.0 | 0.23-17 1.81-6.0
Sensitivity (x10%) 27.80 1.24 5.00 0.52 9.90 0.26 10.60 0.48 2.00 0.08 5.07 0.48
Resolution Rop 2.56 1.88 2.01 1.57 4.23 4.25 2.04 22.01 11.07 8.57 1.72 2.00
Rpn 10.09 4.17 3.01 1.12 2.04 0.61 4,51 13.96 4.13 3.94 6.81 20.29
Apparent Recovery Cref 3.0 3.0 10.0 5.0 50.0 5.0
Cp 1011 i 98.1 i 95.2 i 98.5 i 104.7 i 94.13 i
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Table 5. Ratio (meantSD) between the chromatographic area of volatiles concentrated with static (SHS) and dynamic (DHS) headspace sampling
procedures. Correlations (R) between the areas of the volatiles showed significant difference in the values (p<0.05) obtained with SHS and DHS

procedures. Fifty is the number of samples used in the study. The number of codes corresponds to each peak describes in Figure 1. Note: LR,

empirical linear retention index. The Code number 14 corresponds to the internal standard (IS).

Code Volatile Ratio R LRI Code Volatile Ratio R LRI
1  Octane 0.91+0.05 0.87 800 | 19 3-Octanone 1.4610.10 0.47 1328
2 Ethyl acetate 8.01+1.41 0.82 886 | 20 Hexyl acetate 0.18+0.02 0.97 1377
3  Ethanol 22.87+4.69 0.75 999 | 22 1-Octen-3-one 0.03+0.02 0.22 1360
4  Ethyl propanoate 1.1140.25 0.35 1034| 23 (32Z)-3-Hexenyl acetate 0.11+0.01 0.97 1421
5 Pentan-3-one 1.3540.11 0.82 1062| 24 (2E)-2-Heptenal 0.36+0.10 0.30 1429
6 Pentanal 0.95+0.10 0.75 1064| 25 Heptan-2-ol 2.06£0.38 0.15 1437
7  4-Methylpentan-2-one 0.46%0.04 0.64 1128| 26 6-Methyl-5-hepten-2-one  0.30+0.05 0.88 1444
8 1-Penten-3-one 0.54+0.06 0.33 1118] 27 Hexan-1-ol 0.7210.03 0.92 1463
9 Butan-2-ol 0.62+0.07 0.42 1133| 28 (3E)-3-Hexen-1-ol 0.48+0.04 0.77 1472
10 Ethyl butanoate 0.2610.04 0.51 1137]| 29 (3Z)-3-hexen-1-ol 0.31+0.05 0.92 1477
11  2-Methylpropyl butanoate 0.90+0.09 0.65 1163| 30 Nonanal 0.25+0.05 0.72 1492
12 Hexanal 0.92+0.04 0.87 1181| 31 1-Octen-3-ol 0.2910.06 0.98 1502
13 Butan-1-ol 0.56+0.10 0.34 1254 32 Acetic acid 1.81+0.10 0.98 1553
15 Heptan-2-one 0.17+0.01 0.89 1282| 33 Propanoic acid 1.21+0.26 0.70 1643
16 Heptanal 0.15+0.06 0.44 1286| 34 Butanoic acid 0.49+0.04 0.81 1731
17 3-Methylbutan-1-ol 2.69+0.24 0.62 1316| 35 Pentanoic acid 0.94+0.25 0.30 1842
18 (2E)-2-Hexenal 0.44+0.05 0.94 1318]| 36 Hexanoic acid 1.92+0.39 0.69 1942
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