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Elvira López-Tamamesb

a Dipartimento di Scienze degli Alimenti, Universit`a degli Studi di Udine, Via Marangoni 97, 33100 Udine, Italy
b Departament de Nutrici´o i Bromatologia, Centre de Refer`encia en Tecnolog´ıa dels Aliments (CeRTA), Facultat de Farm`acia,

Universitat de Barcelona, Avda Joan XXIII, s/n, E-08028 Barcelona, Spain

Received 18 November 2004; received in revised form 21 June 2005; accepted 6 July 2005
Available online 21 July 2005

Abstract

arbons in
v ntaminants
s atic rings.
S rformances
o rbons could
b olive oil
s
©

K ME; Ga
c

1

a
t
t
m
b
(
s
e
t
k

d
s of

tain
and

AH
s a
no-

n

curs
are
atic

leads
con-
or to

0
d

A reliable, simple and relatively fast method for the simultaneous determination of volatile and semi-volatile aromatic hydroc
irgin olive oil was developed, based on headspace solid-phase microextraction (HS-SPME). The investigation regarded eco-co
uch as alkylated monoaromatic hydrocarbons from C1- to C4-benzenes and light polyaromatic hydrocarbons up to four arom
ampling and chromatographic conditions were optimized by using standard solutions in deodorized olive oil and the analytical pe
f the method were determined. The proposed method was then applied to real samples of virgin olive oil were the target hydroca
e identified and quantified. Several of them had not been previously quantified in virgin olive oil. Moreover, by the analysis of
amples an additional number of C4-benzenes could be tentatively identified.
2005 Elsevier B.V. All rights reserved.
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. Introduction

A wide number of mono- and polyaromatic hydrocarbons
re well known as ubiquitous contaminants and several of

hem are considered as priority environmental pollutants by
he Environmental Protection Agency (EPA)[1]. Monoaro-
atic hydrocarbons (MAHs), comprising benzene and alkyl
enzene homologues, as well as polyaromatic hydrocarbons
PAHs) are mainly emitted into the atmosphere by fuel oils
pill, combustion and evaporation, by vehicular and industrial
missions and geochemical processes[2–4]. MAHs, in par-

icular benzene, toluene, ethylbenzene, xylenes (collectively
nown as BTEX) also widely occur in industrial solvents,

∗ Corresponding author. Tel.: +39 0432 590736; fax: +39 0432 590719.
E-mail address:stefania.vichi@uniud.it (S. Vichi).

paints and chemical products[4,5], and PAHs are forme
in incomplete combustion and pyrolysis of several form
organic matters[6].

In terms of safety of aromatic hydrocarbons, cer
carcinogenic, immunological, reproductive, fetotoxic,
genotoxic effects have been associated with some M
compounds[7,8]; 1,3,5-trimethylbenzene is considered a
severe systemic toxic[9]; tetramethylbenzenes possess ge
toxic and mutagenic effect[10] and finally PAHs are know
to be human carcinogens[11].

Human exposition to these compounds mainly oc
by inhalation, but they also pollute the food chain and
ingested by the consumer. The high solubility of arom
hydrocarbons in organic rather than in aqueous matrix
to their accumulation in edible oils and fats, that may be
taminated by environmental pollution and processes pri

021-9673/$ – see front matter © 2005 Elsevier B.V. All rights reserved.
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refining. For the absence of refining processes which lead
to a decrease of total volatile compounds, virgin olive oil
could maintain higher levels of volatile contaminants. For
this reason, the assessment of volatile contaminants in olive
oil deserves a special attention. Nine monoaromatic hydro-
carbons were identified for the first time in virgin olive oil in
1984[12] and some studies were carried out to assess BTEX
levels in virgin olive oil, related with air contamination and
extraction process[13–15]. As well, due to the absence of
refining process, in virgin olive oil have been observed higher
levels of light PAHs than in other vegetable oils[16]. Dis-
tinct techniques have been employed for the determination
of aromatic hydrocarbons in olive oils. PAHs are most fre-
quently extracted by means of liquid–liquid partition or solid
phase extractions[6,16–18]. Concerning MAHs, few stud-
ies on their presence in virgin olive oils have been carried
out employing the dynamic headspace technique[12–15].
Only Page and Lacroix[19] describe the application of the
solid-phase microextraction (SPME) to assess BTEX and
halogenated volatile contaminants in vegetable oils.

In the present work, headspace solid-phase microextrac-
tion (HS-SPME) was proposed for the simultaneous determi-
nation of volatile and semivolatile aromatic hydrocarbons in
virgin olive oil, where they can be especially abundant for the
absence of deodorizing and refining processes. The investi-
gation regarded alkylated monoaromatic hydrocarbons from
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The internal standards solution of ethylbenzene-d10,
indene, acenaphthene-d10 and phenanthrene-d10 was also
prepared by dilution in deodorized olive oil.

2.3. SPME conditions

The SPME fibre used was a divinylbenzene/carboxen/
polydimethylsiloxane 50/30�m, 2 cm long (DVB/Car/
PDMS), from Supelco Ltd.

Various sampling temperatures were tested in order to
improve the extraction efficiency. Two grams of a 10�g/kg
oil standard mixture were placed into a 10 mL vial fitted with
a silicone septum, then in silicon oil bath whose temperature
was fixed at 40, 60, 80 and 100◦C, successively. Temperature
was tested first at an arbitrary time, fixed at 30 min in order to
make faster the analysis. The oil was maintained under mag-
netic stirring (700 rpm). After 2 min of sample conditioning,
the fibre was exposed to the sample headspace during 30 min
and immediately desorbed in the gas chromatograph injector.
The sampling temperature of 100◦C was chosen to perform
the analysis.

To determine the optimal time of exposition of the fibre to
the sample headspace, the fibre was held to the headspace of
the standard mixture at 100◦C for time periods of 15, 30, 45
and 60 min, and after comparison of the relative chromato-
graphic responses, the sampling time of 60 min was chosen
t
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1- to C4-benzenes and light polyaromatic hydrocarbon
o four aromatic rings. Sampling and chromatographic
itions were optimized by means of using standard solu

n deodorized olive oil and the developed method was
pplied to real samples of virgin olive oil.

. Experimental

.1. Reagents and standards

Ethylbenzene,o-, m- and p-xylene, 1,3,5-, 1,2,3- an
,2,4-trimethylbenzene, 2-and 3-ethyltoluene, butylbenz
,2,3,4-tetramethylbenzene andp-cymene were purchas
y TCI Ltd. (Tokyo, Japan). Standard solutions of
romatic hydrocarbon mix (acenaphthene, acenaphthy
nthracene, fluoranthene, pyrene, fluorene, naphtha
-methylnaphthalene, 2-methylnaphthalene), ethylbenz
10, indene, acenaphthene-d10 and phenanthrene-d10
urchased by Supelco Ltd. (Bellefonte, PA, USA). Tolu
as from Sigma–Aldrich (St. Louis, Missouri, USA).

.2. Standard solutions

A standard solution in deodorized olive oil was prepa
t a concentration of 10 mg/L, containing toluene, C2-,
nd C4-benzenes and the standard polyaromatic hydroc
ix. Oil standard mixtures at various concentrations in

ange 1–70�g/kg were then obtained by spiking deodori
live oil with this stock solution.
,

e

o perform the analysis.

.4. GC–MS analysis

GC analyses were performed on a Agilent Technolo
890N Network gas chromatograph coupled to a Ag
echnologies 5973 Network quadrupole mass selective
rometer and provided with a split-splitless injection p
elium was the gas carrier, at a linear velocity of 38 cm
eparation of compounds was performed on a Supelco
0 (Supelco Ltd., Bellefonte, PA, USA) and on a HP-5
Hewlett-Packard, Avondale, PA, USA) capillary colum
both 30 m× 0.25 mm I.D., 0.25�m film thickness). Col
mn temperature was held at 40◦C for 3 min and increased
5◦C at 4◦C/min, then at 8◦C/min to 250◦ holding 10 min
he injector temperature was 265◦C and the time of desor

ion of the fibre into the injection port was fixed at 5 min.
The temperature of the ion source and the transfer line

75 and 280◦C, respectively. Electron impact mass spe
ere recorded at 70 eV ionization energy, 2 scan/s.
GC-MS analysis in the complete scanning mode (SC

n the 40–300 amu mass range was performed to allow
dentification of compounds in samples and oil standard
ures. Quantitative assessment of aromatic hydrocarbon
arried out in the selected ion monitoring mode (SIM) in o
o improve the detection limits, and the ions analyzed w
/z 91, 98 and 106 (group 1); 105, 116, 119, 120 and

group 2); 128, 142 (group 3); 152, 153 and 164 (group
66, 178, 188 and 202 (group 5). Base peak ions were

or quantification of compounds.
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2.5. Analytical performances

Response factors and linearity were calculated by
analysing oil standard mixtures at concentrations of 1, 2.5,
5, 10, 20, 40 and 70�g/kg. Concentration of the internal
standards was maintained at 10�g/kg. To evaluate the com-
petition effect due to the interference of sample volatiles,
standard mixtures in the range 1–70�g/kg were prepared
in quadruplicate using either deodorized olive oil and virgin
olive oil. The means of linear regressions slopes were then
compared by the Studentt-test.

Intra- and inter-day repeatability of the method were tested
by repeating six and five times, respectively, the analysis of
a 10�g/kg oil standard mixture.

Limits of detection (LOD) and quantification (LOQ)
were calculated on virgin olive oil as LOD = 3δ/m and
LOQ = 10δ/m, according with Long and Winefordner[20]
and IUPAC[21] definitions, whereδ is the standard devi-
ation of the blank andm is the slope of the calibration
curve.

Accuracy of the analytical assay was determined as the
percentage of the theoretical standard hydrocarbons recov-
ered from a virgin olive oil fortified at two concentration
levels (10 and 20�g/kg).

2.6. Distribution constants
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retention indices were compared with retention indices of the
compounds available in the literature.

3. Results and discussion

3.1. SPME conditions

Not many studies describe the use of SPME in the quantifi-
cation of volatiles in lipid samples, and in particular few data
are available on the application of SPME for the quantitative
determination of volatile contaminants in lipid samples. The
principal difficulty of the HS-SPME analysis of lipid sam-
ples is the matrix effect, that causes the decrease of SPME
efficiency. Indeed, lipid sample participates in the distribu-
tion equilibrium of volatiles as well as fibre coatings, having
a high affinity with organic compounds. In order to optimize
the efficiency and sensitivity of the method of analysis, is
necessary to identify the most suitable SPME sampling con-
ditions. Basically the type of fibre coating, temperature and
time of extraction are the parameters to be taken into account,
since in the case of lipids the amount of sample does not affect
the mass of analyte absorbed by the SPME coating[19].

Among the commercially available fibres, the Carboxen-
based coatings show the better efficiency for a wide number of
volatile organic compounds[19,24]. In this study, the three-
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The distribution constant between sample matrix
bre coating (Kfs) was obtained as the product of the sa
le/headspace (Ksh) and the headspace/fibre (Khf) distribu-

ion constants[22]. Ksh and Khf at the equilibrium wer
alculated by the following expression:Ksh= (Ah/Vh)/(As/Vs)
ndKhf = (Af /Vf )/(Ah/Vh) whereAh, Af , As are the chromato
raphic areas given by analytes determined in the heads

n the oil sample and adsorbed on fibre, respectively;Vh, Vf ,
s are the volumes of headspace, sample and fibre, re

ively. Ah was obtained by performing a static headsp
SHS) analysis of 10�g/kg oil standard mixture by a 1 m
as syringe (Vf ), after conditioning at 100◦C;Af was from a
0�g/kg oil standard mixture extracted by SPME until eq

ibration, consideringVf to be 1�L [23]; finally, As was the
rea obtained by direct injection of 0.02�g of standards i
exane, considering negligible the depletion of analyte

o equilibration with headspace and fibre previously chec
s was of 2.22 mL and corresponded to the volume of 2
il.

.7. Olive oil samples

The SPME method was applied to 10 samples of e
irgin olive oil from local retails and producers. SPME sa
ling of the oils was carried out as described for stan
olutions. Compounds were identified by comparison of
ass spectra and retention times with those of standard
ounds or else by comparison of the mass spectrum

hose of the mass spectra library Wiley 6. Moreover, Kov
,

hases coating PDMS/Car/DVB was choosen on the ba
ts affinity for compounds of both low and medium mole
ar weight. In fact, while Carboxen micropores are idea
xtracting small molecules, discriminating compounds
igher molecular weight, DVB mesopores are suitable

rapping analytes up to 15 carbon atoms[25].
Several extraction temperatures were tested to obser

ehaviour of the distinct classes of aromatic hydrocarb
n order to identify the conditions allowing the better upt
ither of volatile and semi-volatile compounds. High ext

ion temperatures enhance the mass transfer of analyte
he sample to the headspace and increases their concen
n the gas phase. However, as the adsorption of analyt
he fibre coating is an exothermic process, the partition co
ient decreases by increasing temperature, negatively a
ng the adsorption of analytes[26]. Fig. 1 reports the mas
f the standard aromatic hydrocarbons adsorbed by the
xpressed as percentages. As expected, the uptake
olatile compounds increased at high temperatures be
f the improvement of the mass-transfer process from
ample to the headspace. In particular, the most of P
ptakes showed an exponential curve of increase. Neve

ess, C1- and C2-benzenes uptake decreased by increas
xtraction temperature over 40◦C, while C4- and in particula
3-benzenes responses decreased at temperatures abo◦.
hat can be attributed to a decrease of the headspace-c
istribution constant with temperature. Although it caus

oss in some MAHs uptake, the extraction temperature
xed at 100◦C, allowing a remarkable improvement of s
itivity for other less volatile aromatic hydrocarbons. T



S. Vichi et al. / J. Chromatogr. A 1090 (2005) 146–154 149

Fig. 1. Uptakes of the standard aromatic hydrocarbons at different SPME
extraction temperatures and 30 min of extraction time. Amounts are
expressed as normalized chromatographic areas. (�) C1-benzene; (�) C2-
benzenes; (�) C3-benzenes; (�) C4-benzene; (©) naphthalenes; () ace-
naphthene + acenaphthylene; (+) phenanthrene + anthracene + fluorene; (×)
fluoranthene + pyrene.

temperature favours the extraction of PAHs, which in olive
oil are less abundant than MAHs, according with previous
works carried out by other authors[13,14,16,18].

Successively, after fixing the optimal temperature, the
behaviour of aromatic hydrocarbons during time extraction
was tested.

Fig. 2. Uptakes of the standard aromatic hydrocarbons at different SPME
extraction periods and extraction temperature of 100◦C. Amounts are
expressed as normalized chromatographic areas. (�) C1-benzene; (�) C2-
benzenes; (�) C3-benzenes; (�) C4-benzene; (©) naphthalenes () ace-
naphthene + acenaphthylene; (+) phenanthrene + anthracene + fluorene; (×)
fluoranthene + pyrene.

Fig. 2 shows the uptakes of distinct classes of aromatic
hydrocarbons at several sampling times (15, 30, 45 and
60 min). As the equilibrium was not reached within the
entire range of time tested, the highest uptakes (100%) corre-
sponded with the longest time of sampling, that was fixed
at 60 min. Longer periods of extraction were considered

F carbons, obtained by analysing a 10�g/kg oil mixture. Separation was performed on a
S

ig. 3. Extracted ion chromatogram of monoaromatic standard hydro

upelcowax capillary column and peaks are identified according toTable 1.
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to be unsuitable for making the analysis excessively time-
expensive.

3.2. Method performances

The sensitivity and selectivity of the method were
enhanced by using the single ion monitoring (SIM) mode for
the determination of the target compounds.Figs. 3 and 4dis-
play the chromatograms of mono- and polyaromatic standard
hydrocarbons, respectively, obtained by analysing a 10�g/kg
oil mixture.

The linearity of response of the aromatic hydrocarbons as
a function of their concentration was evaluated by means ofr
values of linear regressions.Table 1shows relative response
factors (slope) andr values. All the compounds tested resulted
in a satisfactory linearity within the entire range of concen-
tration investigated (1–70�g/kg). In the case of vegetable
oils of the same origin, the composition in triglycerydes is
comparable and it probably only slightly affect the analytes
partition. On the contrary, and in particular in the case of unre-
fined oils, the composition of the volatile fraction can largely
differ in each sample, causing different competition effects

F
S

ig. 4. Extracted ion chromatogram of polyaromatic standard hydrocarbon
upelcowax capillary column and peaks are identified according toTable 1.
s, obtained by analysing a 10�g/kg oil mixture. Separation was performed on a
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Table 1
Linear retention indices, target ions, linearity and relative response factors (expressed asr and slope, respectively) of the standard aromatic hydrocarbons

KIa KIb Target ions r slopec

ISd Ethylbenzene-d10 1105 852 98 – –
IS Indene 1467 1041 116 – –
IS Acenaphthene-d10 2119 1478 164 – –
IS Phenanthrene-d10 2713 1776 188 – –

1 Toluenee 1023 669 91 0.9881 0.76
2 Ethylbenzenee 1109 855 91f , 106 0.997 0.92
3 m-Xylenee 1118 864 91f , 106 0.9994 0.87
4 p-Xylenee 1123 864 91f ,106 0.9976 0.85
5 o-Xylenee 1166 889 91f , 106 0.9972 0.84
6 3-Ethyltoluenee 1209 957 105f , 120 0.9986 1.28
7 1,3,5-Trimethylbenzenee 1229 964 105f , 120 0.9963 1.30
8 2-Ethyltoluenee 1246 975 105f , 120 0.9974 1.30
9 1,2,4-Trimethylbenzenee 1267 989 105f , 120 0.9988 1.49

10 1,2,3-Trimethylbenzenee 1322 1019 105f , 120 0.9991 1.24
11 1,2,3,4-Tetramethylbenzeneg 1476 1151 119f , 134 0.9977 0.74
12 Naphthaleneg 1730 1171 128 0.9984 3.35
13 2-Methylnaphthaleneg 1845 1289 142 0.9972 3.19
14 �-Methylnaphthaleneg 1880 1306 142 0.9946 2.32
15 Acenaphtheneh 2132 1447 153 0.9986 1.28
16 Acenaphthyleneh 2188 1483 152 0.9988 2.62
17 Fluorenei 2331 1582 166 0.9902 2.90
18 Phenanthrenei 2723 1780 178 0.9928 1.12
19 Anthracenei 2733 1789 178 0.9944 0.63
20 Fluoranthenei 3096 2062 202 0.9925 0.17
21 Pyrenei 3160 2114 202 0.9897 0.12

a Kovats indices on Supelcowax column.
b Kovats indices on HP-5MS column.
c Relative area in function of concentration.
d Internal standards.
e IS: ethylbenzene-d10.
f Ions used for quantification.
g IS: indene.
h IS: acenaphthene-d10.
i IS: phenanthrene-d10.

on the adsorption of analytes on the fibre coating. The influ-
ence of the volatile composition of the sample on the uptake
of aromatic hydrocarbons was evaluated by comparing the
slopes of linear regressions obtained by spiking two differ-
ent olive oil matrices with standard compounds: deodorized
olive oil (Table 1) and a virgin olive oil (data not shown). The
response factors calculated for the aromatic hydrocarbons
in two olive oils with different volatile composition did not
result significantly different by the Studentt-test (p> 0.05).

Repeatability values (Table 2) calculated at the concen-
tration of 10�g/kg resulted in a relative standard deviation
lower than 10% for the most of compounds. A slightly lower
precision was observed for fluoranthene and pyrene, the com-
pounds with the lowest responses (Fig. 4).

Limits of detection (LOD) and quantification (LOQ) are
also reported inTable 2. MAHs are readily detected and
quantified at less than 1 and 2.3�g/kg, respectively, except-
ing tetramethylbenzene, which showed a LOQ of 3.4�g/kg.
Among light PAHs LODs were below 1�g/kg, excepting�-
methylnaphthalene and fluorene whit a slightly higher LOD.
LOQ ranged from 0.2�g/kg for acenaphtylene to 5.2�g/kg
for fluorene.

Concerning the accuracy of the method, the lowest
percentages of theoretical hydrocarbon amounts recovered
(Table 2) were found for fluoranthene and pyrene (74 and
77) in the oil spiked with 10�g/kg of standard, while the
other compounds showed higher recoveries at both of the
fortification levels.

The efficiency of the SPME extraction was evaluated
by calculating the distribution constants of the target com-
pounds at the temperature applied in the analysis (Table 3).
The uptake of analytes is related to the equilibration process
between sample, headspace and fibre coating. The overall
distribution constant between sample matrix and fibre coat-
ing (Kfs) is defined as the product of the sample/headspace
(Ksh) and the headspace/fibre (Khf) distribution constants
[22] and both depend on temperature. As expected,Ksh were
inversely correlated to molecular weight of aromatic hydro-
carbons (r =−0.545,p< 0.05), and thus proportional to their
volatility. On the contrary, at the extraction temperature of
100◦C aromatic hydrocarbons with high molecular weight
showed higherKhf than did more volatile compounds. The
highestKfs were obtained for two to three rings aromatic
hydrocarbons and for toluene, followed by four-rings aro-
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Table 2
Repeatability values, limits of detection and quantification and accuracy for aromatic hydrocarbons

Compound Intra-day RSD
(%)a (n= 6)

Inter-day RSD
(%)a (n= 5)

LODb

(�g/kg)
LOQc

(�g/kg)
Accuracy

Initiald (�g/kg) % Level 1e % Level 2f

1 Toluene 9.8 14.8 0.4 1.4 48.9 89 109
2 Ethylbenzene 6.1 6.7 0.6 1.9 17.2 96 102
3 m-Xylene 4.2 4.2 0.7 2.2 78.0 108 97
4 p-Xylene 4.5 4.7 0.4 1.5 46.5 111 111
5 o-Xylene 7.8 7.2 0.6 1.9 12.8 116 93
6 3-Ethyltoluene 5.3 7.6 0.6 2.1 16.0 106 94
7 1,3,5-Trimethylbenzene 5.0 10.0 0.6 2.0 6.1 103 91
8 2-Ethyltoluene 8.2 7.2 0.6 2.1 8.9 103 98
9 1,2,4-Trimethylbenzene 5.3 6.7 0.5 1.8 23.7 114 97

10 1,2,3-Trimethylbenzene 5.0 6.6 0.7 2.3 6.8 99 98
11 1,2,3,4-Tetramethylbenzene 4.3 5.9 1.0 3.4 3.5 85 104
12 Naphthalene 3.9 3.5 0.7 2.2 13.9 108 103
13 2-Methylnaphthalene 5.6 4.1 1.0 3.2 7.0 111 103
14 �-Methylnaphthalene 5.0 5.1 1.1 3.8 3.8 113 103
15 Acenaphthene 4.5 1.1 0.1 0.4 2.8 87 92
16 Acenaphthylene 6.9 1.8 0.05 0.2 2.6 94 97
17 Fluorene 5.0 6.2 1.6 5.2 29.1 128 80
18 Phenanthrene 2.9 3.7 0.5 1.8 15.0 105 98
19 Anthracene 7.9 6.3 0.7 2.3 5.6 105 101
20 Fluoranthene 14.9 9.2 0.2 0.5 6.8 77 113
21 Pyrene 15.8 14.4 0.2 0.8 8.0 74 119

a Relative standard deviation calculated by analysing a 10�g/kg standard oil mixture.
b Limit of detection calculated as 3× standard deviation of noise signal/slope.
c Limit of quantification, calculated as 10× standard deviation of noise signal/slope.
d Initial concentration of the virgin olive oil spiked for the determination of accuracy.
e Accuracy (%) calculated by spiking a virgin olive oil with 10�g/kg of standard aromatic hydrocarbons.
f Accuracy (%) calculated by spiking a virgin olive oil with 20�g/kg of standard aromatic hydrocarbons.

Table 3
Distribution constants calculated at 100◦C by analysing 10�g/kg standard
oil mixture

Compound Ksh
a Khf

b Kfs
c

1 Toluene 1.4× 10−2 1.9× 103 26.1
2 Ethylbenzene 3.7× 10−3 3.6× 103 13.3
3 m-Xylene 2.8× 10−3 2.8× 103 7.8
4 p-Xylene 2.8× 10−3 2.7× 103 7.4
5 o-Xylene 1.8× 10−3 4.3× 103 7.6
6 3-Ethyltoluene 9.1× 10−4 8.1× 103 7.4
7 1,3,5-Trimethylbenzene 1.1× 10−3 6.2× 103 6.6
8 2-Ethyltoluene 9.8× 10−4 5.7× 103 5.6
9 1,2,4-Trimethylbenzene 9.5× 10−4 7.4× 103 7.0

10 1,2,3-Trimethylbenzene 9.0× 10−4 8.0× 103 7.2
11 1,2,3,4-Tetramethylbenzene 7.1× 10−4 1.0× 104 7.3
12 Naphthalene 3.9× 10−4 6.6× 104 25.6
13 2-Methylnaphthalene 2.2× 10−4 1.2× 105 25.7
14 �-Methylnaphthalene 1.9× 10−4 9.5× 104 18.1
15 Acenaphthene 1.2× 10−4 1.5× 105 18.3
16 Acenaphthylene 1.1× 10−4 2.7× 105 30.0
17 Fluorene 8.8× 10−5 4.4× 105 39.1
18 Phenanthrene 1.1× 10−4 4.4× 105 46.4
19 Anthracene 7.6× 10−5 6.4× 105 49.2
20 Fluoranthene 8.6× 10−5 1.3× 105 11.3
21 Pyrene 8.2× 10−5 1.1× 105 8.9

a Sample/headspace distribution constant.
b Fibre/headspace distribution constant.
c Sample/fibre distribution constant.

matic hydrocarbons, C2-, C3-, and C4-benzenes. In the case
of toluene the highKfs was due to its volatility, while for pol-
yaromatic hydrocarbons the low volatility was compensated
by highKhf. TheKfs values highlighted that at these condi-
tions the better efficiency of SPME extraction was obtained
for semivolatile compounds as light PAHs. A higher effi-
ciency for semivolatile aromatic hydrocarbons is suitable
because their concentration in virgin olive oil is generally
lower than concentration of monoaromatic hydrocarbons
[14–17].

3.3. Analysis of virgin olive oils headspace

GC–MS analysis of the samples in the complete scan-
ning mode (SCAN) allowed the identification of all the
investigated hydrocarbons. Moreover, a number of com-
pounds showing the spectrum of a C4-benzene was
also detected.Fig. 5 displays the profile of a virgin
olive oil where can be detectedp-cymene, butylbenzene,
1,2,3,4-tetramethylbenzene and the tentatively identified C4-
benzenes (Table 4). In the same figure their common mass
spectrum is shown. Among C4-benzenes, only tetramethyl-
benzene had been previously reported in literature to be
present in virgin olive oil[12], while no quantitative data
of C3- and C4-benzenes were available.

In the samples analysed in this study,p-xylene and toluene
s
1 ons

howed the highest concentrations, between 21–91�g/kg and
8–372�g/kg, respectively. The rest MAHs concentrati
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Fig. 5. (A) Extracted ion chromatogram of the tentatively identified C4-benzenes detected in virgin olive oil samples. Separation was performed on a Supelcowax
capillary column and peaks are identified according withTable 4. (B) Mass spectrum of the tentatively identified C4-benzenes.

were in the following order: C2- > C3- > C4-benzenes. C2-
and C3-benzenes, excepting toluene andp-xylene, were in
the range of 3–198�g/kg. C4-benzenes (quantified with the
response factor calculated for 1,2,3,4-tetramethylbenzene)
ranged within detectable but no quantifiable concentra-

tions (n.q.) to 8�g/kg. Among polyaromatic hydrocar-
bons the most abundant were naphthalene (5–16�g/kg) and
phenanthrene (8–26�g/kg), while lower concentrations were
observed for methylnaphthalenes (n.q. to 7�g/kg), acenaph-
thene (0.4–1�g/kg), acenaphthylene (0.4–5.7�g/kg), fluo-

Table 4
Identification parameters of C4-benzenes detected in virgin olive oil

Compound Target ions KIa Ref.b KIa KIc Ref. KIc

1 p-Cymened 119, 134 1255 – 1023 1008[29]
2 Butylbenzened 91, 134 1297 1309[27],1302[28] – 1039[29]
3 1,3-Dimethyl-5-ethylbenzenee 119, 134 1309 1320[27] 1059 1041[29]
4 1,4-Dimethyl-2-ethylbenzenee 119, 134 1341 1343[27], 1335[28] 1077 1059[29]
5 1,3-Dimethyl-4-ethylbenzenee 119, 134 1348 1350[27], 1343[28] 1078 1061[29]
6 1,2-Dimethyl-4-ethylbenzenee 119, 134 1355 1357[27], 1351[28] 1083 1066[29]
7 1,2,4,5-Tetramethylbenzenee 119, 134 1411 1406[27], 1401[28] 1131 1098[29]
8 1,2,3,5-Tetramethylbenzenee 119, 134 1422 1416[27], 1411[28] 1137 1100[29]
9 1,2,3,4-Tetramethylbenzened 119, 134 1476 1461[27], 1456[28] 1151 1130[29]

a Kovats retention indices on Supelcowax capillary column.
b Kovats retention indices reported in literature.
c Kovats retention indices on HP-5 capillary column.
d Identified by comparison with standard compounds.
e Tentatively identified.
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rene (n.q.), anthracene (n.q. to 5�g/kg), fluoranthene (n.q. to
11�g/kg) and pyrene (n.q. to 11�g/kg).

In conclusion, this HS-SPME method may be a suitable
tool for the quantitative and qualitative analysis of aromatic
hydrocarbons in virgin olive oil. It allows the simultaneous
assessment of monoaromatic and light polyaromatic hydro-
carbons with a high reliability, avoiding the use of solvents
in the concentration steps and minimizing sample manipu-
lation and contamination. This relatively rapid, simple and
solvent-free method allows the determination of aromatic
hydrocarbons in a large number of virgin olive oil samples.
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