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Abstract
A method was developed for the analysis of four polycyclic aromatic hydrocarbons regulated in the European Union, namely,
benzo[a]anthracene, chrysene, benzo[b]fluoranthene, and benzo[a]pyrene in edible oils. Multi-walled carbon nanotubes were
applied for dispersive solid-phase extraction of analytes from the oils after dilution with n-hexane followed by elution of analytes
with toluene under reflux conditions. Gas chromatography coupled to tandem mass spectrometry was used for quantitative
determination of the analytes. The efficiency of four nanotube-based sorbents was evaluated. The performance characteristics
of the method permitted reliable measurement of four regulated polycyclic aromatic hydrocarbons in oil samples according to the
criteria stated in the Commission Regulation No. 836/2011 and considering the maximum levels (MLs) stated in the Commission
Regulation (EU) No. 835/2011. The concentrations of the selected analytes in real-world samples determined by our developed
method and by previously validated gel permeation chromatography method were found to be in a good agreement.
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Introduction

Polycyclic aromatic hydrocarbons (PAHs) comprise a large
group of ubiquitous compounds, many of which are toxic.
PAHs are formed during the combustion and high-
temperature pyrolysis of organic materials and have been found
in various matrices, including many types of food products.
Despite the structural diversity of PAHs, only selected repre-
sentatives are considered to be toxicologically significant,
among which benzo[a]anthracene (B[a]A), chrysene (Chr),
benzo[b]fluoranthene (B[b]F), and benzo[a]pyrene (B[a]P) are
recognized as a subgroup of four priority PAHs (PAH4) that are

regulated in food products in EU member states according to
Commission Regulation (EU) No. 836/2011 (Commission
Regulation (EU) No. 836/2011b). A number of studies have
identified food as one of the most important pathways for the
exposure of humans to PAHs, and taking into account their
lipophilic nature and sources of origin, edible oils can be highly
susceptible to occasional contamination with PAHs (Moret and
Conte 2000). Edible oils are consumed in high volumes and
used as indispensable ingredients in food formulations (Dennis
et al. 1991), with thousands of food industry facilities world-
wide producing millions of metric tons of edible oils annually.
Thus, in order to protect consumers from the hazards of PAHs,
the control of these contaminants in oils is of major importance
and food testing laboratories must ensure high sample through-
put and testing speed in order to provide a timely warning to the
producers and relevant authorities in the case of a contamina-
tion crisis. For this reason, laboratories should be provided with
rapid, sensitive, reliable, and cost effective analytical methods
for the determination of PAHs.

A large number of analytical methods for the determination
of PAHs in edible oils have been proposed over the years,
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relying on different pre-concentration and purification proce-
dures. The main obstacle in the analysis of PAHs in oils is that
the major constituents of these matrices are high molecular
weight compounds (e.g., triglycerides and fatty acids); thus,
laborious procedures are needed in order to separate analyte
fractions from the matrix and to achieve the desired purity of
the final extract. Gel permeation chromatography (GPC) as
well as fat saponification have been recognized as the most
efficient cleanup methods in the analysis of foods with high fat
content (Plaza-Bolanos et al. 2010). However, these methods
are time-consuming and additional cleanup steps (e.g., solid
phase extraction (SPE) or liquid - liquid extraction (LLE)) are
typically needed. Therefore, the search for alternative analyt-
ical protocols is still of great relevance.

The application of multi-walled carbon nanotubes
(MWCNTs) as sorbents for SPE in modern analytical
methods provides new opportunities for design of rapid
processing and selective isolation of analytes (Ravelo-
Pérez et al. 2010; Song et al. 2017). Considering the highly
hydrophobic properties of MWCNTs and their unique tu-
bular structure with the ability for π-stacking (Pan et al.
2005), these nanomaterials provide superior potential for
sorption of aromatics, with a special emphasis on planar
compounds. Thus, affirming the effective sorption of pla-
nar aromatics, MWCNTs were found to be much more
effective sorbents of polychlorinated dibenzo-p-dioxins in
comparison to activated carbon (Yu et al. 2000). Despite
the great potential of MWCNTs for selective sorption of
planar aromatic contaminants, only isolated references re-
port the application of these nanomaterials as sorbents for
such planar molecules as PAHs, and only handful among
them have been devoted to the extraction of fatty matrices
(Zhao et al. 2011; Herrera-Herrera et al. 2012; Ma et al.
2010; Menezes et al. 2015; Moazzen et al. 2013;
Paszkiewicz et al. 2017; Wu et al. 2010). Therefore, this
application of MWCNTs in analytical chemistry remains
insufficiently investigated. The principal aim of the current
study was to elaborate an analytical method for the deter-
mination of PAHs in edible oils by applying dispersive
SPE (d-SPE) with MWCNTs as sorbents for selective ex-
traction of analytes, thus eliminating the most common
time-consuming techniques (e.g., GPC, saponification),
followed by detection with gas chromatography—tandem
quadrupole mass spectrometry (GC-MS/MS). An addition-
al advantage of the developed method is the application of
semiautomatic instrumentation, which facilitates the de-
sorption procedure and provides the capability of parallel
sample processing. The whole procedure was optimized,
including the type of MWCNTs, as well as the extraction
and desorption conditions. The described method met the
sensitivity criteria stated in Commission Regulation (EU)
No 836/2011 (Commission Regulat ion (EU) No.
836/2011b) and confidence in the methodology was also

provided by the analysis of reference material (RM). The
method was applied for the analysis of a number of real
samples and the results were in good agreement with those
obtained by using the established method based on a GPC
cleanup protocol (Rozentale et al. 2015). It is anticipated
that the developed method may be applicable not only to
the edible oils, but also to other fatty matrices and to dif-
ferent analytes of planar chemical structure.

Experimental

Chemicals and Materials

Four individual PAH standards (B[a]A, Chr, B[b]F, and
B[a]P) (50 ng μL−1 of each in acetonitrile) and isotopically
labeled deuterated surrogates serving as internal standards
(B[a]A-d12, Chr-d12, B[b]F-d12, and B[a]P-d12) (1 ng μL−1

of each in cyclohexane) were obtained from LGC Standards
(Bury, UK). Stock solutions were prepared in toluene and
were stored at − 18 °C in amber colored glassware. Pesticide
grade solvents (cyclohexane, n-hexane, toluene,m-xylene, ac-
etone, and ethyl acetate (EtOAc)), as well as Celite-545 were
purchased from Sigma-Aldrich (Steinheim, Germany).
Calibration solutions were prepared by serial dilution of stock
solutions in toluene. Four different types of MWCNTs were
employed as potential sorbents for d-SPE. Baytubes® C150P
MWCNTs (further denoted as CNT-1) were obtained from
Covestro AG (Leverkusen, Germany) with the purity greater
than 95%, outer diameter (O.D.) of 13 nm, internal diameter
(I.D.) of 4 nm, length > 1 μm, and the density range of 1.3–
1.5 g/cm3 (according to manufacturer’s specifications). Other
three MWCNTs—TNIM4 (abbreviated as CNT-2), TNIMH4
(CNT-OH; hydroxy group content 2.48 wt.%), and TNIMC4
(CNT-COOH; carboxyl group content 1.55 wt.%) were pur-
chased from Chengdu Organic Chemicals Company (Sichuan
Sheng, China). The latter three MWCNTs were of > 95%
purity, with 5–10 nm I.D., 10–30 nm O.D., 10–30 μm length,
and the average density of 2.1 g/cm3.

Samples

Fifteen edible oil samples were analyzed by using the elabo-
rated method. All samples were collected during the period
from February to May 2017 within the framework of a mon-
itoring program for the control of PAHs in food products. The
samples were transported to the laboratory while protected
from ambient UV radiation. To avoid potential chemical com-
position changes, the samples were immediately processed
upon arrival and the final extracts were stored at − 20 °C prior
to the instrumental analysis.
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Sample Extraction and Cleanup

Preparation of MWCNT-Based Sorbents for d-SPE and Control
of Background Contamination

Taking into account that relatively small amounts of
MWCNTs are required for sufficient recovery of PAHs from
the matrix aliquot, and in order to facilitate handling opera-
tions, MWCNTs were dispersed in Celite-545 at the ratio of
5/95 (w/w). Considering the affinity of MWCNTs towards
planar aromatic compounds and the ubiquity of PAHs, there
was a need to control the probable background contamination
of SPE sorbents based on MWCNTs. Procedural blanks
consisting of the materials and chemicals included in the an-
alytical protocol were treated in the same manner as real sam-
ples. Procedural blanks showed the background presence of
significant quantities of PAHs in commercially available
MWCNTs selected for the current study. For example, apply-
ing 50 mg of untreated MWCNTs for the extraction of 1 g of
oil resulted in elevated B[a]A concentrations by up to
0.6 ng g−1 for CNT-1, 0.8 ng g−1 for CNT-2, 1.7 ng g−1 for
CNT-COOH, and 2.5 ng g−1 for CNT-OH. The source of this
contamination is unknown; however, this fact should be con-
sidered during the application of MWCNTs as sorbents in
PAH analysis. In order to avoid background contamination,
the prepared MWCNT-based sorbent mixtures were washed
with hot toluene under reflux conditions for 48 h, dried over-
night at room temperature under aluminum foil and heated at
115 °C for 4 h. The sorbents pre-treated according to this
procedure did not show signals of the selected PAHs and were
applied for further analyses.

Sample Extraction and Clean-up

A 1.0 g aliquot of oil sample was placed in a 15mL glass tube,
spiked with 100 μL of isotopically labeled PAH surrogates in
toluene (100 pg μL−1 of each surrogate) and n-hexane
(10 mL) was added. The sample was vortexed and
pre-treated d-SPE sorbent (1.0 g) consisting of 50 mg of
MWCNTs and 950 mg of Celite-545 was added. After
performing the d-SPE procedure by vigorous shaking of the
glass tube for 25 min, the sample was centrifuged at 3000 rpm
for 5 min and the upper n-hexane phase was eliminated.
Subsequently, a 10 mL portion of washing solvent (cyclohex-
ane, n-hexane, acetone, and EtOAc were tested) was added,
and after vigorous shaking for 5 min, the centrifugation was
repeated and the washing solvent was removed. The resultant
d-SPE sorbent was dispersed in 5 mL of toluene and the ob-
tained slurry was quantitatively transferred into an extraction
thimble for the semi-automatic Soxtec™ 2055 Extraction
System (Hillerød, Denmark), in which up to six samples could
be loaded in parallel. PAHs were eluted from the d-SPE sor-
bent into a glass vessel with toluene (35 mL) according to the

following program: immersion of the sample in refluxing sol-
vent for 15 min with further rinsing of the thimble for 60 min,
followed by careful elimination of the bulk of the solvent for
15 min. The residue was quantitatively transferred with n-
hexane (5 mL) to a 10 mL glass tube and complete solvent
evaporation was performed under a gentle stream of nitrogen.
The resulting sample was reconstituted in toluene (50 μL)
containing benzo[ghi]perylene-d12 (200 pg μL

−1) as recovery
standard and analyzed by the means of GC-MS/MS.

GC-MS/MS Analysis

Instrumental analysis of the target analytes was carried out on
a Thermo Scientific Trace GC Ultra gas chromatograph
coupled to a Thermo Scientific TSQ Quantum XLS Ultra
mass selective detector. The system was equipped with a
Select PAH (Agilent Technologies, Santa Clara, CA, USA)
capillary column (30 m × 0.25 mm I. D., 0.15 mm film thick-
ness) and operated in splitless mode. The GC operating con-
ditions were as follows: heliumwas used as the carrier gas at a
constant flow rate of 1.2 mL min−1, inlet temperature 260 °C,
MS transfer line temperature 280 °C. The oven temperature
was set initially at 80 °C (2 min hold) and then increased to
265 °C at 15 °C min−1. At 265 °C the temperature was in-
creased at a rate of 5 °C min−1 to 290 °C and then to 320 °C at
a rate of 20 °Cmin−1 (20 min hold). The injection volume was
1 μL. The tandem quadrupole mass spectrometer was operat-
ed in positive ion mode with electron impact (EI) ionization at
electron energy of 70 eV. The emission current was 50 mA
and the source temperature was 250 °C. The collision gas was
argon, supplied at 1.0 mTorr pressure in the collision chamber.
The system was controlled by Xcalibur software
(ThermoScientific). The data were acquired by operating the
mass spectrometer in selective reaction monitoring (SRM)
mode, while using [M] +→ [M–2H]+ transitions for quantifi-
cation and [M] +→ [M–2CH]+ transitions for confirmation of
the selected PAHs. Collision energy of 30 eV was found to be
optimal for all selected ion transitions.

Quality Assurance/Quality Control

Identification criteria for the analytes were based on the reten-
tion times of native PAHs and deuterated PAH surrogates and
the isotopic peak ratios of the SRM transitions. The acceptable
deviation for the isotopic peak ratio of two monitored ions or
SRM transitions (target/confirmation) was within 15% of the
value obtained for the medium calibration point. A five-point
calibration curve was checked with relative response factors
(RRFs) over the sample concentration range of 0.10–
10.0 ng g−1 and was used for quantifying the analytes of in-
terest in each sample run. Procedural blanks were taken
through all steps of the analytical procedure and analyzed in
each sample sequence. The quantification of analytes of
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interest was based on stable isotope dilution with the deuter-
ated PAH surrogates and on internal standardization.

Validation of the Analytical Method

The proposed method for determination of PAHs was validat-
ed while taking into account the Commission Regulations
(EU) No. 836/2011, 2015/1933, and 2016/582 (Commission
Regulation (EU) No. 836/2011b; Commission Regulation
(EU) No. 2015/1933; Commission Regulation (EU) No.
2016/582). On the basis of these regulations, the limits of
detection and quantification (LOD and LOQ), as well as the
recovery and precision of the analytical procedure, were
established. The method LODs and LOQs were calculated
according to the Guidance Document on the Estimation of
LOD and LOQ for Measurements in the Field of
Contaminants in Feed and Food (Wenzl et al. 2016).

Recovery experiments were performed by spiking corn oil
with PAHs at two different concentrations 1.0 and
2.0 μg kg−1. Each spiking level was repeated (n = 5), resulting
in 2 × 5 individual sample analyses. A linear calibration func-
tion including equal weighting index was applied. The corre-
lation coefficient (R2) values were calculated for seven spiking
levels (0.10, 0.20, 0.40, 0.60, 1.0, 5.0, and 10.0 μg kg−1).
Recoveries were calculated as the differences in PAH content
in spiked and non-spiked samples relative to the spiking level.
For these recovery analyses, the repeatability of the method
was expressed as the relative standard deviation (RSD) in %.
In accordance with Commission Regulation (EU) No. 836/
2011 (Commission Regulation (EU) No. 836/2011b), the
HORRATr values are regarded as a measurement of the meth-
od precision. The HORRATr values were calculated for all
four selected PAHs analyzed at each of the two different
concentrations.

Results and Discussion

Experiment design for the optimization of extraction and
clean-up procedures included the following steps: (1) se-
lection of organic solvent for the dilution of oil samples to
enhance the analyte sorption efficiency from the matrix
(the parameter was assessed as a decrease of analyte con-
centration in the solution that was treated with MWCNT
sorbent and was expressed as sorption efficiency (%)), (2)
selection of an appropriate solvent for analyte desorption
(the solvent from which analytes were poorly adsorbed
and maximally remained in the solution was regarded as
optimal), (3) selection of the MWCNT sorbent type, con-
sidering (a) the sorption capacity of each MWCNT type
towards PAHs in the presence of matrix; (b) the effective-
ness of PAH desorption from the MWCNTs (expressed as
recovery of analytes after desorption step), (c) the affinity

of MWCNTs towards matrix co-extractives (expressed as
the amount of matrix co-extractive residue observed after
treatment of the matrix with MWCNT sorbent) and selec-
tion of solvent for the washing step in order to reduce the
possible influence of matrix co-extractives (expressed as
recovery of analytes after desorption step if washing step
was included). All experiments devoted to the optimiza-
tion of extraction procedure were carried out using deu-
terated PAH surrogates as target compounds in order to
eliminate the influence of the possible native PAH back-
ground in the laboratory environment and considering that
isotopically labeled surrogates behaved analogously to the
analytes in the presence of matrix components.

Selection of Solvents for Sample Dilution and Analyte
Desorption

One of the most convenient ways for providing better
transfer of analytes from the oil matrix to d-SPE sorbent
is decreasing the viscosity of the sample by dilution with
an appropriate organic solvent (dilution solvent).
Selection of such solvent should be based on the follow-
ing aspects: (a) miscibility of the sample matrix in the
solvent, (b) complete solubility of analytes in the solvent,
(c) the affinity of sorbent for the solvent molecules should
be as low as possible in comparison to the affinity for
analyte molecules, in order to ensure quantitative sorption
of the analytes from the sample solution. Contrary to the
case of sample dilution solvent, the affinity of sorbent for
the desorption solvent molecules should be at least com-
parable to the affinity for analyte molecules, providing for
competitive desorption of the analyte. Six organic sol-
vents were tested as possible sample dilution and analyte
desorption media and the results of sorption experiments
expressed as analyte sorption efficiency are illustrated in
Fig. 1. The best results among the tested aliphatic com-
pounds as sample dilution solvents were obtained with
n-hexane, from which the selected PAHs were almost
completely adsorbed on the MWCNTs. Contrary to the
previous study on the application of MWCNTs as sor-
bents in the analysis of PAHs in food products
(Moazzen et al. 2013), in which the authors stated that
PAHs could be desorbed from the MWCNTs even with
polar solvents (e.g., methanol), the results of our experi-
ments showed acceptable desorption of PAHs only by
applying solvents of aromatic nature. Among the two test-
ed aromatic desorption solvents, toluene was found to be
more effective in comparison to m-xylene and provided
better recovery of analytes from the MWCNT sorbents. A
probable explanation for this effect is the stronger π-π
interaction between toluene molecules and MWCNTs
due to the smaller size of toluene molecules in compari-
son to m-xylene.
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Selection of MWCNT Sorbent

Adsorption of PAHs on Different MWCNTs

In order to assess the sorption potential of MWCNTs towards
PAH analytes in the presence of matrix components, the ca-
pacity of eachMWCNT type was evaluated in terms of recov-
ery of PAHs-d12 from aliquots of oil treated according to the
BSample extraction and clean-up^ section (n = 3 for each
MWCNT type). As shown in Fig. 2, generally the lowest
affinity towards the selected PAHs was observed in the case
of CNT-OH nanomaterial. The other three sorbents were
found to provide comparable extraction efficiency under the
fully optimized conditions, with the exception of B[a]P-d12,
for which CNT-1 was less effective than CNT-2 and
CNT-COOH.

Desorption Conditions and Recovery of Analytes
from MWCNT Sorbents

Considering the planar structure of PAHs, the dominant
sorption mechanism likely involved strong π-π electron
interactions between the aromatic structure of analytes
and the active surface of MWCNT sorbent (Wang et al.
2009). Despite the known benefits of π-π electron inter-
actions for quantitative and selective sorption of aro-
matics, the strong affinity of MWCNT sorbents for PAH
analytes resulted in poor absolute recoveries of the select-
ed PAHs-d12 during the initial desorption attempts. Thus,
it was found that extraction with toluene under sonication
conditions was not effective for the desorption of analytes

from the MWCNT sorbent, while acceptable recoveries of
the selected analytes could be obtained by direct elution
with toluene. It should be noted that in the case of apply-
ing direct elution of the analytes from the MWCNT sor-
bent the necessary volume of toluene was very high (up to
200 mL per sample) and was similar to the volume typi-
cally applied to elute the fraction of planar molecules
from activated carbon in the analysis of polychlorinated
dibenzo-p-dioxins and dibenzofurans, where analyte sorp-
tion is based on a similar π-π electron interaction mech-
anism (Fernandes et al. 2011; Zacs et al. 2015). In order
to overcome this drawback and to reduce the necessary
volume of elution solvent, washing with hot toluene under
reflux conditions was applied for analyte elution from the
MWCNT sorbent. Although the reflux procedure required
only a few mL of solvent to be in contact with the treated
sorbent, the design features of the extraction system re-
quired 35 mL of toluene to be used for the desorption
procedure. It was found that the effectiveness of PAH
elution from the MWCNTs increased with decreasing mo-
lecular weights of the analytes, showing absolute recover-
ies in the following order: B[a]A-d12 ~ Chr-d12 > B[b]
F-d12 ~ B[a]P-d12. The degree of analyte desorption was
found to be highly dependent on the duration of refluxing,
with 60 min extraction with toluene under reflux condi-
tions selected as a reasonable compromise between the
desorption efficiency of target PAHs and the labor and
time consumption of the procedure. The best analyte re-
covery rates were in the range from 75 to 90%, observed
for sorbents based on CNT-2 and CNT-COOH, (Fig. 2a,
b), while sorbents prepared from CNT-1 and CNT-OH

Fig. 1 Sorption of the analytes on
differentMWCNTs from standard
solutions in selected organic
solvents
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were less suitable, providing absolute recoveries for B[a]
P-d12 equal to only about 50% (Fig. 2d).

Evaluation of Coextractive Propensity of MWCNTs
and the Selection of Washing Solvent

Despite the selective sorbent properties of MWCNTs, the ad-
sorption of some matrix components of aromatic nature (e.g.,
dyes) could be also expected. A greater role of sorption mech-
anisms other than π-π electron interaction could be expected
in the case of CNT-OH and CNT-COOH sorbents due to the
presence of hydroxy and carboxyl groups in their structure.
The affinity of the tested MWCNTs towards matrix
co-extractives was evaluated by treating aliquots of oil diluted
with n-hexane according to the procedure described in
BSample extraction and clean-up^ section and further gravi-
metric measurement of the residual matrix remaining after the
evaporation of n-hexane. As it was expected, the chemically
modified CNT-OH and CNT-COOH sorbents were found to
be more susceptible to retaining the matrix in comparison to
CNT-1 and CNT-2, pointing to different sorptionmechanisms.
The initial extraction experiments showed that post-extraction
washing of the sorbent is clearly required. As shown in Fig. 3,
n-hexane was not sufficiently effective as a post-extraction
washing solvent, while the more polar EtOAc efficiently re-
moved the remaining matrix components from the MWCNT
sorbents without significant loss of analytes (Fig. 2).

From the results reviewed in BSelection of Solvents for
Sample Dilution and Analyte Desorption" and "Selection of
MWCNT Sorbent" sections, it can be concluded that all of the

tested MWCNTs have a great potential for the sorption of
PAHs from oil samples, providing good recoveries of analytes
and acceptable purity of the final extracts. Based on the supe-
rior analyte recovery rates and the lower retention of matrix
components, CNT-2 was used in the final method in combi-
nation with EtOAc as a post-extraction washing solvent.

Validation

Themethodwas validated using spiked corn oil and the results
of spiking experiments were corrected by taking into account
the concentrations of pseudo-blank samples. The mean con-
centrations of PAHs in the pseudo-blank samples were: B[a]A
– 0.19 μg kg−1, Chr – 0.41 μg kg−1, B[b]F – 0.24 μg kg−1,
B[a]P – 0.12μg kg−1. Essential parameters such as sensitivity,
selectivity, linearity, accuracy, and precision were investigat-
ed. The overview of validation parameters for the elaborated

Fig. 2 Recovery rates for deuterated PAH surrogates observed with different MWCNTs, reflux times, and desorption solvents

Fig. 3 Matrix residue on the tested MWCNTs after post-extraction
washing with different solvents, determined by extracting 1 g of oil
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method is given in Table 1. Since isotope dilution and internal
standardization were used, solvent-matched calibration stan-
dards were chosen for quantitative purposes. Seven calibration
levels covered the concentration range between 0.10 and
10.0 μg kg−1 and, in order to avoid heteroscedasticity, the
calibration range was split into two parts. The lower part
was applicable for LOD calculation and covered the range
from 0.10 to 0.60 μg kg−1, whereas the second calibration
curve was set up for the whole calibration range between 0.1
and 10 μg kg−1. The obtained correlation coefficients of the
linear regression curves were greater than 0.998 with the re-
sidual values of less than 15% for all selected PAHs.

The calculation of method LOD was based on a single
analysis of test sample, ten independent analyses of the
pseudo-blank, and equal probabilities (α = ß = 0.05) for false
positive and false negative detections. The pseudo-blank sam-
ples were processed by applying the whole analytical proce-
dure. Homoscedasticity was assumed for the analyte concen-
tration range between LOD and the spiking level, and the
probabilities of type I and type II errors (α and ß errors) were
set to 0.05. The method LOD and LOQ for each analyte were
calculated based on the Guidance Document on the
Estimation of LOD and LOQ for Measurements in the Field
of Contaminants in Feed and Food (Wenzl et al. 2016). The
obtained method LODs and LOQs for single compounds were
far below the levels set in Commission Regulations (EU) No.
836/2011 and 2015/1933 (Commission Regulation (EU) No.
836/2011b; Commission Regulation (EU) No. 2015/1933),
with the actual values ranging from 0.06 to 0.21 μg kg−1

and from 0.19 to 0.71 μg kg−1 (Table 1), respectively.
The results of spiking experiments show that the mean

recovery values for target analytes ranged from 96 to 107%
and all of the obtained HORRATr values were far below 2,
thus completely meeting the criteria stated in the Commission
Regulation No 836/2011 (Commission Regulation No
836/2011b), while the intra-day and inter-day precision in
terms of RSDs were in the range of 2–5% and 4–6%, respec-
tively. The expanded uncertainties for individual PAH com-
pounds and for the combined PAH4 group were calculated for
the lowest validation level (1 μg kg−1) with the refined level of
confidence of 95% (k = 2). The expanded uncertainty values
for B[a]P and ∑PAH4 were 10% and 11%, respectively.

The accuracy of measurements or Btrueness^ of the method
was demonstrated by the analysis of a real sample that was
inter-laboratory tested for the content of selected PAHs within
the framework of the B14th inter-laboratory comparison orga-
nized by the European Union Reference Laboratory for
Polycyclic Aromatic Hydrocarbons - Four marker PAHs in
food supplements^. The accuracy data derived from the anal-
yses of this material represent a good agreement of the deter-
mined concentrations with the provided consensus values
(Table 1). The calculated accuracy expressed as a percentage
of the measured concentration vs. the consensus value was Ta
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within the range of 97–110%, with the RSDs from 6 to 9%
and the retrospectively calculated z-scores of 0.40 for B[a]A,
0.31 for Chr, 1.69 for B[b]F, 1.26 for B[a]P, and 1.52 for the
sum of PAH4, respectively. Generally, considering a number
of references published over the past decade (Plaza-Bolanos
et al. 2010; Purcaro et al. 2013; Zelinkova and Wenzl 2016)
which were devoted to the analytical methods for the analysis
of PAHs in oils and fats, it can be concluded that the devel-
oped method has similar or superior performance characteris-
tics than the majority of proposed protocols, indicating good
reliability of the elaborated method for the analysis of 4
EU-regulated PAHs in edible oils.

Application to Real Samples and Comparison
with the GPC Method

The applicability of the elaborated method was assessed
through the analysis of selected PAHs in fifteen edible oil
samples. The obtained analyte concentrations are presented
in Table S1. The concentrations of PAHs observed with the
MWCNT sample preparation protocol varied from 0.19 to

6.99 μg kg−1 for B[a]P and from 1.60 to 31.2 μg kg−1 for
∑PAH4. The concentrations of PAHs in five of the samples
were above the MLs of 2.0 μg kg−1 for B[a]P and
10.0 μg kg−1 for ∑PAH4 stated in Commission Regulation
(EU) No 835/2011 (Commission Regulation (EU) No.
835/2011a), thus the efficiency of the method was evaluated
over a broad range of analyte concentrations (from 0.1× to
3.5× of the ML for B[a]P and from 0.15× to 3× of the ML
for the ∑PAH4). A functional relationship between the data
obtained by two different methods could serve as one of the
approaches for the evaluation of comparability of the obtained
results. In order to assess the effectiveness of the elaborated d-
SPE method, all of the tested oil samples that were prepared
and analyzed according to the procedure described in BSample
Extraction and Cleanup^ and BGC-MS/MS Analysis^ sec-
tions were additionally reanalyzed using a well-established
and validated GC-MS/MS method (Rozentale et al. 2015),
in which a GPC-based sample preparation procedure was ap-
plied. The functional relationship between the d-SPE and
GPC methods for selected PAHs is shown in Fig. 4. Two
regression curves were plotted: the bisecting line and the
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Fig. 4 Representation of the
functional relationships between
results obtained by the elaborated
d-SPE method and GPC method
for selected PAHs
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functional relationship between methods calculated by the re-
gression method. As it has been shown, all of the selected
PAHs practically merged with the bisecting line and the ob-
served bias could be acknowledged to be in the range of meth-
od uncertainty, affirming the equivalency of the developed
method in terms of providing reliable results. Taking into ac-
count all of the aforementioned considerations, it can be seen
that the developed method is convenient and rapid, while the
whole proposed procedure using d-SPE for six parallel sam-
ples can be completed in less than 3 h.

Conclusions

A novel MWCNT-based d-SPE method has been elaborated in
this study for selective extraction of four EU-regulated PAHs
from edible oils. The presented methodology is selective, rapid,
and met the analytical requirements stated in the Commission
Regulation No 836/2011. The sorption efficiency on four types
ofMWCNTswas evaluated. Pre-concentration and clean-up pro-
cedures were optimized. The method was extensively validated
and further confidence was provided by the analysis of reference
material. To our knowledge, this is the first study on the applica-
tion of MWCNTs as d-SPE sorbents for the analysis of PAHs in
oil samples, which provides almost quantitative recovery of
analytes in combination with minimum presence of co-
extractives in the final extract. A good agreement between the
results obtained for PAHs with the elaborated MWCNT method
and a previously published GPC method emphasized the great
potential of MWCNT-based sorbents in the analysis of these
contaminants in oil samples and provides a respectable alterna-
tive to well-established sample preparation protocols.
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