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ABSTRACT

In the analysis of contaminants in food products, sample preparation is performed by proper ad-
sorbents, whose choice is crucial to eliminate matrix interference. In this work we modified SBA-
15 adsorbents by functionalization with (3-aminopropyl)-triethoxysilane (SBA-15-APTES) and N-[3-
(trimethoxysilyl)propyl]aniline (SBA-15-AN) aiming to use them for the first time in the clean-up step of
a QuEChERS (quick, easy, cheap, effective, rugged and safe) extraction of micropollutants from strawberry,
a sugar rich fruit. After physico-chemical characterization by nitrogen adsorption, infrared spectroscopy
and thermogravimetric analysis, the adsorption capabilities of SBA-15 sorbents and possible interaction
mechanisms were studied at different pH (2.1-8.5) for glucose, sucrose and fructose at concentrations
characteristic of those found in strawberries. The performance of the two SBA-15 sorbents was com-
pared with that of commercial PSA (primary secondary amine), usually proposed in QUEChERS protocols.
Both SBA-15 materials exhibit up to 30% higher adsorption than PSA, suggesting their possible QuECh-
ERS application. Synthesized SBA-15 adsorbents were hence used as innovative dispersive sorbents in the
QuEChERS extractions of 13 PAHs and 14 PCBs from strawberry. For PCBs, SBA-15-AN provides better ma-
trix removal than PSA and comparable extraction recoveries around 90%. For PAHs, the use of SBA-15-AN
has the advantage of lower relative standard deviation (7%) than PSA (19%).

© 2021 Elsevier B.V. All rights reserved.

1. Introduction

Fruits and their transformation products (e.g. beverages and
jams) may be altered by organic micropollutants due to many con-
tamination sources, such as soil and irrigation water [1,2], as well
as packaging materials [3] and pesticide application [4].

Current regulation regarding the presence of organic mi-
cropollutants in fruits and vegetables includes polycyclic aro-
matic hydrocarbons (PAHs), polychlorinated dibenzo(p)dioxins (PC-
CDs), polychlorinated dibenzo(p)furans (PCDFs), and polychlori-
nated biphenyls (PCBs) with dioxin-like properties, referred to as
dioxine-like PCBs (DL-PCBs) [5].

Most of the above-mentioned compounds in fruits and derived
products are analysed by using the QUEChERS approach, followed
by gas chromatographic-mass spectrometric analysis (GC-MS) [2,6].

* Corresponding Author
E-mail addresses: barbara.onida@polito.it (B. Onida),
mariaconcetta.bruzzoniti@unito.it (M.C. Bruzzoniti).

https://doi.org/10.1016/j.chroma.2021.462107
0021-9673/© 2021 Elsevier B.V. All rights reserved.

QuEChERS extraction is based on the partition of target analytes
between water and acetonitrile.

Sugars present as natural components or as additives are well-
known interferents in the QUEChERS approach since they are co-
extracted in acetonitrile and must be removed prior to the analysis
of the extracted samples by chromatographic methods.

This task is usually accomplished using solid-phase extraction
(SPE) cleanup, even through on-line approaches [7], or by a dis-
persive solid phase extraction (d-SPE) clean-up step, with a pri-
mary secondary amine (PSA) sorbent [8,9]. Several manufactur-
ers make commercially available proprietary PSA sorbents which
are based on silica chemically modified with ethylenediamine-
N-propyl group, as bulk packing, or within ready-to-use kits for
QuEChERS analysis. PSA is usually claimed to be a sorbent more re-
tentive than aminopropyl phases due to presence of the secondary
amine [10], even if dedicated studies on the adsorption mecha-
nisms are not yet available.

Ordered mesoporous silicas and organosilicas have been largely
investigated as adsorbents [11-14] due to their high specific sur-
face area and uniform porosity, together with the possibility of
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tailoring their surface chemical properties through synthesis condi-
tions and post-synthesis modification. In particular, in the context
of analytical chemistry, ordered mesoporous organosilicas have
been tested as adsorbents for food samples cleanup [15].

Mesoporous silica functionalized with amino groups was previ-
ously investigated for adsorption and removal of anionic pollutants
in wastewater [16,17].

The aim of this work is to synthesize and study the perfor-
mance of organically modified ordered mesoporous silicas to be in-
novatively included as d-SPE sorbents in a QUEChERS protocol for
the removal of co-extracted sugars for the analysis of contamina-
tion of strawberries by 13 PAHs and 14 PCBs, including dioxine-like
congeners. PCBs and PAHs are often found in fruit [18,19] and are
therefore a major concern for health protection.

Ordered mesoporous silica of SBA-15 family was function-
alized with the primary amine (3-aminopropyl)-triethoxysilane
(APTES) and, in another case, with the secondary amine N-[3-
(Trimethoxysilyl)propyl]aniline, in order to mimic the commercial
PSA. After the determination of the main physico-chemical char-
acteristics, the adsorption of glucose, fructose and sucrose (sugars
naturally contained in fruit) was studied. The performances of the
two organically modified SBA-15 silica as QUEChERS d-SPE sorbents
were investigated determining the signal to noise ratio and the ex-
traction recoveries for target compounds, in comparison with those
obtained by commercial PSA.

To the best of our knowledge no reports are currently available
on the use of ordered mesoporous organosilicas in the QUEChERS
technique.

2. Materials and Methods
2.1. Reagents

All reagents used were of analytical grade. Ordered mesoporous
silica of the SBA-15 type was purchased from ACS Material Ad-
vanced Chemical Supplier (Pasadena, CA, USA). (3-aminopropyl)
triethoxysilane (APTES, 99%), N-[3-(Trimethoxysilyl)propyl]aniline,
toluene (99.8%), acetonitrile (>99.9%) were purchased from Sigma
Aldrich (Steinheim, DE). Primary Secondary Amine (PSA, Fig. 1A)
was purchased from Agilent Technologies (Santa Clara, CA, USA).
D(+) glucose was purchased from Merck (Darmstadt, DE), D(-)
fructose and sucrose were purchased from ].T. Baker (Phillipsburg,
NJ, USA).

The PAHs studied were the 13 PAH compounds listed by EPA
525.1 procedure and were purchased from Sigma Aldrich-Merck
(Darmstadt, Germany): acenaphtylene (AcPY), fluorene (Flu),
phenathrene (Phe), anthracene (Ant), pyrene (Pyr), benzo|a]
anthracene (BaA), chrysene (Chr), benzo[b]fluoranthene (BbFl),
benzo[k]fluoranthene (BKkFl), benzo[a]pyrene (BaP), indeno[1,2,3-
cd]pyrene (Ind), dibenzo[a,h]anthracene (DBA), benzo[ghi]perylene
(BP). PCBs were purchased from LGC Standards (Milan, Italy).
They were non-dioxine like PCBs: 3,3’-dichlorobiphenyl (PCB
11), 4,4-dichlorobiphenyl (PCB 15), 2,4,4’-trichlorobiphenyl
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(PCB 138), 2,2',4,4',5,5'-hexachlorobiphenyl (PCB 153), 3,3',4,4’,5,5"-
hexachlorobiphenyl (PCB 169), 2,2’,3,4,4’,5,5'-heptachlorobiphenyl
(PCB 180), 2,3,3',4,4',5,5'-heptachlorobiphenyl (PCB 189); and
dioxine like PCBs: 3,4,4’,5-tetrachlorobiphenyl (PCB 81), 2,3',4,4’,5-
pentachlorobiphenyl (PCB 118), 2’,3,4,4’,5-pentachlorobiphenyl
(PCB 123), 2,3’,4,4,5,5’-hexachlorobiphenyl (PCB 167).

Hydrochloric acid (35% w/w, d = 1.187 g/mL) and NaOH (>98%)
were from Carlo Erba (Milano, IT). NaCl, MgS0O4¢7H,0 and H,SO4
(95-97%, d = 1.84 g/mL) were from Sigma-Aldrich. High-purity wa-
ter (18.2 M Qecm resistivity at 25°C), produced by an Elix-Milli Q
Academic system from Millipore (Vimodrone, MI, Italy), was used
for standard and eluent preparation.

2.2. Preparation of sorbents

The synthesis procedures of the two sorbents were based on
previous work concerning on the functionalization of SBA-15 sil-
ica [16,17]. In a flask, 1 g of SBA-15, previously washed with
about 50 mL of deionized water, was stirred with 200 mL of
toluene for 30 min, at room temperature. Afterwards, 2 mL of
functionalizing reagent ((3-aminopropyl)-triethoxysilane-APTES or
N-[3-(trimethoxysilyl)propyl]aniline, Fig. 1B and 1C) were added
dropwise. The flask was then connected to a water-refrigerated
system and the solution heated to 110°C. The solution was kept
under stirring for 24 hours. Afterwards, the powder was filtered
and dried.

Hereafter the sample functionalized with APTES is de-
noted SBA-15-APTES and the sample functionalized with N-[3-
(trimethoxysilyl)propyl]aniline is denoted SBA-15-AN.

2.3. Physico-chemical characterization

Nitrogen adsorption isotherms were measured using a Quan-
tachrome AUTOSORB-1 (Boynton Beach, FL, USA) instrument. Prior
to nitrogen adsorption, samples were outgassed at 393 K for 6 h.
The BET specific surface areas (SSA) were calculated in the relative
pressure range from 0.04 to 0.1 and the pore size distribution were
determined through the NLDFT (Non Localized Density Functional
Theory) method, using the equilibrium model for cylindrical pores.

For FTIR measurements, powders were pressed in self-
supporting wafers and spectra were recorded at room temperature
with a Bruker Tensor 27 (Bruker, Billerica, MA, USA) spectrome-
ter operating at 2 cm~! resolution, after outgassing the sample at
room temperature (residual pressure of 0.1 Pa).

Thermogravimetric analisys (TG) were carried out between 298
K and 1073 K in air (flow rate 100 mL/min with a heating rate of
10 K/min) using a SETARAM 92 (Caluire, France) instrument.

Density functional theory (DFT) simulations were calculated by
means of Gaussian 09W and Gaussian View (Gaussian Inc, Walling-
ton, US).

2.4. Chromatographic analysis

(PCB 28), 2,2'5,5-tetrachlorobiphenyl (PCB 52), 2,2'4,5,5'- The evaluation of sugar content was performed by ion-
pentachlorobiphenyl (PCB 101), 2,2°,3,4,4’,5-hexachlorobiphenyl chromatography using an ICS-3000 gradient pump, Thermo Fisher
LT L W
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2 I-
| / \ \/¥s||—OCH3
OCHg3;
A B C

Fig. 1. Schematic representation of PSA (A) and structure of the precursors APTES (B) and N-[3-(trimethoxysilyl)propyl]aniline (C).
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Scientific, Waltham, MA, USA, coupled to pulsed amperometric de-
tection. An AD40 Electrochemical Detector, Thermo Fisher Scien-
tific, equipped with Ag/AgCl reference electrode and a gold work-
ing electrode was used. The detection potential was set at 0.1 V
and maintained for 400 ms: the first 200 ms represents the delay
time and the second 200 ms represents the determination time.
The potential was then instantaneously set at -2 V and maintained
for 10 ms and raised at 0.6 V and maintained for 10 ms to re-
store the gold oxide necessary to maintain an active working elec-
trode surface. The potential was finally set at -0.1V and maintained
for 60 ms, to reduce the small amount of gold oxide previously
formed. The waveform requires a total of 500 ms.

The sample (10 pL) was injected through a six-ways Rheodyne
injection valve. The column used was a CarboPacPA10, 250x4 mm
(100 peq/column), Thermo Fisher Scientific which has a micro-
porous substrate with particle size of 10 pum, 55% cross-linking
functionalized with a difunctional quaternary ion latex (5% cross-
linking).

After optimization, the eluent concentration was kept at 55 mM
KOH (data available upon request). At these conditions, limits of
detection (LODs) for glucose, fructose and sucrose, calculated as
Sm=Sm+35Sp, With sy=average signal of blank, s,= standard devia-
tion of blank on ten measurements, were respectively 69, 56 and
11 pg/L. Pump, detector settings, and data collection were managed
by the Chromeleon v.6.80 software (Thermo Fisher Scientific).

For PAHs and PCBs analysis, a gas chromatographic-mass spec-
trometric (GC-MS) method was used, according to previous studies
by our research group [2,20], employing an Agilent (Santa Clara,
CA,USA) 6980 series gas chromatograph coupled with an Agilent
5973 Network mass spectrometer detector.

The GC column was a (5%-Phenyl)-methylpolysiloxane column
(HP 5ms, 30 m x 0.25 mm X 25 pm, Agilent), with He as gas carrier
(1 mL/min). MS detection was performed in Single lon Monitoring
(SIM) mode, selecting for each analyte its proper m/z ratio (m/z
ratio available upon request). 2 pL of each sample were injected
using the Pulsed Splitless mode (pressure at 40 psi for 2.5 min).
The oven ramp was: 90°C, hold for 2 min; ramp to 176°C, 12°C/min
rate; ramp to 196°C, 5°C/min rate, hold for 3 mins; ramp to 224°C,
12°C/min rate; ramp to 244°C, 5°C/min rate, hold for 3 min; ramp
to 270°C, 7°C/min rate, hold for 3 min; ramp to 300°C, 5°C/min,
hold for 10 min to completely clean and restore the GC column.
The total run time for the complete separation of PAHs and PCBs
is 52 min.

LODs, calculated as previously described for ion chromatogra-
phy, were in the range from 0.06 pg/L (BaA) to 2.10 pg/L (DBA),
while from 0.49 pg/L (PCB153) to 5.40 pg/L (PCB169). Detailed ana-
lytical features of the GC-MS method are presented in Table S1 (for
PAHs) and S2 (for PCBs) of the Supplementary Information section.

GC-MS data were handled with OpenChrome software (Labli-
cate, Germany).

2.5. Adsorption tests

Tests to evaluate the effect of pH were performed on 0.25 g of
sorbent. The sorbent was put in contact with 4 g solution contain-
ing 350 mg/g glucose, 350 mg/g fructose and 170 mg/g sucrose.
These concentrations were chosen in order to match those con-
tained in strawberry according to Kasperbauer [21]. Solutions were
stirred at 1100 xg for 10 min. Experiments were performed at pH
2.1, 5.0 and 8.5.

2.6. Strawberry fruits

Commercial strawberry samples grown in Italy were used. Fra-
garia x ananassa, Camarosa cultivar was chosen as model plant,
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since it accounts for about 60% of the strawberry world’s produc-
tion and it adapts greatly to wide climate and growth conditions.

2.7. Extraction of PAHs and PCBs from strawberries by QUEChERS

Among organic micropollutants, PCBs and PAHs, present in the
environment as a result of natural and anthropogenic processes,
represent both point source and diffuse emissions [22].

PAHs and PCBs were extracted using a QUEChERS approach
[8,23]. Briefly, 5 g of homogenized strawberries were put in a vial
containing 10 mL acetonitrile: H,O pH 2.1 (70:30), 8.2 g MgS0,4
and 1 g NaCl. The tube was vigorously shaken and centrifuged at
1100 xg for 10 min. After extraction, a 4 mL aliquot of the su-
pernatant was then transferred in a new vial containing 0.25 g of
sorbent (PSA or SBA-15-APTES or SBA-15-AN) and 1.0 g MgSO,4 for
the clean-up step. The tube was shaken and centrifuged (7870 xg,
10 min) and the supernatant was directly analysed by GC-MS. For
each sorbent, the recovery was calculated spiking the fruit samples
prior- (i) and post- (ii) extraction as follows:

o Pre-extraction spike: a cumulative batch of 50 g of ho-
mogenised strawberries was spiked with 6666 nL of a solution
containing PAHs and PCBs at 300 pg/L each, to achieve a final
concentration of 0.04 mg/kg. According to the extraction proce-
dure above detailed, a theoretical final concentration of 20 pg/L
is expected for each PAH and PCBs. The procedure was repeated
in triplicate.

o Post-extraction spike: after the extraction and clean-up proce-
dure, 187 pL of the extract is spiked with 13 pL of the solution
containing PAHs and PCBs at 300 pug/L, so to obtain a final con-
centration of 20 pg/L for each PAH and PCBs. The procedure was
repeated in triplicate.

For each analyte, extraction recovery percentage (ER%) was cal-
culated from the peak areas obtained after the pre-extraction spike
(Apre-extraction) and post-extraction (Apest-extraction) according to the
equation:

O
ER% = 100 = Apre—extraction/Apost—extraction

For each analyte and experimental conditions, signal-to-noise
ratio (S/N) was derived from the software OpenChrome and was
calculated from the height of the analyte chromatographic peak
(Hpeak) and that of the noise (hpgise), according to the 2015 United
States Pharmacopeia definition [24]:

S/N = 2I'[peak/l‘lnoise

3. Results and discussion
3.1. Physico-chemical characterization

Table 1 reports textural features of SBA-15 as such and of func-
tionalized SBA-15. For both SBA-15-APTES and SBA-15-AN, lower
values of SSA, pore volume and pore diameter are observed with
respect to the pristine SBA-15. These results reveal that grafting
of organic moieties on the internal surface of silica mesopores oc-
curred during functionalization.

Table 1
Textural features of SBA-15, SBA-15-APTES, SBA-15-AN and PSA

SBA-15 SBA-15-APTES SBA-15-AN PSA
SSA (m?/g) 490 323 298 384
Pore volume (cm?/g) 0.92 0.53 0.54 0.70
Pore diameter (nm) 8.1 7.0 6.8 7.0
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Fig. 2. FT-IR Spectra of SBA-15 (curve 1), SBA-15-APTES (curve 2) and SBA-15-AN
(curve 3). The spectrum of SBA-15 was amplified by a factor 2 for sake of clarity.

N, adsorption measurement was carried out also on PSA since
no data for the commercial product were available. It is worth not-
ing that the same features of PSA are in between those of SBA-15
and organically modified SBA-15, so that, as a whole, we can con-
sider PSA, SBA-15-APTES and SBA-15-AN comparable systems for
the proposed QUEChERS application.

Fig. 2 shows FT-IR spectra of SBA-15, SBA-15-APTES and SBA-
15-AN after outgassing at room temperature.

The spectrum of SBA-15 (curve 1) reveals the typical features of
an amorphous silica, i.e. the narrow band at 3743 cm~!, due to the
stretching mode of isolated silanols, and the broad band centred at
3530 cm~!, due to H-bonded silanols.

In the spectrum of SBA-15-APTES (curve 2), bands due to the
organic moieties are clearly observed, that are: (i) two bands at
3355 cm~! and 3295 cm~! attributed to the stretching modes
of -NH, groups; (ii) two bands at 2930 cm~! and 2875 cm™!
due to the stretching modes of aliphatic -CH,- groups; (iii) a
band at about 1595 ¢cm~! due to the bending mode of -NH,
groups. As usually observed for amorphous silica modified with
APTES, a broad and ill-defined absorption is observed at about
3000 cm~!, on which the previous mentioned bands are superim-
posed. This absorption is due to the residual silanols engaged in
H-bonding with surface -NH, groups [25]. Indeed, in the spectrum,
the stretching mode of isolated silanols is not present.

In the case of SBA-15-AN (curve 3), as for SBA-15-APTES, the
bands due to the organic groups are visible in the spectrum, i.e.
(i) the band at 3330 cm~! due to the stretching mode of -NH-
species; (ii) bands above and below 3000 cm~! due to, respec-
tively, aromatic -CH and aliphatic -CH,- stretching modes; (iii)
bands below 1700 cm~! due to ring modes of the aromatic moi-
eties. Moreover, a broad absorption is observed at about 3600
cm~! which is tentatively ascribed to the residual silanols engaged
in H-bonding with aromatic rings [26].

In summary, the set of IR data reveal that amine species in
modified SBA-15 are located and exposed on the silica surface, in
agreement with textural features (Table 1) discussed above.

From TG curves (not reported), the amount of amino groups
was estimated and it is 4.41 mmol/g for SBA-15-APTES and 2.23
mmol/g for SBA-15-AN.

According to data found for commercially available PSA in the
market, capacity for PSA ranges from 0.65 to 1.22 mmol/g [27,28].
The above-mentioned capacity data suggest, per se, a competitive
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performance of functionalized SBA-15 in respect to PSA, and sup-
ports the study herein proposed.

3.2. Adsorption measurements

The following experiments were performed in order to optimize
the pH conditions to be used in QUEChERS application. Further-
more, the results may be useful in formulating possible interac-
tions acting between adsorbents and sugars during retention.

Results are represented in Fig. 3a, 3b, 3c. According to the acidic
dissociation constants of the sugars considered (pK;=12.2 for glu-
cose, 12.0 for fructose and 12.6 for sucrose), the concentration of
dissociated sugars may be considered negligible at pH values stud-
ied (2.1, 5.0 and 8.5).

Organically modified mesoporous silicas show better removal
performance than commercial PSA for all the pH values. It is worth
noting that textural properties such as SSA and pore volume of
SBA-15-APTES and SBA-15-AN are comparable to those of PSA (see
Table 1), therefore the better adsorption performance of organically
modified mesoporous silica has to be ascribed to the functional
groups acting as adsorption sites, the amount of which is larger
in SBA-15-APTES and SBA-15-AN than in PSA. Nevertheless, a role
of different surface chemical properties of the two silica supports,
cannot be ruled out.

Firstly, the retention properties of aminopropyl-modified silica
and PSA towards sugars has been ascribed mainly to H-bonding
[29]. The role of H-bonding of protonated ethylenediamine based
materials, structurally similar to PSA, in the retention of uncharged
compounds is supported by many authors [30,31], who also specu-
lated on possible leading retention mechanisms via H-bonding as a
function of pH and on the abundancy of NH3"/NH, and NH3*/NH
groups [31].

As shown in Fig. 3, for all the adsorbents, retention capabilities
decrease at increasing pH. This may be ascribed to a change of the
relative population of protonated and deprotonated amine groups
and to their involvement in H-bonding. At increasing pH, the pop-
ulation of protonated amines decreases. Since protonated amines
are stronger Brensted acids than amines, they may be considered
also stronger H donor in H-bonding.

Data in Fig. 3a-3b-3c show that SBA-15-AN has higher retention
abilities than SBA-15-APTES at all the pH values tested (SBA-15-AN
> SBA-15-APTES > PSA). Indeed, if we consider that aniline (pK,
8.9) is a weaker base than propylamine (pK; 3.5), the decrease of
protonated amine population upon increasing pH is expected to be
relatively larger in SBA-15-AN than SBA-15-APTES. Thus, it may be
proposed that H-bonding between protonated amines and sugar
molecules, where the former act as proton donor and the latter
as proton acceptor, does not play the only role in the adsorption.

Therefore, the better performance of SBA-15-AN compared to
that of SBA-15-APTES can be ascribed to a higher hydrophobicity of
the material due to the more hydrophobic functional group, which
is usually desired in case of organic molecules adsorption from wa-
ter solution. Moreover, the electron-withdrawing effect of the aro-
matic ring enhances the positive charge of the ammonium group,
increasing the strength of H-bonding with sugar molecules.

Experimental tests indicated that pH 2.1 is the optimal pH value
to achieve the highest sugars adsorption in a QUEChERS applica-
tion.

3.3. Organically modified mesoporous silicas in the d-SPE cleanup of
QuECHERS

In a QUEChERS procedure, after extraction with acetonitrile, a
clean-up step performed in d-SPE is necessary to remove coex-
tracted interferents without losing analytes of interest.
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Fig. 3. Adsorption of glucose, fructose, sucrose on PSA, SBA-15-APTES and SBA-15-AN at pH 2.1 (a), 5.0 (b) and 8.5 (c). For experimental details, see text.

To this purpose, the capabilities of SBA-15-APTES and SBA-15-
AN as d-SPE sorbents were investigated in the determination of
persistent pollutants (PAHs and PCBs, included dioxine-like con-
geners) in strawberries, using the QUEChERS extraction approach.

Performances of the modified silicas were studied and com-
pared with those of PSA, measuring both signal-to-noise ratio (S/N)
and extraction recovery (ER) of PAHs and PCBs after the application
of the QUEChERS protocol.

S/N is a parameter characteristic of the chromatogram and in-
dicates the quantification accuracy of the components during the
analytical separation. The higher the S/N, the better recognized the
analyte and the lower the detection limits obtainable. Due to this
intrinsic property, S/N is considered a primary standard for com-
parison of chromatographic performances [32] and it is therefore
frequently used as response in analytical design optimizations [32-
34]. In a complex matrix, such as strawberry rich in sugars, antho-
cyanins and polyphenols [35], S/N is indicative of the efficiency of
matrix removal.

Additionally, ER was also measured, since it is indicative of the
efficiency of the whole method (extraction and cleanup) to extract
analytes of interest, without losing them by adsorption during the
clean-up step.

Results obtained by our study for S/N are reported in Fig. 4
(PAHs) and 5 (PCBs) while ER values are shown in Fig. 6 (PAHs)

and 7 (PCBs). Data obtained in the absence of the d-SPE treatment
were also considered.

For an easier interpretation, for each sorbent, experimen-
tal results for PAHs are shown, in Fig. 4 and 6, as single
value or as average for compounds: up to four benzene rings
(acenaphtylene, the isomers: phenathrene/anthracene; fluo-
rene/pyrene; benzo[a]anthracene/chrysene); four benzene rings
around a 5-membered ring and five benzene rings (the isomers:
benzo[b]|fluoranthene/benzo[k]fluoranthene/benzo[a]pyrene);
five benzene rings or five benzene rings around a 5-membered
ring (dibenzo[a,h]anthracene and the isomers indeno[1,2,3-
cd]pyrene/benzo[ghi]perylene). For PCBs, for each sorbent, exper-
imental results were shown, in Fig. 5 and 7, as single value or as
average for the 14 congeners tested.

As regards S/N values, for all the analytes (Fig. 4 and 5), the
values obtained without a d-SPE treatment are the lowest, indicat-
ing a poor quality of the analytical method. The increase of S/N
values in the presence of the d-SPE treatment indicates a better
detectability, essentially due to the removal of coextracted matrix
compounds, and the consequent improvement of the baseline. In
this regard, both the organically modified mesoporous silica are ef-
fective in improving the analytical method.

For PAHs (Fig. 4), S/N obtained with PSA are higher than
those obtained with SBA-15-APTES and SBA-15-AN for all the
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Fig. 4. Signal-to-noise ratio (S/N) obtained after the QUEChERS extraction of PAHs from strawberry, without and with the d-SPE clean-up by PSA, SBA-15-APTES and SBA-15-
AN. For QUEChERS extraction conditions, see text.
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Fig. 5. Signal-to-noise ratio (S/N) obtained after the QUEChERS extraction of PCBs from strawberry, without and with the d-SPE clean-up by PSA, SBA-15-APTES and SBA-15-
AN. For QUEChERS extraction conditions, see text.
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Fig. 6. Extraction recovery percentage obtained after the QUEChERS extraction of PAHs from strawberry and the d-SPE clean-up by PSA, SBA-15-APTES and SBA-15-AN. For
QuEChERS extraction conditions, see text.
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Fig. 8. Electrostatic potential and charge density distribution results of target PAHs, listed following the classes described in paragraph 3.3 (ring classification).
At the top of each structure, the colour scale of electrostatic potential distribution (unique for each PAH) is represented, with the blue (red) portion representing the most

positive (negative) potential.
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hydrocarbons, except for the last three heaviest compounds for
which SBA-15-AN is the best performing d-SPE sorbent. The im-
provement of S/N for these last compounds (about 30%) turns to
be important in the enhancement of the detection limits in real
matrices, since the heaviest compounds are affected by poor de-
tectability.

For PCBs (Fig. 5), the highest S/N is observed for SBA-15-AN, for
which, on average, an improvement of S/N values of about 20% in
respect to PSA is observed.

Extraction recovery ER% as a function of the d-SPE sorbent used
is shown in Fig. 6 for PAHs and in Fig. 7 for PCBs.

For the 13 PAHSs, average ER% follows the order PSA (76+£19 %)
> SBA-15-AN (63+7 %) > SBA-15-APTES (61+14 %), even though
comparable performances are observed for PSA and SBA-15-AN for
lower molecular weight PAHs. Differently, ER% obtained without
any d-SPE sorbent are significantly lower, ranging from 1443 to
25+2% (data not shown).

According to the Anova test (p=0.0001, 95% confidence inter-
val), the average ER for PSA is statistically different from SBA-15-
AN and SBA-15-APTES, whereas average ER for the two organi-
cally modified mesoporous silica do not show statistical difference.
Despite the higher ER obtained for PSA, the lower standard de-
viation observed for SBA-15-AN indicates that the d-SPE cleanup
with SBA-15-AN is more reliable than the one performed with PSA.
Statistic variability of ER% values for each sorbent was also evalu-
ated through Horwtiz equation (Thompson modification [36]), cal-
culating at first the concentration of each PAH, according to its ex-
traction yields, and finally the maximum acceptable RSD%. Since
the maximum acceptable RSD% value calculated was 22%, the av-
erage RSD% values observed for PAHs with each sorbent (26.2% for
PSA and 14.2% for SBA-15-AN) indicate that the use of PSA pro-
vided recoveries falling outside the range of acceptability. Differ-
ently, the reliability of SBA-15-AN is confirmed since average RSD%
is far below the Horwitz value.

Data shows that for all the d-SPE sorbents, a decrease of ER%
is observed with the increase of molecular weight introduced by
the aromatic rings. This behaviour was verified for PSA also by
Sadowska-Rociek et al [37] in the analysis of PAHs in tea.

Even if, overall, PSA is the best performing sorbent for all PAHs,
SBA-15-APTES provides higher ER% for higher molecular weight
PAHs.

For PCBs, average ER% follows the order PSA (92+6 %) > SBA-
15-AN (8849 %) > SBA-15-APTES (67417 %). Again, poor recovery
is observed without any d-SPE step (ER% ranging from 3646 to
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44+7%, data not shown). The average ER values obtained for PSA
and SBA-15-AN are not statistically different (Anova test, p=0.0001,
95% confidence interval), whereas average ER values obtained with
SBA-15-APTES statistically differ from those obtained by PSA and
SBA-15-AN. Again, the application of the Horwitz equation (calcu-
lated RSD%=22%), confirmed the statistical acceptability for recov-
eries obtained with PSA and SBA-15-AN (RSD%=7.2% and 10.2%, re-
spectively), but not with SBA-15-APTES (RSD%=25.8%).

Presuming that the extraction recovery calculation used com-
pensates for any matrix effect, it is reasonable to assume that dif-
ferences in extraction recovery values observed among the three
d-SPE materials is due to the different extent of adsorption of PAHs
and PCBs by each sorbent, being the extraction procedure the same
for the three tests.

For each sorbent, PCBs exhibit higher ER% values than PAHs.
For each d-SPE sorbent, for PAHs an increase of ER% is observed
upon decreasing molecular weight (MW), showing a partial anti-
correlation (the higher the MW, the lower the ER%) for SBA-15-AN
(ER% = -1.9 MW + 346, r2= 0.919) and for SBA-15-APTES (ER% = -
3.3 MW + 424, r>= 0.840), while for PSA this behaviour is not well
evidenced (ER% = -1.5 MW + 340, r2= 0.429). This suggests that
at variance with what hypothesized by Dachs and Bayona [38] for
silica based octadecyl substrates, in this case, steric hindrance and
shape selectivity do not play a crucial role in the extraction. To
explain the higher extent of adsorption observed for higher molec-
ular weight PAHs, density functional theory (DFT) simulations were
calculated by the software Gaussview 6.0 in order to estimate the
potential and charge density distribution for each PAH tested [39].

Results obtained (Fig. 8) show that the centre of each ring on
both sides of the PAH molecular plane is negatively charged and
corresponds with delocalized 7 electrons. Indeed, the area of the
m-electron plane spatially increases when the number of rings in-
creased, as demonstrated also by Yang and co-workers [40]. Hence,
the heavier molecular weight of the PAHs offers higher surface
availability for interaction with positively charged amino groups.
Moreover, such behaviour is also in agreement with stronger Van
der Waals interactions. Conversely, for PCBs, the addition of chlo-
rine atoms on the biphenyl structure enhances steric hindrance, in
agreement with observations of Dachs and Bayona [38]. In Fig. 9,
as an example, the different behaviour of PAHs (Fig. 9a) and PCBs
(Fig. 9b) is compared for SBA-15-AN.

Eventually the polarity of micropollutants was also considered.
Variations in logP does not significantly influence the extraction
performance of the QUEChERS method when SBA-15-APTES or
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Fig. 9. Dependence of PAH (a) and PCB (b) extraction recovery percentage on molecular weight (MW) using SBA-15-AN as d-SPE sorbent within the QUEChERS protocol in

strawberry.
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SBA-15-AN are used as d-SPE sorbents. Instead, an apparent corre-
lation of ER% with log P for both PAHs and PCBs classes is observed
only for PSA (ER% = 10.36 logP + 0.49, r2=0.653), highlighting pos-
sible limitations in its use of this d-SPE sorbent for more polar an-
alytes. This observation agrees with what found by Scordo et al.
[1] in the extraction of perfluoroalkyl acids from strawberry.

4. Conclusions

SBA-15 mesoporous silica were functionalized with (3-
aminopropyl)-triethoxysilane (SBA-15-APTES) and N-[3-
(Trimethoxysilyl)propyl]aniline (SBA-15-AN) and used for the
first time as d-SPE sorbents in the removal of coextracted com-
pounds (e.g. sugars) in the QuUEChERS protocol applied for the
determination of micropollutants (PAHs and PCBs) in strawberry.
SBA-15-APTES and SBA-15-AN were physico-chemically character-
ized and compared with PSA, the d-SPE sorbent usually employed
in QUEChERS application. The removal capabilities of SBA-15-APTES
and SBA-15-AN towards glucose, sucrose and fructose, chosen as
model sugars present in strawberry was observed to be higher
than that of PSA, due to the higher amount of adsorption active
sites. A thorough study of the effect of pH on removal of sugars
allowed to propose an interaction mechanism between amines
and sugar molecules mainly based on H-bonding.

The suitability of SBA-15-APTES and SBA-15-AN as d-SPE sor-
bents were confirmed including these sorbents in the clean-up
step of a QUEChERS protocol for the determination of PAHs and
PCBs in intentionally contaminated strawberries. Signal-to-noise
ratio for PCBs can be significantly reduced by SBA-15-AN, indi-
cating even a more efficient cleanup if compared to PSA. It is
worth remembering that the reduction of signal-to-noise ratio is
important to determine lower concentrations of micropollutants
in food. Overall, QUEChERS protocol performed by SBA-15-AN pro-
vides slightly lower or comparable extraction recoveries than PSA
(63+7 % vs 76+19 % for PAHs, respectively and 92+6 % vs 8849
% for PCBs) and better reproducibility of the method. Molecular
weight of the target micropollutants, but not log P, seems to influ-
ence the overall QUEChERS extraction recovery in the organically
modified SBA-15.
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