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Abstract 29 

In the analysis of contaminants in food products, sample preparation is performed by proper 30 

adsorbents, whose choice is crucial to eliminate matrix interference. In this work we modified SBA-31 

15 adsorbents by functionalization with (3-aminopropyl)-triethoxysilane (SBA-15-APTES) and N-32 

[3-(trimethoxysilyl)propyl]aniline (SBA-15-AN) aiming to use them for the first time in the clean-up 33 

step of a QuEChERS (quick, easy, cheap, effective, rugged and safe) extraction of micropollutants 34 

from strawberry, a sugar rich fruit. After physico-chemical characterization by nitrogen adsorption, 35 

infrared spectroscopy and thermogravimetric analysis, the adsorption capabilities of SBA-15 sorbents 36 

and possible interaction mechanisms were studied at different pH (2.1-8.5) for glucose, sucrose and 37 

fructose at concentrations characteristic of those found in strawberries. The performance of the two 38 

SBA-15 sorbents was compared with that of commercial PSA (primary secondary amine), usually 39 

proposed in QuEChERS protocols. Both SBA-15 materials exhibit up to 30% higher adsorption than 40 

PSA, suggesting their possible QuEChERS application. Synthesized SBA-15 adsorbents were hence 41 

used as innovative dispersive sorbents in the QuEChERS extractions of 13 PAHs and 14 PCBs from 42 

strawberry. For PCBs, SBA-15-AN provides better matrix removal than PSA and comparable 43 

extraction recoveries around 90%. For PAHs, the use of SBA-15-AN has the advantage of lower 44 

relative standard deviation (7%) than PSA (19%). 45 

 46 

Keywords: QuEChERS food analysis, d-SPE, sugar removal, SBA-15 mesoporous silica, 47 

functionalization  48 

 49 

1. Introduction 50 

Fruits and their transformation products (e.g. beverages and jams) may be altered by organic 51 

micropollutants due to many contamination sources, such as soil and irrigation water [1, 2], as well 52 

as packaging materials [3] and pesticide application [4]. 53 

Current regulation regarding the presence of organic micropollutants in fruits and vegetables 54 

includes polycyclic aromatic hydrocarbons (PAHs), polychlorinated dibenzo(p)dioxins (PCCDs), 55 

polychlorinated dibenzo(p)furans (PCDFs), and polychlorinated biphenyls (PCBs) with dioxin-like 56 

properties, referred to as dioxine-like PCBs (DL-PCBs) [5]. 57 

Most of the above-mentioned compounds in fruits and derived products are analysed by using 58 

the QuEChERS approach followed by gas chromatographic-mass spectrometric analysis (GC-MS) 59 

[2, 6]. QuEChERS extraction is based on the partition of target analytes between water and 60 

acetonitrile.  61 
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Sugars present as natural components or as additives are well-known interferents in the 62 

QuEChERS approach since they are co-extracted in acetonitrile and must be removed prior to the 63 

analysis of the extracted samples by chromatographic methods. 64 

This task is usually accomplished using solid-phase extraction (SPE) cleanup, even through 65 

on-line approaches [7], or by a dispersive solid phase extraction (d-SPE) clean-up step, with a primary 66 

secondary amine (PSA) sorbent [8, 9]. Several manufacturers make commercially available 67 

proprietary PSA sorbents which are based on silica chemically modified with ethylenediamine-N-68 

propyl group, as bulk packing, or within ready-to-use kits for QuEChERS analysis. PSA is usually 69 

claimed to be a sorbent more retentive than aminopropyl phases due to presence of the secondary 70 

amine [10], even if dedicated studies on the adsorption mechanisms are not yet available.  71 

Ordered mesoporous silicas and organosilicas have been largely investigated as adsorbents 72 

[11-14] due to their high specific surface area and uniform porosity, together with the possibility of 73 

tailoring their surface chemical properties through synthesis conditions and post-synthesis 74 

modification. In particular, in the context of analytical chemistry, ordered mesoporous organosilicas 75 

have been tested as adsorbents for food samples cleanup [15]. 76 

Mesoporous silica functionalized with amino groups was previously investigated for 77 

adsorption and removal of anionic pollutants in wastewater [16, 17].  78 

The aim of this work is to synthesize and study the performance of organically modified 79 

ordered mesoporous silicas to be innovatively included as d-SPE sorbents in a QuEChERS protocol 80 

for the removal of co-extracted sugars for the analysis of contamination of strawberries by 13 PAHs 81 

and 14 PCBs, including dioxine-like congeners. PCBs and PAHs are often found in fruit [18, 19] and 82 

are therefore a major concern for health protection. 83 

Ordered mesoporous silica of SBA-15 family was functionalized with the primary amine (3-84 

aminopropyl)-triethoxysilane (APTES) and, in another case, with the secondary amine N-[3-85 

(Trimethoxysilyl)propyl]aniline, in order to mimic the commercial PSA. After the determination of 86 

the main physico-chemical characteristics, the adsorption of glucose, fructose and sucrose (sugars 87 

naturally contained in fruit) was studied. The performances of the two organically modified SBA-15 88 

silica as QuEChERS d-SPE sorbents were investigated determining the signal to noise ratio and the 89 

extraction recoveries for target compounds, in comparison with those obtained by commercial PSA. 90 

To the best of our knowledge no reports are currently available on the use of ordered 91 

mesoporous organosilicas in the QuEChERS technique. 92 

 93 

2. Materials and Methods 94 

2.1 Reagents 95 
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All reagents used were of analytical grade. Ordered mesoporous silica of the SBA-15 type 96 

was purchased from ACS Material Advanced Chemical Supplier (Pasadena, CA, USA). (3-97 

aminopropyl) triethoxysilane (APTES, 99%), N-[3-(Trimethoxysilyl)propyl]aniline, toluene 98 

(99.8%), acetonitrile (>99.9%) were purchased from Sigma Aldrich (Steinheim, DE). Primary 99 

Secondary Amine (PSA, Figure 1A) was purchased from Agilent Technologies (Santa Clara, CA, 100 

USA). D(+) glucose was purchased from Merck (Darmstadt, DE), D(-) fructose and sucrose were 101 

purchased from J.T. Baker (Phillipsburg, NJ, USA).  102 

The PAHs studied were the 13 PAH compounds listed by EPA 525.1 procedure and were 103 

purchased from Sigma Aldrich-Merck (Darmstadt, Germany): acenaphtylene (AcPY), fluorene (Flu),  104 

phenathrene (Phe),  anthracene (Ant), pyrene (Pyr), benzo[a]anthracene (BaA), chrysene (Chr), 105 

benzo[b]fluoranthene (BbFl), benzo[k]fluoranthene (BkFl), benzo[a]pyrene (BaP), indeno[1,2,3-106 

cd]pyrene (Ind), dibenzo[a,h]anthracene (DBA), benzo[ghi]perylene (BP). PCBs were purchased 107 

from LGC Standards (Milan, Italy). They were non-dioxine like PCBs: 3,3’-dichlorobiphenyl (PCB 108 

11), 4,4’-dichlorobiphenyl (PCB 15), 2,4,4’-trichlorobiphenyl (PCB 28), 2,2’,5,5’-109 

tetrachlorobiphenyl (PCB 52), 2,2’,4,5,5’-pentachlorobiphenyl (PCB 101), 2,2’,3,4,4’,5-110 

hexachlorobiphenyl (PCB 138), 2,2’,4,4’,5,5’-hexachlorobiphenyl (PCB 153), 3,3’,4,4’,5,5’-111 

hexachlorobiphenyl (PCB 169), 2,2’,3,4,4’,5,5’-heptachlorobiphenyl (PCB 180), 2,3,3’,4,4’,5,5’-112 

heptachlorobiphenyl (PCB 189); and dioxine like  PCBs: 3,4,4’,5-tetrachlorobiphenyl (PCB 81), 113 

2,3’,4,4’,5-pentachlorobiphenyl (PCB 118), 2’,3,4,4’,5-pentachlorobiphenyl (PCB 123), 114 

2,3’,4,4’,5,5’-hexachlorobiphenyl (PCB 167). 115 

Hydrochloric acid (35% w/w, d = 1.187 g/mL) and NaOH (>98%) were from Carlo Erba 116 

(Milano, IT). NaCl, MgSO4·7H2O and H2SO4 (95–97%, d = 1.84 g/mL) were from Sigma-Aldrich. 117 

High-purity water (18.2 M Ω·cm resistivity at 25°C), produced by an Elix-Milli Q Academic system 118 

from Millipore (Vimodrone, MI, Italy) was used for standard and eluent preparation. 119 

 120 

2.2 Preparation of sorbents 121 

The synthesis procedures of the two sorbents were based on previous work concerning on the 122 

functionalization of SBA-15 silica [16, 17]. In a flask, 1 g of SBA-15, previously washed with about 123 

50 mL of deionized water, was stirred with 200 mL of toluene for 30 min, at room temperature. 124 

Afterwards, 2 mL of functionalizing reagent ((3-aminopropyl)-triethoxysilane-APTES or N-[3-125 

(trimethoxysilyl)propyl]aniline, Fig. 1B and 1C) was added dropwise. The flask was then connected 126 

to a water-refrigerated system and the solution heated to 110 ° C. The solution was kept under stirring 127 

for 24 hours. Afterwards, the powder was filtered and dried. 128 
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Hereafter the sample functionalized with APTES is denoted SBA-15-APTES and the sample 129 

functionalized with N-[3-(trimethoxysilyl)propyl]aniline is denoted SBA-15-AN. 130 

 131 

2.3 Physico-chemical characterization 132 

Nitrogen adsorption isotherms were measured using a Quantachrome AUTOSORB-1 133 

(Boynton Beach, FL, USA) instrument. Prior to nitrogen adsorption, samples were outgassed at 393 134 

K for 6 h. The BET specific surface areas (SSA) were calculated in the relative pressure range from 135 

0.04 to 0.1 and the pore size distribution were determined through the NLDFT (Non Localized 136 

Density Functional Theory) method, using the equilibrium model for cylindrical pores. 137 

For FTIR measurements, powders were pressed in self-supporting wafers and spectra were 138 

recorded at room temperature with a Bruker Tensor 27 (Bruker, Billerica, MA, USA) spectrometer 139 

operating at 2 cm−1 resolution, after outgassing the sample at room temperature (residual pressure of 140 

0.1 Pa). 141 

TG analyses were carried out between 298 K and 1073 K in air (flow rate 100 mL/min with a 142 

heating rate of 10 K/min) using a SETARAM 92 (Caluire, France) instrument. 143 

Density functional theory (DFT) simulations were calculated by means of Gaussian 09W and 144 

Gaussian View (Gaussian Inc, Wallington, US).   145 

 146 

 2.4 Chromatographic analysis 147 

The evaluation of sugar content was performed by ion-chromatography using an ICS-3000 148 

gradient pump, Thermo Fisher Scientific, Waltham, MA, USA, coupled to pulsed amperometric 149 

detection. An AD40 Electrochemical Detector, Thermo Fisher Scientific, equipped with Ag/AgCl 150 

reference electrode and a gold working electrode was used. The detection potential was set at 0.1 V 151 

and maintained for 400 ms: the first 200 ms represents the delay time and the second 200 ms 152 

represents the determination time. The potential was then instantaneously set at -2 V and maintained 153 

for 10 ms and raised at 0.6 V and maintained for 10 ms to restore the gold oxide necessary to maintain 154 

an active working electrode surface. The potential was finally set at -0.1V and maintained for 60 ms, 155 

to reduce the small amount of gold oxide previously formed. The waveform requires a total of 500 156 

ms. 157 

The sample (10 µL) was injected through a six-ways Rheodyne injection valve. The column 158 

used was a CarboPacPA10, 250x4 mm (100 μeq/column), Thermo Fisher Scientific which has a 159 

microporous substrate with particle size of 10 µm, 55% cross-linking functionalized with a 160 

difunctional quaternary ion latex (5% cross-linking). 161 
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After optimization, the eluent concentration was kept at 55 mM KOH (data available upon 162 

request). At these conditions, limits of detection (LODs) for glucose, fructose and sucrose, calculated 163 

as sm=sm+3sb, with sm=average signal of blank, sb= standard deviation of blank on ten measurements, 164 

were respectively 69, 56 and 11 µg/L. Pump, detector settings, and data collection were managed by 165 

the Chromeleon v.6.80 software (Thermo Fisher Scientific).  166 

For PAHs and PCBs analysis, a gas chromatographic-mass spectrometric (GC-MS) method 167 

was used, according to previous studies by our research group [2, 20], employing an Agilent (Santa 168 

Clara, CA,USA) 6980 series gas chromatograph coupled with an Agilent 5973 Network mass 169 

spectrometer detector. 170 

The GC column was a (5%-Phenyl)-methylpolysiloxane column (HP 5ms, 30 m x 0.25 mm x 171 

25 µm, Agilent), with He as gas carrier (1 mL/min). MS detection was performed in Single Ion 172 

Monitoring (SIM) mode, selecting for each analyte its proper m/z ratio (m/z ratio available upon 173 

request). 2 µL of each sample were injected using the Pulsed Splitless mode (pressure at 40 psi for 174 

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, 175 

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 176 

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 177 

to completely clean and restore the GC column. The total run time for the complete separation of 178 

PAHs and PCBs is 52 min. 179 

LODs, calculated as previously described for ion chromatography, were in the range from 180 

0.06 µg/L (BaA) to 2.10 µg/L (DBA), while from 0.49 µg/L (PCB153) to 5.40 µg/L (PCB169). 181 

Detailed analytical features of the GC-MS method are presented in Table S1 (for PAHs) and S2 (for 182 

PCBs) of the Supplementary Information section.  183 

GC-MS data were handled with OpenChrome software (Lablicate, Germany). 184 

 185 

2.5 Adsorption tests 186 

Tests to evaluate the effect of pH were performed on 0.25 g of sorbent. The sorbent was put 187 

in contact with 4 g solution containing 350 mg/g glucose, 350 mg/g fructose and 170 mg/g sucrose. 188 

These concentrations were chosen in order to match those contained in strawberry according to 189 

Kasperbauer [21]. Solutions were stirred at 1100 xg for 10 min. Experiments were performed at pH 190 

2.1, 5.0 and 8.5. 191 

 192 

2.6 Strawberry fruits 193 
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Commercial strawberry samples grown in Italy were used. Fragaria x ananassa, Camarosa 194 

cultivar was chosen as model plant, since it accounts for about 60% of the strawberry world's 195 

production and it adapts greatly to wide climate and growth conditions. 196 

 197 

2.7 Extraction of PAHs and PCBs from strawberries by QuEChERS  198 

Among organic micropollutants, PCBs and PAHs, present in the environment as a result of 199 

natural and anthropogenic processes, represent both point source and diffuse emissions [22]. 200 

PAHs and PCBs were extracted using a QuEChERS approach [8, 23]. Briefly, 5 g of 201 

homogenized strawberries were put in a vial containing 10 mL acetonitrile:H2O pH 2.1 (70:30), 8.2 202 

g MgSO4 and 1 g NaCl. The tube was vigorously shaken and centrifuged at 1100 xg for 10 min. After 203 

extraction, a 4 mL aliquot of the supernatant was then transferred in a new vial containing 0.25 g of 204 

sorbent (PSA or SBA-15-APTES or SBA-15-AN) and 1.0 g MgSO4 for the clean-up step. The tube 205 

was shaken and centrifuged (7870 xg, 10 min) and the supernatant was directly analysed by GC-MS.  206 

For each sorbent, the recovery was calculated spiking the fruit samples prior- (i) and post- (ii) 207 

extraction as follows: 208 

• Pre-extraction spike: a cumulative batch of 50 g of homogenised strawberries was spiked with 209 

6666 µL of a solution containing PAHs and PCBs at 300 µg/L each, to achieve a final 210 

concentration of 0.04 mg/kg. According to the extraction procedure above detailed, a 211 

theoretical final concentration of 20 µg/L is expected for each PAH and PCBs. The procedure 212 

was repeated in triplicate. 213 

• Post-extraction spike: after the extraction and clean-up procedure, 187 µL of the extract is 214 

spiked with 13 µL of the solution containing PAHs and PCBs at 300 µg/L, so to obtain a final 215 

concentration of 20 µg/L for each PAH and PCBs. The procedure was repeated in triplicate. 216 

 217 

For each analyte, extraction recovery percentage (ER%) was calculated from the peak areas 218 

obtained after the pre-extraction spike (Apre-extraction) and post-extraction (Apost-extraction) according to 219 

the equation: 220 

ER%= 100* Apre-extraction / Apost-extraction 221 

 222 

For each analyte and experimental conditions, signal-to-noise ratio (S/N) was derived from 223 

the software OpenChrome and was calculated from the height of the analyte chromatographic peak 224 

(Hpeak) and that of the noise (hnoise), according to the 2015 United States Pharmacopeia definition [24]: 225 

S/N= 2Hpeak/hnoise 226 

 227 
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3. Results and discussion 228 

3.1 Physico-chemical characterization 229 

Table 1 reports textural features of SBA-15 as such and of functionalized SBA-15. For both 230 

SBA-15-APTES and SBA-15-AN, lower values of SSA, pore volume and pore diameter are observed 231 

with respect to the pristine SBA-15. These results reveal that grafting of organic moieties on the 232 

internal surface of silica mesopores occurred during functionalization. 233 

N2 adsorption measurement was carried out also on PSA since no data for the commercial 234 

product were available. It is worth noting that the same features of PSA are in between those of SBA-235 

15 and organically modified SBA-15, so that, as a whole, we can consider PSA, SBA-15-APTES and 236 

SBA-15-AN comparable systems for the proposed QuEChERS application. 237 

Fig. 2 shows FT-IR spectra of SBA-15, SBA-15-APTES and SBA-15-AN after outgassing at 238 

room temperature. 239 

The spectrum of SBA-15 (curve 1) reveals the typical features of an amorphous silica, i. e. the 240 

narrow band at 3743 cm-1, due to the stretching mode of isolated silanols, and the broad band centred 241 

at 3530 cm-1, due to H-bonded silanols.   242 

In the spectrum of SBA-15-APTES (curve 2), bands due to the organic moieties are clearly 243 

observed, that are: i) two bands at 3355 cm-1 and 3295 cm-1 attributed to the stretching modes of -244 

NH2 groups; ii) two bands at 2930 cm-1 and 2875 cm-1 due to the stretching modes of aliphatic -CH2- 245 

groups; iii) a band at about 1595 cm-1 due to the bending mode of -NH2 groups. As usually observed 246 

for amorphous silica modified with APTES, a broad and ill-defined absorption is observed at about 247 

3000 cm-1, on which the previous mentioned bands are superimposed. This absorption is due to the 248 

residual silanols engaged in H-bonding with surface -NH2 groups [25]. Indeed, in the spectrum, the 249 

stretching mode of isolated silanols is not present. 250 

In the case of SBA-15-AN (curve 3), as for SBA-15-APTES, the bands due to the organic 251 

groups are visible in the spectrum, i.e. i) the band at 3330 cm-1 due to the stretching mode of -NH- 252 

species; ii) bands above and below 3000 cm-1 due to, respectively, aromatic -CH and aliphatic -CH2- 253 

stretching modes; iii) bands below 1700 cm-1 due to ring modes of the aromatic moieties. Moreover, 254 

a broad absorption is observed at about 3600 cm-1 which is tentatively ascribed to the residual silanols 255 

engaged in H-bonding with aromatic rings [26]. 256 

 In summary, the set of IR data reveal that amine species in modified SBA-15 are 257 

located and exposed on the silica surface, in agreement with textural features (Table 1) discussed 258 

above.   259 

From TG curves (not reported), the amount of amino groups was estimated and it is 4.41 260 

mmol/g for SBA-15-APTES and 2.23 mmol/g for SBA-15-AN. 261 
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According to data found for commercially available PSA in the market, capacity for PSA 262 

ranges from 0.65 to 1.22 mmol/g [27, 28]. The above-mentioned capacity data suggest, per se, a 263 

competitive performance of functionalized SBA-15 in respect to PSA, and supports the study herein 264 

proposed.  265 

 266 

3.2 Adsorption measurements 267 

The following experiments were performed in order to optimize the pH conditions to be used 268 

in QuEChERS application. Furthermore, the results may be useful in formulating possible 269 

interactions acting between adsorbents and sugars during retention. 270 

Results are represented in Fig. 3A, 3B, 3C. According to the acidic dissociation constants of 271 

the sugars considered (pKa=12.2 for glucose, 12.0 for fructose and 12.6 for sucrose), the concentration 272 

of dissociated sugars may be considered negligible at pH values studied (2.1, 5.0 and 8.5).  273 

Organically modified mesoporous silicas show better removal performance than commercial 274 

PSA for all the pH values. It is worth noting that textural properties such as SSA and pore volume of 275 

SBA-15-APTES and SBA-15-AN are comparable to those of PSA (see Table 1), therefore the better 276 

adsorption performance of organically modified mesoporous silica has to be ascribed to the functional 277 

groups acting as adsorption sites, the amount of which is larger in SBA-15-APTES and SBA-15-AN 278 

than in PSA. Nevertheless, a role of different surface chemical properties of the two silica supports, 279 

cannot be ruled out. 280 

Firstly, the retention properties of aminopropyl-modified silica and PSA towards sugars has 281 

been ascribed mainly to H-bonding [29]. The role of H-bonding of protonated ethylenediamine based 282 

materials, structurally similar to PSA, in the retention of uncharged compounds is supported by many 283 

authors [30, 31], who also speculated on possible leading retention mechanisms via H-bonding as a 284 

function of pH and on the abundancy of NH3
+/NH2 and NH3

+/NH groups [31]. 285 

As shown in Fig. 3, for all the adsorbents, retention capabilities decrease at increasing pH. 286 

This may be ascribed to a change of the relative population of protonated and deprotonated amine 287 

groups and to their involvement in H-bonding. At increasing pH, the population of protonated amines 288 

decreases. Since protonated amines are stronger Brønsted acids than amines, they may be considered 289 

also stronger H donor in H-bonding.  290 

Data in Fig. 3A-3B-3C show that SBA-15-AN has higher retention abilities than SBA-15-291 

APTES at all the pH values tested (SBA-15-AN > SBA-15-APTES > PSA). Indeed, if we consider 292 

that aniline (pKb 8.9) is a weaker base than propylamine (pKb 3.5), the decrease of protonated amine 293 

population upon increasing pH is expected to be relatively larger in SBA-15-AN than SBA-15-294 

APTES. Thus, it may be proposed that H-bonding between protonated amines and sugar molecules, 295 
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where the former act as proton donor and the latter as proton acceptor, does not play the only role in 296 

the adsorption. 297 

Therefore, the better performance of SBA-15-AN compared to that of SBA-15-APTES can 298 

be ascribed to a higher hydrophobicity of the material due to the more hydrophobic functional group, 299 

which is usually desired in case of organic molecules adsorption from water solution. Moreover, the 300 

electron-withdrawing effect of the aromatic ring enhances the positive charge of the ammonium 301 

group, increasing the strength of H-bonding with sugar molecules. 302 

Experimental tests indicated that pH 2.1 is the optimal pH value to achieve the highest sugars 303 

adsorption in a QuEChERS application.  304 

 305 

3.3 Organically modified mesoporous silicas in the d-SPE cleanup of QuEChERS 306 

In a QuEChERS procedure, after extraction with acetonitrile, a clean-up step performed in d-307 

SPE is necessary to remove coextracted interferents without losing analytes of interest. 308 

To this purpose, the capabilities of SBA-15-APTES and SBA-15-AN as d-SPE sorbents were 309 

investigated in the determination of persistent pollutants (PAHs and PCBs, included dioxine-like 310 

congeners) in strawberries, using the QuEChERS extraction approach. 311 

Performances of the modified silicas were studied and compared with those of PSA, 312 

measuring both signal-to-noise ratio (S/N) and extraction recovery (ER) of PAHs and PCBs after the 313 

application of the QuEChERS protocol.  314 

S/N is a parameter characteristic of the chromatogram and indicates the quantification 315 

accuracy of the components during the analytical separation. The higher the S/N, the better 316 

recognized the analyte and the lower the detection limits obtainable. Due to this intrinsic property, 317 

S/N is considered a primary standard for comparison of chromatographic performances [32] and it is 318 

therefore frequently used as response in analytical design optimizations [32-34]. In a complex matrix, 319 

such as strawberry rich in sugars, anthocyanins and polyphenols [35], S/N is indicative of the 320 

efficiency of matrix removal.  321 

Additionally, ER was also measured, since it is indicative of the efficiency of the whole 322 

method (extraction and cleanup) to extract analytes of interest, without losing them by adsorption 323 

during the clean-up step.  324 

Results obtained by our study for S/N are reported in Fig. 4 (PAHs) and 5 (PCBs) while ER 325 

values are shown in Fig. 6 (PAHs) and 7 (PCBs). Data obtained in the absence of the d-SPE treatment 326 

were also considered. 327 

For an easier interpretation, for each sorbent, experimental results for PAHs are shown, in Fig. 328 

4 and 6, as single value or as average for compounds: up to four benzene rings (acenaphtylene, the 329 
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isomers: phenathrene/anthracene; fluorene/pyrene; benzo[a]anthracene/chrysene); 330 

four benzene rings around a 5-membered ring and five benzene rings (the isomers: 331 

benzo[b]fluoranthene/benzo[k]fluoranthene/benzo[a]pyrene); five benzene rings or five benzene 332 

rings around a 5-membered ring (dibenzo[a,h]anthracene and the isomers indeno[1,2,3-333 

cd]pyrene/benzo[ghi]perylene). For PCBs, for each sorbent, experimental results were shown, in Fig. 334 

5 and 7, as single value or as average for the 14 congeners tested. 335 

As regards S/N values, for all the analytes (Fig. 4 and 5), the values obtained without a d-SPE 336 

treatment are the lowest, indicating a poor quality of the analytical method. The increase of S/N values 337 

in the presence of the d-SPE treatment indicates a better detectability, essentially due to the removal 338 

of coextracted matrix compounds, and the consequent improvement of the baseline. In this regard, 339 

both the organically modified mesoporous silica are effective in improving the analytical method.  340 

For PAHs (Fig. 4), S/N obtained with PSA are higher than those obtained with SBA-15-341 

APTES and SBA-15-AN for all the hydrocarbons, except for the last three heaviest compounds for 342 

which SBA-15-AN is the best performing d-SPE sorbent. The improvement of S/N for these last 343 

compounds (about 30%) turns to be important in the enhancement of the detection limits in real 344 

matrices, since the heaviest compounds are affected by poor detectability. 345 

For PCBs (Fig. 5), the highest S/N is observed for SBA-15-AN, for which, on average, an 346 

improvement of S/N values of about 20% in respect to PSA is observed. 347 

Extraction recovery ER% as a function of the d-SPE sorbent used is shown in Fig. 6 for PAHs 348 

and in Fig. 7 for PCBs. 349 

For the 13 PAHs, average ER% follows the order PSA (76±19 %) > SBA-15-AN (63±7 %) > 350 

SBA-15-APTES (61±14 %), even though comparable performances are observed for PSA and SBA-351 

15-AN for lower molecular weight PAHs. Differently, ER% obtained without any d-SPE sorbent are 352 

significantly lower, ranging from 14±3 to 25±2% (data not shown).  353 

According to the Anova test (p=0.0001, 95% confidence interval), the average ER for PSA is 354 

statistically different from SBA-15-AN and SBA-15-APTES, whereas average ER for the two 355 

organically modified mesoporous silica do not show statistical difference. Despite the higher ER 356 

obtained for PSA, the lower standard deviation observed for SBA-15-AN indicates that the d-SPE 357 

cleanup with SBA-15-AN is more reliable than the one performed with PSA. Statistic variability of 358 

ER% values for each sorbent was also evaluated through Horwtiz equation (Thompson modification 359 

[36]), calculating at first the concentration of each PAH, according to its extraction yields, and finally 360 

the maximum acceptable RSD%. Since the maximum acceptable RSD% value calculated was 22%, 361 

the average RSD% values observed for PAHs with each sorbent (26.2% for PSA and 14.2% for SBA-362 

15-AN) indicate that the use of PSA provided recoveries falling outside the range of acceptability. 363 
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Differently, the reliability of SBA-15-AN is confirmed since average RSD% is far below the Horwitz 364 

value.  365 

Data shows that for all the d-SPE sorbents, a decrease of ER% is observed with the increase 366 

of molecular weight introduced by the aromatic rings. This behaviour was verified for PSA also by 367 

Sadowska-Rociek et al [37] in the analysis of PAHs in tea. 368 

Even if, overall, PSA is the best performing sorbent for all PAHs, SBA-15-APTES provides 369 

higher ER% for higher molecular weight PAHs. 370 

For PCBs, average ER% follows the order PSA (92±6 %) > SBA-15-AN (88±9 %) > SBA-371 

15-APTES (67±17 %). Again, poor recovery is observed without any d-SPE step (ER% ranging from 372 

36±6 to 44±7%, data not shown). The average ER values obtained for PSA and SBA-15-AN are not 373 

statistically different (Anova test, p=0.0001, 95% confidence interval), whereas average ER values 374 

obtained with SBA-15-APTES statistically differ from those obtained by PSA and SBA-15-AN. 375 

Again, the application of the Horwitz equation (calculated RSD%=22%), confirmed the statistical 376 

acceptability for recoveries obtained with PSA and SBA-15-AN (RSD%=7.2% and 10.2%, 377 

respectively), but not with SBA-15-APTES (RSD%=25.8%).  378 

Presuming that the extraction recovery calculation used compensates for any matrix effect, it 379 

is reasonable to assume that differences in extraction recovery values observed among the three d-380 

SPE materials is due to the different extent of adsorption of PAHs and PCBs by each sorbent, being 381 

the extraction procedure the same for the three tests. 382 

For each sorbent, PCBs exhibit higher ER% values than PAHs.  For each d-SPE sorbent, for 383 

PAHs an increase of ER% is observed upon decreasing molecular weight (MW), showing a partial 384 

anticorrelation (the higher the MW, the lower the ER%) for SBA-15-AN (ER% = -1.9 MW + 346, 385 

r2= 0.919) and for SBA-15-APTES (ER% = -3.3 MW + 424, r2= 0.840), while for PSA this behaviour 386 

is not well evidenced (ER% = -1.5 MW + 340, r2= 0.429). This suggests that at variance with what 387 

hypothesized by Dachs and Bayona [38] for silica based octadecyl substrates, in this case, steric 388 

hindrance and shape selectivity do not play a crucial role in the extraction. To explain the higher 389 

extent of adsorption observed for higher molecular weight PAHs, density functional theory (DFT) 390 

simulations were calculated by the software Gaussview 6.0 in order to estimate the potential and 391 

charge density distribution for each PAH tested [39]. 392 

Results obtained (Fig.8) show that the centre of each ring on both sides of the PAH molecular 393 

plane is negatively charged and corresponds with delocalized π electrons. Indeed, the area of the π-394 

electron plane spatially increases when the number of rings increased, as demonstrated also by Yang 395 

and co-workers [40]. Hence, the heavier molecular weight of the PAHs offers higher surface 396 

availability for interaction with positively charged amino groups. Moreover, such behaviour is also 397 
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in agreement with stronger Van der Waals interactions. Conversely, for PCBs, the addition of chlorine 398 

atoms on the biphenyl structure enhances steric hindrance, in agreement with observations of Dachs 399 

and Bayona [38]. In Fig. 9, as an example, the different behaviour of PAHs (Fig. 9A) and PCBs (Fig. 400 

9B) is compared for SBA-15-AN. 401 

Eventually the polarity of micropollutants was also considered. Variations in logP does not 402 

significantly influence the extraction performance of the QuEChERS method when SBA-15-APTES 403 

or SBA-15-AN are used as d-SPE sorbents. Instead, an apparent correlation of ER% with log P for 404 

both PAHs and PCBs classes is observed only for PSA (ER% = 10.36 logP + 0.49, r2=0.653), 405 

highlighting possible limitations in its use of this d-SPE sorbent for more polar analytes. This 406 

observation agrees with what found by Scordo et al. [1] in the extraction of perfluoroalkyl acids from 407 

strawberry.  408 

 409 

4. Conclusions 410 

SBA-15 mesoporous silica were functionalized with (3-aminopropyl)-triethoxysilane (SBA-411 

15-APTES) and N-[3-(Trimethoxysilyl)propyl]aniline (SBA-15-AN) and used for the first time as d-412 

SPE sorbents in the removal of coextracted compounds (e.g. sugars) in the QuEChERS protocol 413 

applied for the determination of micropollutants (PAHs and PCBs) in strawberry. SBA-15-APTES 414 

and SBA-15-AN were physico-chemically characterized and compared with PSA, the d-SPE sorbent 415 

usually employed in QuEChERS application. The removal capabilities of SBA-15-APTES and SBA-416 

15-AN towards glucose, sucrose and fructose, chosen as model sugars present in strawberry was 417 

observed to be higher than that of PSA, due to the higher amount of adsorption active sites. A 418 

thorough study of the effect of pH on removal of sugars allowed to propose an interaction mechanism 419 

between amines and sugar molecules mainly based on H-bonding. 420 

The suitability of SBA-15-APTES and SBA-15-AN as d-SPE sorbents were confirmed 421 

including these sorbents in the clean-up step of a QuEChERS protocol for the determination of PAHs 422 

and PCBs in intentionally contaminated strawberries. Signal-to-noise ratio for PCBs can be 423 

significantly reduced by SBA-15-AN, indicating even a more efficient cleanup if compared to PSA. 424 

It is worth remembering that the reduction of signal-to-noise ratio is important to determine lower 425 

concentrations of micropollutants in food. Overall, QuEChERS protocol performed by SBA-15-AN 426 

provides slightly lower or comparable extraction recoveries than PSA (63±7 % vs 76±19 % for PAHs, 427 

respectively and 92±6 % vs 88±9 % for PCBs) and better reproducibility of the method. Molecular 428 

weight of the target micropollutants, but not log P, seem to influence the overall QuEChERS 429 

extraction recovery in the organically modified SBA-15. 430 

 431 
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Figure Captions 589 

 590 

Fig. 1. Schematic representation of PSA (A) and structure of the precursors APTES (B) and 591 

N-[3-(trimethoxysilyl)propyl]aniline (C). 592 

Fig. 2.   FT-IR Spectra of SBA-15 (curve 1), SBA-15-APTES (curve 2) and SBA-15-AN 593 

(curve 3). The spectrum of SBA-15 was amplified by a factor 2 for sake of clarity.  594 

Fig. 3. Adsorption of glucose, fructose, sucrose on PSA, SBA-15-APTES and SBA-15-AN at 595 

pH 2.1 (A), 5.0 (B) and 8.5 (C). For experimental details, see text. 596 

Fig. 4.  Signal-to-noise ratio (S/N) obtained after the QuEChERS extraction of PAHs from 597 

strawberry, without and with the d-SPE clean-up by PSA, SBA-15-APTES and SBA-15-AN. For 598 

QuEChERS extraction conditions, see text. 599 

Fig. 5.   Signal-to-noise ratio (S/N) obtained after the QuEChERS extraction of PCBs from 600 

strawberry, without and with the d-SPE clean-up by PSA, SBA-15-APTES and SBA-15-AN. For 601 

QuEChERS extraction conditions, see text. 602 

Fig. 6.   Extraction recovery percentage obtained after the QuEChERS extraction of PAHs 603 

from strawberry and the d-SPE clean-up by PSA, SBA-15-APTES and SBA-15-AN. For QuEChERS 604 

extraction conditions, see text.  605 

Fig. 7.   Extraction recovery percentage obtained after the QuEChERS extraction of PCBs 606 

from strawberry and the d-SPE clean-up by PSA, SBA-15-APTES and SBA-15-AN. For QuEChERS 607 

extraction conditions, see text. 608 

Fig. 8: Electrostatic potential and charge density distribution results of target PAHs, listed 609 

following the classes described in paragraph 3.3 (ring classification). 610 

At the top of each structure, the colour scale of electrostatic potential distribution (unique for each 611 

PAH) is represented, with the blue (red) portion representing the most positive (negative) potential. 612 

Fig. 9. Dependence of PAH (A) and PCB (B) extraction recovery percentage on molecular 613 

weight (MW) using SBA-15-AN as d-SPE sorbent within the QuEChERS protocol in strawberry. 614 
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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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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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Table S1. Main analytical features of the GC-MS method for the determination of PAHs. 30 

Chromatographic conditions are detailed in paragraph 2.4 of the main manuscript. 31 

PAHs Slope Intercept R2 LOD (µg/L) LOQ (µg/L) 

AcPY 1.37 -0.0034 0.9988 0.07 0.22 

Flu 1.88 0.0028 0.9984 0.14 0.43 

Phe 2.12 0.039 0.9685 0.48 1.46 

Ant 0.77 0.003 0.9931 0.15 0.45 

Pyr 1.57 0.0076 0.9971 0.13 0.4 

BaA 0.91 0.00002 0.9992 0.06 0.18 

Chr 1.23 -0.0009 0.9982 0.12 0.35 

BbFl 3.7 -0.004 0.9978 0.38 1.15 

BkFL 2.76 -0.0041 0.9981 0.27 0.82 

BaP 4.12 0.00002 0.9988 0.36 1.07 

Ind 5.45 -0.0046 0.9914 1.69 5.12 

DBA 4.56 -0.0036 0.9824 2.1 6.36 

BP 6.96 -0.0019 0.9976 1.36 4.11 

 32 

Linearity range: 0.1- 20 µg/L 33 

Intra-day repeatability (n=10): 5.2% 34 

Inter-day repeatability (three days, 10 repetitions for each day, n=30): 9.8% 35 

 36 

Table S2. Main analytical features of the GC-MS method for the determination of PCBs. 37 

Chromatographic conditions are detailed in paragraph 2.4 of the main manuscript. 38 

PCBs Slope Intercept R2 LOD (µg/L) LOQ (µg/L) 

PCB 11 4.12 -0.048 0.9982 4.96 14.93 

PCB 15 2.62 -0.05 0.9989 2.16 6.55 

PCB 28 1.05 -0.026 0.9979 2.99 9.05 

PCB 52 1.21 -0.03 0.9982 2.46 7.47 

PCB 81 0.87 -0.032 0.9982 1.66 5.04 

PCB 101 0.66 -0.014 0.9986 2.03 6.14 

PCB 
118+123 

2.96 -0.064 0.9983 2.87 8.71 

PCB 138 1.57 -0.024 0.998 4.31 13.05 

PCB 153 0.15 -0.021 0.9981 0.49 1.49 

PCB 167 1.23 -0.022 0.9985 2.98 9.04 

PCB 169 4.51 -0.046 0.9985 5.4 16.35 

PCB 180 0.89 -0.014 0.9981 3.77 11.43 

PCB 189 1.07 -0.017 0.9981 4.14 12.54 

 39 

Linearity range: 1.5- 25 µg/L 40 

Intra-day repeatability (n=10): 4.3% 41 

Inter-day repeatability (three days, 10 repetitions for each day, n=30): 9% 42 

 43 
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