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ABSTRACT

This paper describes the synthesis of a silica based MSU-1 mesoporous solid and its application as sorbent in solid-
phase extraction to pre-concentrate thirteen pesticides of low-high polarity (methomyl, cymoxanil, carbofuran,
monolinuron, isoproturon, methidathion, methiocarb, malathion, phosalone, diazinon, penconazole, neburon and
chlorotoluron) in ground and river water. The synthesis was based in an H-bonding interaction assembling (I1°N0)
between two non-ionic components (the inorganic silica surface, I9 and the polyethylene oxide template, N°) by adding
tetraethoxysilane to the non-ionic surfactant Brij®100, the latter previously dissolved in HCl 1M. 50 mL water samples
adjusted at pH=3.5 were passed, at a flow rate of 5 mL/min, through a home-made cartridge containing 50 mg of MSU-
1 sorbent, pre-conditioned with 5 mL of ultrapure water; then, the cartridge was washed with 5 mL of ultrapure water.
Following elution with 5 mL of acetonitrile, the pesticides were determined by ultra performance liquid
chromatography coupled to triple quadrupole-mass spectrometry. Two selected reaction monitoring transitions were
monitored per compound, the most intense one being used for quantification and the second one for confirmation.
Three points were used for identification, as established in the Directive 96/23/EC for LC-MS/MS analysis, which deals
with confirmatory methods for organic residues and contaminants listed in the Group B (veterinary drugs and
contaminants). Medium matrix effect (|20%|>ME<|50%|) was found for methiocarb and malathion, whereas diazinon
and phosalone showed strong matrix effect (ME>>|50%|). Therefore, the standard addition methodology was applied
by adding an adequate amount of the pesticide standard mixture to the final sample extract. All pesticides were
quantified using this approach for practical reasons, thus avoiding two different calibrations. The method quantification
limit (MQL) of pesticides was 0.01 pg/L for all of them, except for diazinon (0.1 ng/L). Recoveries of the target pesticides
at MQL and 0.25 pg/L concentration levels in blank river water were in the range 70.1-113.5% and 86.7-107.3%,
respectively, with RSDs lower than 16.3% and 15.7%, respectively. Four ground water samples and three river water
samples, taken from Almeria (Spain), were analyzed by the proposed method and only phosalone at a concentration
level of 0.05 pg/L was found in one river water sample.
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1. Introduction

Pesticides are being used in agriculture to control pests for better yield and production. Today, the prevailing trend is
to use pesticides that act only in accordance with their intended action and do not harm humans or other flora and
fauna. However, unfortunately, the absolute selectivity is impossible to achieve in practice [1], in such a way that the
application of these compounds has become a problem due to the possibility of contamination of ground and surface
waters and its consequent impact on the environment and public health [2]. Thus, some reviews have been published
in the literature dealing with the risk posed by these contaminants to human health [3-5] and aquatic ecosystems [6-
10].

Pesticides reach water bodies by different routes including run-offs or spray drifting from agricultural fields and
gardens, thus deteriorating their quality and affecting the living organisms [11] as they adversely affect the biodiversity,
alter the functions of the ecosystem and impact the interspecies communication [12]. Numerous compounds have been
detected in surface water, groundwater, and water supplies related to agricultural activities and human cases of
environmental contamination [13,14]. Therefore, it is necessary to monitor residue pesticide levels in the
environmental water for its quality assurance.

To determine pesticides in complex matrices, such as ground and surface waters, sample treatment for pre-
concentration and clean up is a crucial step, which has been defined as a bottleneck in the whole analytical process [15].
In the last decades, solid phase extraction (SPE) has been the most popular sample treatment technique and significant
efforts have been carried out to develop new formats and advanced sorbent materials improving selectivity or
specificity towards target analytes, sorptive capacity and physicochemical or mechanical stability [16]. Thus, research
in new advanced materials has involved different disciplines such as materials science, nanotechnology, polymer
synthesis and analytical chemistry [15].

Silica based mesoporous materials (SMMs) are being increasingly used in sample preparation because of their
advantageous characteristics, which have been described elsewhere [17]. The most commonly used SMMs are the small
pore hexagonal MCM-41 and cubic MCM-48, the large pore hexagonal SBA-15 and cubic SBA-16 [18], which have been
applied in sample preparation with and without functionalization [17,19].

MCM-41, the firstly synthesized and most studied member of the M41S family, is distinguished by its long range
(hexagonal) pore order, but its low wall thickness (1-1.5 nm) leads to low chemical and hydrothermal stabilities, which
could be crucial properties for certain adsorption and catalysis applications [20]. MCM-41 and its derivatives were
synthetized in ethanol-water basic medium.

Later, mesoporous silica materials belonging to the MSU-X family were prepared by hydrolysis-condensation at
acidic medium for charge neutrality of silica surfaces (I1%) in presence of non-ionic polyethylene oxide (PEO) templates
(N9). These mesostructures are assembled through H-bonding interactions between the electrically neutral surfactants
and inorganic precursors [21] and the materials are characterized by their thicker walls (hence improved hydrothermal
stability) and short range mesopore order (so-called 3D worm-hole structure) [22]. In MSU-X (X=1-4) materials, X refers
to the surfactant molecules, which can be either alkyl-PEO, alkyl-aryl PEO, polypropylene oxide PEO block-copolymers
or ethoxylated derivatives of the fatty esters of sorbitan (Tween) [23]. B. Fotoohi et al. [24] provided a classification of
the different members of this group of materials, including their inherent features. Thus, Brij surfactants form MSU-1
structures because their hydrophobic hydrocarbon tails are aliphatic, whereas the mesostructures obtained using
Triton are named MSU-2 because of the presence of phenyl rings in their hydrophobic tails.

Previously, we have used MCM-41 as an SPE sorbent to pre-concentrate organic contaminants with very
different polarity, including fourteen pharmaceuticals (-blockers, NSAIDs and paracetamol) [25] and eight pesticides
(organophosphates, carbamates and triazoles) [26] in environmental waters. These works describe two simple and
inexpensive SPE procedures that provided right recoveries, avoiding derivatization processes of the material, except
for the very polar analytes atenolol, methomyl and cymoxanyl, which showed recoveries around 70, 20 and 70%,
respectively.

In the present work, an MSU-1 mesoporous silica material was synthesized using Brij® S100 as template
directing agent and used as sorbent to pre-concentrate thirteen pesticides of different polarity (methomyl, cymoxanil,
carbofuran, monolinuron, isoproturon, methidathion, methiocarb, malathion, phosalone, diazinon, penconazole,
neburon and chlorotoluron) present in surface waters. The quantification was carried out using UPLC-MS/MS and the
results improved those obtained using other sorbents, especially for polar analytes.



2. Experimental

2.1. Chemicals and reagents

Pesticide analytical standards (>98%) of methomyl, cymoxanil, carbofuran, monolinuron, isoproturon, methidathion,
methiocarb, malathion, phosalone, diazinon and penconazole were purchased from Sigma-Aldrich (Germany) and other
pesticides such as neburon and chlorotoluron were purchased from Riedel de-Haén (Germany). Organic solvents of
pesticide residue analysis grade (acetone, methanol, acetonitrile, dichloromethane and n-hexane) were purchased from
Sigma-Aldrich. Individual pesticide stock solutions were prepared in acetonitrile for all compounds and stored at
- 20 °C with concentrations ranging from 990 to 1500 mg/L, being stable for at least three months. Working standard
solution mixtures of all pesticides were prepared daily by appropriate dilution of individual stock standard solutions in
acetonitrile-ultrapure water (20:80, v/v).

Polyoxyethylene (100) stearyl ether (Brij® S100) non-ionic surfactant and tetraethyl orthosilicate (TEOS) were
both purchased from Sigma-Aldrich. A 3 mL polypropylene body syringe and two polyethylene frits were used to
prepare the SPE cartridges, both supplied by Supelco (Spain).

2.2. Instruments and software

An UPLC-MS/MS method was developed for the determination of thirteen pesticides in environmental water. It
consisted of an Agilent UHPLC 1290 series coupled to an Agilent 6490 Triple Quadruple-UPLC/MS. Chromatographic
separation was performed with a Zorbax Eclipse Plus C8 column (1.8umx2.1mmx100mm) from Agilent, maintaining
the temperature at 35°C. The UPLC mobile phase consisted of a mixture of 0.1% formic acid in ultrapure water (mobile
phase A) and 0.1% formic acid and 5% ultrapure water in acetonitrile (mobile phase B) at a constant flow rate of 0.3
mL/min, and the injection volume was 5 pL. The elution gradient program was as follows: 20% of B (initial conditions)
for 2 min, a linear gradient up to 100% of B in 13 min plus 2 min more under isocratic mode (100% B).
Subsequently, initial mobile phase conditions (20% B) were reached in 2.5 min and were maintained during 2 additional
min before the next injection.

The UPLC system was coupled to the Triple quadrupole (QqQ) with a jet-stream electrospray ion source (ESI)
operating in positive ionization mode (PI), with 380 V as the fragmentor voltage and 3000 V for the capillary voltage.
The configuration of ESI source was as follows: 120 °C for the drying gas temperature at a flow rate of 13 L/min, 375 °C
for the sheath gas temperature at a flow rate of 10 L/min and 45 psi for the nebulizer pressure. Nitrogen (high purity)
was used as the nebulizer gas and collision gas.

To optimize the MS parameters, individual pesticide standard solutions of 100 pg/L in acetonitrile:water (1:1,
v/v) were infused directly into the MS system in full-scan mode with a mass range of 50-800 m/z. The most intense ion
was selected as the precursor ion for each analyte. Next, optimal collision energy (CE) were selected for the two most
intense transitions of each analyte in product ion mode, the most intense of them being the quantifier ion (SRM1) and
the second one, the qualifier ion (SRM2).

For control and data analysis, Agilent MassHunter QQQ Acquisition and Quantification Analysis B.07.00
using Dynamic MRM software features with a retention time window of 0.8 min were used.

2.3. Synthesis and characterization of the MSU-1 sorbent

The protocol for the preparation of MSU-1 sorbent with Brij® S100 non-ionic surfactant and TEOS as silica precursor
was based on a previous work developed by us [27], but with some modifications.

Brij® S100 (2 g) was dissolved in distilled water (30 g) with vigorous stirring (~1100 rpm) for 10 min at 40°C
before adding HCl 1 mol/L (120 mL). The mixture was maintained under vigorous stirring for 1 h. Then, TEOS (9 g) was
added to this homogeneous mixture and kept under vigorous stirring for 1 h more. Afterwards, it was introduced into
a sealed polyethylene tube and it was maintained overnight in refrigerator (6°C). Next, it was placed in the oven at
120 °C for 24 h and the resulting white solid was recovered by filtration, washed several times with water, dried at
60 °C and, finally, calcined at 550 °C for 6 h under air. In these conditions, approximately 2 g of MSU-1 sorbent (a white
fine powder) were obtained.

The characterization of the synthesized MSU-1 was performed by powder X-ray diffraction (XRD), scanning
electron microscopy (SEM), transmission electron microscopy (TEM) and nitrogen adsorption-desorption isotherms.



The powder XRD patterns were obtained on an EMPYREAN PAN analytical spectrometer using the Cu Ka
radiation and operating at 45 kV and 40 mA within the 26 range of 0.7 and 10° and with 0.01 26 steps. The sample was
placed between two films of kapton.

The SEM micrographs were obtained on a HITACHI S-3500N Scanning Electron Microscope after coating the
sample with a 14.4 nm thickness gold film, using a voltage of 10 KV and a working distance of 14.4 mm. The TEM images
were obtained on a FEI Talos F200X TEM electron microscope, operating at 200 kV. The sample was crushed in an agate
mortar, dispersed in ethanol and a single drop was poured onto a formvar-carbon film covered copper grid.

The nitrogen adsorption-desorption isotherms were measured at 77 K using an ASAP 2420 volumetric
adsorption analyzer (Micromeritics). Prior to adsorption measurements, the samples were outgassed at 400 °C in a
nitrogen flow for 6 h. The surface area was obtained by the Brunauer-Emmett-Teller (BET) method using adsorption
data in the relative pressure range from 0.05 to 0.2. The pore size distribution was calculated from the adsorption.

2.4. Water samples

Two types of environmental waters were analyzed, including four groundwater (GW) samples and three river water
(RW) samples, taken from Almeria (Spain). All of them were collected in plastic bottles, filtered through 20-25 um
cellulose membranes and stored at 4 °C before analysis.

A river water (BRW) sample was collected in a scarcely populated area, analyzed to confirm the absence of
pesticide residues and used as the blank for optimization and validation studies according to the EURACHEM Guide
[28].

2.5. SPE procedure

The SPE cartridges were home made by packing 50 mg of the MSU-1 sorbent in 3 mL body syringes. Before pre-
concentration, the SPE cartridges were pre-conditioned with 5 mL of ultrapure water (pH=3.5 £ 0.1) and then, 50 mL
of water samples adjusted at pH=3.5 + 0.1 were passed through the cartridges at an appropriate flow rate
(approximately 5 mL/min) using a Biichi Vac V-500 vacuum pump (Flawil, Switzerland), connected to an extraction
manifold of Waters (Milford, MA, USA). Next, the MSU-1 sorbent was washed with 5 mL of ultrapure water to remove
co-adsorbed matrix substances and it was dried by passing air for 5 min plus N2 for 5 min.

Subsequently, the pesticides, retained on the MSU-1 sorbent, were eluted with 5 mL of dichloromethane and the
eluate was evaporated to dryness with a gentle Nz flow. Finally, the extract was redissolved in 0.5 mL
acetronitrile:ultrapure water (20:80,v/v) and then injected in the UPLC-MS/MS system.

3. Results and discussion

3.1. Synthesis and characterization of MSU-1

The MSU-1 material was synthesized using TEOS as silica precursor and the non-ionic surfactant Brij® S100
(C18H37(0OCH2CH2)nOH, n~100) in which the hydrophobic alkyl group consists of 18 carbon units and the hydrophilic
head group contains 100 ethylene oxide (EO) units. Working in acidic medium (HCl 1 M), the N0I0 templating strategy
was followed with H-bonding interactions [21] between the neutral silica (19) and the PEO (polyethylene oxide)
template (N©).

The XRD patterns recorded on the calcined samples exhibited a single peak in the 26 range of 0.5-2° (Figure 1),
indicating a poorly ordered mesostructure lacking long-rang structural order, such as the one observed for
mesostructured solids with worm-like pores [23], which means that pores are regular in terms of size but not spatially
ordered. On the other hand, the correlation distance deduced from the main XRD peak (d100) can be attributed to the
pore-pore distance, giving a value of 7.87 nm, in agreement with the one found by S.A. Bagshaw et al. [29] when they
obtained an MSU-1 silica material by using TEOS and the PEO surfactant Tergitol 15-S-n (C11-15H23-310(CH2-CH2-0)20.

SEM micrographs (Figure 2a) showed well defined spherical particles (A) with sizes ranging between 5 and 12
um, in addition to a small number of particles with hexagonal shape (B), which is in agreement with the results obtained
by TEM (Figure 2b).

Nitrogen adsorption/desorption isotherm is type IV, according to the characteristics of mesoporous solids, with
a hysteresis of type H2, suggesting narrow diameters at the end of the pores (Figure S1a in Electronic Supplementary
Material, ESM). Textural parameters indicate a narrow BJH desorption average pore diameter distribution centered at
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4.24 nm (Figure S1b in ESM); presumably, the surfactant molecule, which has a hydrophilic chain constituted of 100
ethylene oxide segments, is subject of torsions resulting in size reduction before forming micelles. Furthermore, the
BET surface area is 813.88 m2/g, and the BJH adsorption cumulative volume of pores is 0.597 cm3/g.

7000

5000 || d100=7.87nm

!

Absolute intensity

05 1,0 1,5 2,0 2,5 3,0 3,5 4,0 4,5 5,0 5,5 6,0 6,5 7,0 7,5 8,0 8,5 9,0 9,5 10,0
2 theta (9)

Figure 1. X-ray diffraction pattern of MSU-1

The meso- and micropores are interconnected at the silica wall, which shows a very large value of its thickness
(~3 nm), obtained by calculating the difference between the pore-pore distance and the mean pore diameter. This
means that the hydrothermal stability is high for this mesoporous material.

3.2. UPLC-QqQ-MS/MS analysis

UPLC is based on the use of normal-sized columns packed with particles with a diameter lower than 2 um in such a way
that the column efficiency increases significantly and becomes nearly independent of the mobile phase flow rate. [30].

In this work an UPLC-QqQ-MS/MS method has been developed for quantification and identification of a group
of pesticides in environmental waters, according to the EU guidelines [31]. Table 1 shows the operational parameters
for identification and quantitation of target pesticides by the UPLC-MS/MS method. It includes the retention time (Rt)
and two SRM transitions for each pesticide (SRM1 and SRM2) with their corresponding collision energies for MS/MS
operation mode and the SRM ratio (the relationship between the abundance of two selected transitions, SRM2/SRM1),
obtained by injection of a pesticide standard solution of 100 pg/L in acetonitrile:water (1:1, v/v).

The most intense transition (SRM1) was used for quantification and three points were used for identification,
as established in the Directive 96/23/EC [32] which deals with confirmatory methods for organic residues and
contaminants listed in the Group B (veterinary drugs and contaminants), analyzed by LC-MS/MS, in real samples [31]:

(1) The Rt of the analyte in the test sample shall correspond to that of the calibration standard with a tolerance
of +2,5%

(2) One precursor ion and two product ions should be selected for each analyte

(3) The relative intensities of the two detected ions (SRM2 and SRM1), expressed as a percentage of the intensity
of the most intense ion or transition, shall correspond to those of the calibration standard, either from calibration
standard solutions or from spiked samples, at comparable concentrations, measured under the same conditions, within
tolerances between = 20% and + 50%) depending on the relative intensity among SRM2 and SRM1.



Figure 2. (a) SEM and (b) TEM images of MSU-1
3.3. Optimization of the enrichment procedure

3.3.1. Selection of type and volume of eluent

25 mL of ultrapure water samples, spiked at a concentration level of 1 ug/L, were passed through cartridges packed
with 50 mg of MSU-1 material at a flow rate of about 5 mL/min. The elution step was performed with 5 mL of different
solvents (methanol, acetonitrile, acetone, dichloromethane and n-hexane). The organic extracts were evaporated to
dryness under a N2 stream, were reconstituted in 0.5 mL of acetonitrile:ultrapure water (20:80,v/v) and then, 5 pL of
each extract was injected in the UPLC-QqQ-MS/MS system.

It was found (Table S1, included in ESM) that acetonitrile and dichloromethane led to good recoveries for all
pesticides, but acetonitrile was selected rather than dichloromethane due to its lower toxicity, as well as the slightly
better recoveries for methomyl and cymoxanil.

In addition, the recoveries for the less polar pesticides increased with the volume of acetonitrile, being
satisfactory (between 87 and 107%) when using 5 mL, whereas 7 mL of acetonitrile did not improve these values. For
that reason, 5 mL of acetonitrile were utilized in the following experiments to reach a complete elution and save time
and reagents.

3.3.2. Optimization of sample pH and ionic strength

Sample pH could be an important factor that affects the retention of pesticides onto the SPE sorbent because it can affect
the existing forms of the pesticides with acidic or basic properties, as well as the surface charge of the silica sorbent.

The pH effect in the retention of the pesticides onto the MSU-1 sorbent was evaluated at a pH range between 2.0
and 9.5. With this aim, 25 mL aliquots of ultrapure water, spiked at a concentration level of 1 pug/L of each pesticide,
were adjusted a different pH values with HCl 0.1 mol/L or NaOH 0.1 mol/L and they were passed through the SPE
cartridges packed with 50 mg of MSU-1 at a flow rate of 5 mL/min. Similar recoveries were obtained over the studied
pH range for most pesticides (Figure 3a). The exception was for pesticides with acidic and basic properties (cymoxanil
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and diazinon, respectively), whose recoveries remained constant between pH 2 and 5 for diazinon (pKa=2.6) and
between pH 2 and 8 for cymoxanil (pKa=9.3). At pH values higher than 8 the recoveries decreased significantly. This
behavior can be explained because at pH>pKa+2, the pesticides are fully in their basic forms and are strongly retained
by the sorbent through anionic exchange and hydrophobic interactions. Thus, pH=3.5 was selected as the optimum
sample pH to achieve the highest recoveries for all pesticides.

The study of salt content effect (Figure 3b) was carried out by adding amounts of NaCl, ranging from 0 to 2%,
to water samples (adjusted at pH 3.5 and spiked at 1 pg/L of each pesticide).
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Figure 3. Mean recovery (%) and error bar (RSD, %) obtained in the optimization of the main parameters affecting
adsorption/elution of the pesticides in the MSU-1 sorbent: (a) sample pH, (b) salt content in the sample, (c) sorbent
amount and (d) breakthrough volume

The addition of salts (commonly sodium chloride) increases the ionic strength and decreases the solubility of

target analytes (salting out effect), thus increasing the partition of the analytes onto the sorbent phase and, therefore,
their extraction efficiency.

The explanation of the salting-out phenomenon is that water molecules form hydration spheres around the ionic
salt molecules, thus reducing the amount of water available to dissolve the analyte [33].

However, the addition of salts can also lead to a decrease of the extraction efficiency, which can be due to two
phenomena: (i) polar molecules may participate in electrostatic interactions with the salt ions in solution, thereby
reducing the rate of mass transfer [33], and (ii) the addition of salt may increase the viscosity of the sample matrix,
which would hamper the transfer of the analytes to the sorbent [34].



Table 1. Operational parameters of the LC-QqQ-MS/MS method for pesticide residues analysis in environmental water

Pesticide Rt (min) DP (V) SRM1 CE1(eV) SRM: CEz (eV) SRMz/SRM1*
Methomyl 3.03 380 163.1>106.0 4 163.1>84.0 2 56
Cymoxanil 6.15 380 199.1>128.0 4 199.1>110.9 12 27
Carbofuran 8.58 380 222.0>165.0 10 222.0>123.0 15 89
Monolinuron 9.02 380 215.1>126 16 215.1>148.1 8 67
Chlorotoluron 9.38 380 213.1>72.0 20 213.1>140.0 20 5
[soproturon 9.86 380 207.2>72.1 10 207.2>165.1 20 5
Methidathion 10.19 380 302.9>145.0 2 302.9>85.1 15 53
Methiocarb 10.87 380 226.1>169 5 226.1>121.1 12 79
Malathion 11.27 380 331.0>127.1 15 331.0>285.0 5 92
Neburon 12.18 380 275.1>57.1 20 275.1>88.1 12 29
Penconazole 12.30 380 284.0>70.0 42 284.0>159.0 45 33
Diazinon 12.51 380 305.0>169.2 15 305.0>153.0 20 16
Phosalone 12.60 380 368.0>182.0 8 368.0>111.0 44 17

* Expressed as a percentage




For those pesticides with very low logKow (methomyl and cymoxanil, with values of 0.09 and 0.67, respectively),
slight increases in the NaCl concentration lead to significant negative effects (Figure 3b), whereas for the rest of
pesticides, slight (carbofuran, monolinuron and malathion, with logkow in the range 1.8-2.75) or negligible (the rest of
pesticides, with logKow in the range 2.50-4.01) effects were observed.

Taking into account the above considerations, it can be concluded that the mechanism involved in the low
recoveries for the very polar methomyl and cymoxanil and the less polar carbofuran, monolinuron and malathion is the
interaction of these molecules through electrostatic interactions with the salt ions, thus reducing the rate of mass
transfer. Subsequent experiments were carried out without salt addition to the water samples.

3.3.3. Sorbent effect

25 mL of ultrapure water samples (adjusted at pH 3.5 and spiked at a concentration level of 1 ng/L) were passed
through cartridges packed with MSU-1 at increasing amounts in the range 25-100 mg, at a flow rate of 5 mL/min. As it
is shown in Figure 3c, the recoveries of all pesticides were between 70 and 120% with 50 mg of MSU-1 sorbent,
whereas when the sorbent amount was 25 mg, the recoveries of carbofuran and monolinuron were lower, indicating
that this amount was not enough to retain these two pesticides. In contrast, when the sorbent amount was increased
(75 mg or 100 mg) the recovery for penconaloze was lower than 70% because it was incompletely eluted and more
volume of acetonitrile should be added for elution. Therefore, 50 mg of MSU-1 were used in the subsequent
experiments.

3.3.4. Sample breakthrough

Sample breakthrough depends on the strength of the interaction between analytes and sorbent, on the sample volume
and on the amount of sorbent [35]. The sample breakthrough volume was evaluated by applying the optimized
procedure to sample volumes from 25 to 250 mL, spiked with the same amounts of pesticides. Figure 3d shows that
the recoveries for all pesticides were satisfactory (between 70% and 120%) with sample volumes up to 100 mL and
they decreased below 70% with volumes of 250 mL for cymoxanil, monolinuron and penconazole. Therefore,a 100 mL
volume of water sample was selected as the maximum sample volume, being the pre-concentration factor 100 for all
pesticides.

3.4. Method validation

The applicability of the proposed SPE method for the target pesticides in real water samples was validated, according
to the EURACHEM Guide [28].

Linearity was evaluated by injecting (in triplicate) pesticide standard solutions prepared in solvent and in blank
river water extract, at five concentration levels (between 1.0 pg/L and 100.0 png/L). Acceptable linearity (with R2 higher
than 0.99) was found for all the pesticides in solvent and in matrix matched solutions and different linear ranges were
obtained (Table 2), according to the pesticide.

The effect of the matrix compounds on the pesticide signals was evaluated by comparing the slopes of solvent-
based and matrix-matched calibration graphs. According to the results summarized in Table 2, most pesticides showed
low or negligible matrix effects (ME<|20%]|). Methiocarb and malathion showed medium matrix effect
(120%|>ME<|50%|) and diazinon and phosalone showed strong matrix effects (ME>|50%]|). Therefore, quantification of
the mentioned pesticides in real samples should be performed with matrix-matched calibration curves or with the
standard addition method. In this case, the standard addition methodology was applied, by adding increasing amounts
of the pesticide standard mixture to the final sample extract.

Method quantification limits (MQLs) of the pesticides were determined from standards of the pesticides
prepared in blank river water extract at low concentrations and they were based on the S/N=10 criterion. According to
their sensibilities, MQLs were 0.01 pg/L for methomyl, cymoxanil, chlorotoluron, isoproturon and neburon, 0.05 pg/L
for carbofuran, monolinuron, methidathion, methiocarb, malathion, penconazole and phosalone, and the highest one,
0.1 pg/L, for diazinon.

Recovery and precision studies were carried out in river water blank samples (n=5) spiked at two concentration
levels. The lowest one was the MQL for each pesticide and the highest was 0.25 pg/L, all of them expressed as pesticide

concentrations in river water samples.

Recoveries between 70.1% and 113.5% and precision values lower than 16.3% (Table 3) proved the suitability
of MSU-1 as sorbent to pre-concentrate pesticides of different polarity in environmental surface waters.



3.5. Comparative study of MSU-1 sorbent recoveries

The studied pesticides have been pre-concentrated in aqueous samples by using conventional SPE sorbents, the most
frequent being OASIS HLB. The chromatographic methods, sorbents, recoveries sample volumes and variables involved
in the pre-concentration step are included in Table S2 [26,36-49].

In a recent work, 100 mg of MCM-41 [26] and 30 mg of MWCNTs (multiwalled carbon nanotubes) [36] were
used by us to pre-concentrate some of the pesticides of this study (methomyl, cymoxanil, methidathion, malathion,
penconazole, diazinon, parathion-methyl and phosalone) in surface water, and they were then determined by LC-QqLIT.

The recoveries obtained for the very polar methomyl and cymoxanil with the MSU-1 sorbent (82-75% and 91-
95%) were higher than the ones obtained using MCM-41 (16-29% and 67-78%) [26] and MWCNTs (43%-60% and
57%-86%) [36], and they were comparable to the ones obtained using Oasis HLB, being 96-105% for methomyl [37]
and 83-102% for cymoxanil [39]. In addition, when using the MSU-1 sorbent, the recoveries obtained with Oasis HLB
[39,42,44,49] were also improved for carbofuran (92%-110% vs 70%-120%), monolinuron (107-113% vs 56-57%),
chlorotoluron (80-101% vs 75-85%), methidathion (86-108% vs 78-84%), penconazole (102%-108% vs 76%-89%),
methiocarb (99%-111% vs 25%) and neburon (70-87% vs 67-77%) and were in the same order for diazinon (87%-
106% vs 81%-113%) and isoproturon (82-97% vs 86-89 %).

In addition, 50 mg of MSU-1 sorbent were enough to pre-concentrate 50 mL of water samples, whereas 200 mg
of Oasis HLB were used to preconcentrate 100-500 mL of water, according to the results found in the literature
[37,39,40,42-44,49].

Regarding the cost of the compared sorbents, the price of one Oasis HLB cartridge was 7.5 euros, whereas the
MSU-1 cartridge used in this work cost 1.5 euros, including the polypropylene syringe and frits. That difference involved
a cost reduction of 80%.

3.6. Real samples

The proposed SPE-UPLC-QqQ-MS/MS method was applied to the determination of the target pesticides in four ground
water samples and three river water samples, all of them from Almeria (Spain).

Only phosalone was found in one river water sample at a concentration of 0.05 ng/L, which was below the
threshold level established by the EU Commission in drinking water [50]. Figure S2 shows two extracted ion
chromatograms (EIC) corresponding to a standard of phosalone at 50 pg/L prepared in river water blank extract
(corresponding to 0.05 pg/L in the water sample) and the pesticide present in the real river water sample. According
to the identification criteria established by the EU guidelines [31], phosalone has been unequivocally identified in the
river water.

4. Conclusions

A silica based mesoporous material MSU-1 was synthesized, using TEOS and the nonionic surfactant Brij®100 in strong
acidic medium. The mesoporous material showed a poorly ordered mesosotructure, similar to that of mesostructured
solids with worm-like pores.

Pesticide residues in environmental waters were determined by UPLC-QqQ-MS/MS. Strong matrix effect (ME >
50%) was found only for diazinon, which was overcome by the standard addition approach.

The MSU-1 material was used for the first time to pre-concentrate thirteen pesticides of different polarity
(logKow= 1.8-4.01) with satisfactory results, which improved the ones obtained previously by us using MCM-41 and
MW(CNTs for the very polar methomyl and cymoxanil. In other cases, the results were better than those published in
the literature using Oasis HLB.

The flexibility linked to the synthesis of mesoporous materials at the laboratory allows their tailored design to
resolve specific problems in sample treatment, such as the pre-concentration of polar pesticides.

The sensitivity provided by the use of UPLC-MS/MS allowed MQLs as low as 0.01 pg/L for all pesticides except
diazinon, using only 50 mL of water samples in the pre-concentration step.

Despite the extensive use of pesticides, mainly insecticides, in the agricultural areas of Almeria (Spain),
phosalone was the only one detected, as an isolated case in a river water sample.
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Table 2. Linear range and matrix effect (ME) values obtained for the target PCPs by UPLC-QqQ-MS/MS

Solvent River water SPE extract ME(%)*
Pesticides
Linear range (pg/L) R? Linear range (pg/L) R2

Methomyl 1.0-100.0 0.9998 1.0-100.0 0.9989 18
Cymoxanil 1.0-100.0 0.9977 1.0-100.0 0.9993 4
Carbofuran 1.0-100.0 0.9996 5.0-100.0 0.9948 3
Monolinuron 1.0-100.0 0.9996 5.0-100.0 0.9901 7
Chlorotoluron 1.0-100.0 0.9994 1.0-100.0 0.9987 8
Isoproturon 1.0-100.0 0.9993 1.0-100.0 0.9995 2
Methidathion 1.0-100.0 0.9998 5.0-100.0 0.9994 7
Methiocarb 5.0-100.0 0.9992 10.0-100.0 0.9995 43
Malathion 1.0-100.0 0.9999 5.0-100.0 0.9978 23
Neburon 1.0-100.0 0.9988 1.0-100.0 0.9962 10
Penconazole 1.0-100.0 0.9966 5.0-100.0 0.9996 12
Diazinon 5.0-50.0 0.9928 5.0-50.0 0.9964 84
Phosalone 1.0-100.0 0.9996 5.0-100.0 0.9908 50

*ME(%) = ((slope matrix/slope solvent)-1) x 10
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Table 3. Recovery and precision values obtained for the target pesticides using MSU-1 as SPE sorbent in river water samples

MQL (pg/L)* 0.25 pg/L*

Pesticides

Mean recovery (%) RSD (%) Mean recovery (%) RSD (%)
Methomyl@ 82.1 13.3 754 14.0
Cymoxanil@® 90.8 53 94.7 14.6
Carbofuran® 110.1 12.4 91.9 12.7
Monolinuron(® 1135 16.3 107.3 10.3
Chlorotoluron( 80.3 12.1 101.5 14.1
Isoproturon(® 82.2 12.2 97.5 15.7
Methidathion® 86.4 101 108.1 13.2
Methiocarb® 111.1 10.5 98.7 12.5
Malathion() 110.6 6.5 94.2 11.3
Neburon(® 70.1 6.8 87.4 9.1
Penconazole® 108.4 12.7 102.2 8.3
Diazinon(©) 106.3 7.1 86.7 10.3
Phosalone(®) 91.7 13.5 104.9 11.5

(@0.01 pg/L; ® 0.05 pug/L and (910 pg/L; *n=5
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e  Thirteen pesticides were determined in surface waters at trace levels
e  The packed MSU-1 silica based sorbent was efficiently used for enrichment and cleanup
e  The pesticides were determined by UPLC with MS/MS detection

e The recoveries of some pesticides were better than those obtained using Oasis HLB
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