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Abstract  11 

Stir bar sorptive extraction followed by liquid desorption and high performance liquid 12 

chromatography with tandem mass spectrometry (SBSE-LD-LC-MSMS) has been developed for the 13 

determination of 15 pesticides or selected metabolites from different families (herbicides, insecticides, 14 

fungicides) in surface water samples. The optimization of parameters that could influence SBSE-LD 15 

efficiency was carried out by means of experimental design. Optimized conditions were established as 16 

follows concerning extraction time, stirring speed, aqueous medium characteristics (ionic strength and 17 

polarity) and back desorption solvent and time, respectively: 3 h (800 rpm), addition of 10% of sodium 18 

chloride, no addition of methanol as organic modifier, and 15 min ultrasonic desorption in equivolume 19 

mixtures of acetonitrile-methanol. A specific and thorough cleanup procedure was developed and 20 

applied to each stir bar to avoid possible carry-over between consecutive extractions with the same stir 21 

bar. Pesticide quantification in water was achieved thanks to matrix matched calibration. Mean 22 

recoveries ranged from 93 to 101% (RSD < 17%, n=30). Validated limits of quantification in matrix 23 

were between 0.02 and 1 µg L-1, depending on the compound. A specific experimental design was 24 

conducted to evaluate the measurement uncertainty, which was comprised between 13 and 51%, 25 

whatever the pesticide and the concentration level. The applicability of the SBSE-LD-LCMSMS 26 

method was evaluated by analyzing surface water samples and by comparing with conventional solid 27 

phase extraction-LC-MSMS procedure. 28 
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 32 

1. Introduction 33 

 34 

Organic compounds from aqueous sample matrices can be analyzed by various extraction and 35 

enrichment methods such as liquid-liquid extraction, solid phase extraction (SPE), or headspace and 36 

purge-and-trap techniques for the most volatile compounds [1]. In combination with liquid 37 

chromatography, SPE is the most common technique for the extraction of dissolved organic compounds 38 

in environmental water samples. In the past two decades, analytical chemists gave much attention to 39 

solvent-free sample preparation techniques, namely green techniques that are based on sorptive 40 

extraction using a polymeric stationary phase. Those techniques include solid phase micro-extraction 41 

(SPME) and stir bar sorptive extraction (SBSE). Indeed, sorptive extraction has proven to be an 42 

interesting technique as it requires little quantity of water samples and organic solvents, and then it is 43 

an environmentally friendly alternative to liquid extraction or solid phase extraction [2]. The most 44 

widely used sorptive extraction phase is polydimethylsiloxane (PDMS) [3]. The main difference 45 

between SPME and SBSE is the much larger volume of PDMS used in the latter, which results in 46 

higher recoveries and higher sample capacity [4]. In contrast to extraction with adsorbents in which the 47 

analytes are bound to the active sites on a surface, not only the surface area but also the total amount of 48 

the extraction phase are important in sorptive extraction. After the extraction step, the solutes can be 49 

introduced quantitatively into the analytical system by thermal desorption (TD) or after liquid 50 

desorption (LD) [5]. Recent literature reviews the satisfactory use of SBSE for the extraction of several 51 

organic contaminants, including dissolved pesticides, in environmental waters [4, 6]. Although LC-52 

MSMS has become the method of choice for analyzing traces of pesticides in environmental matrices, 53 

studies on SBSE coupled to this high-performance technique are scarce [7]. The stir bars can be used 54 

for several and consecutive extractions, but it is surprising to note that only few method developments 55 

proposed efficient cleanup procedure to ensure stir bar decontamination [8, 9]. In addition to method 56 

validation, measurement uncertainty is a quantitative indicator of the confidence in the analytical data 57 

as it describes the range around the result within which the true value can be expected. As no specific 58 

proficiency tests are available for SBSE analysis, within-laboratory evaluation is required. Leon et al 59 

[10] determined the overall uncertainties for SBSE coupled to thermal desorption and analysis of 35 60 

organic micropollutants, pesticides and polycyclic aromatic hydrocarbons (PAHs) with GCMS. To our 61 

knowledge, there is no study aiming at evaluating uncertainties for SBSE-LD-LC-MSMS. 62 

In this context, the aim of this paper was to present the optimization and validation of a robust 63 
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method for the determination of low level concentrations of pesticides in surface water samples 64 

combining SBSE and LC-MSMS analysis. Fifteen pesticides or metabolites from different families 65 

(herbicides, insecticides and fungicides) were selected for this study according to their use and 66 

occurrence in the surface waters of agricultural watersheds in France. Laboratory studies were 67 

conducted according to Designs of Experiments (DoE) to optimize the main parameters which could 68 

influence SBSE-LD efficiency, particularly the extraction profile (time and stirring speed), the aqueous 69 

medium characteristics (ionic strength and polarity) and the back-desorption solvents and time. The 70 

performances of the optimized method were evaluated in terms of linearity, limits of quantification, 71 

precision and trueness. Analytical uncertainties were also assessed by means of a specific within-72 

laboratory experimental design. In addition, we study the conservation of the pesticides sorbed on stir 73 

bars stored under different conditions. Finally, we applied this extraction method for the analysis of 74 

pesticides in surface water and compared results with parallel analyses using SPE coupled to LC-75 

MSMS. 76 

 77 

 78 

2. Experimental section 79 

 80 

2.1. Chemicals and materials 81 

 82 

Certified standard chemicals were used (purity ≥ 92.5%). Azoxystrobin (AZS), chlorfenvinphos 83 

(CFV), chlorpyrifos (CPE), diuron (DIU), 3,4-dichloroaniline (DCA), 3-(3,4-dichlorophenyl)-1-84 

methylurea (DCPMU), diflufenican (DFF), dimethomorph (DMM), fenitrothion (FNT), isoproturon 85 

(IPU), linuron (LINU), norflurazon (NFZ), procymidone (PCM), spiroxamine (SPX), tebuconazole 86 

(TBZ) were supplied from Cluzeau Info Labo (Sainte-Foy-La-Grande, France) for standard solutions or 87 

from Sigma Aldrich (Saint-Quentin Fallavier, France) for quality control solutions. Isoproturon d6 and 88 

diuron d6 (Dr Ehrenstorhfer from VWR, Strasbourg, France) were added as surrogate and injection 89 

internal standard respectively. Sodium chloride (NaCl, 99-100.5%) was supplied from SDS (Peypin, 90 

France). 91 

Analytical or LC-MS grade organic solvents, namely acetonitrile, methylene chloride and methanol 92 

were purchased from VWR (Strasbourg, France). Formic acid (purity 98%) for LC-MS analysis was 93 

provided by Sigma Aldrich (Saint Quentin Fallavier, France). Ultrapure water was obtained from Milli-94 

Q water purification system connected to a LC-PAK cartridge to remove remaining organic 95 
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contaminants at trace levels (Millipore, Molsheim, France). 96 

The individual stock solutions were prepared in acetone at a concentration of 100 mg L-1 and stored 97 

at 4°C. These stock solutions were stable for two months. Standard working solutions at various 98 

concentrations were prepared daily by appropriate dilutions of the stock solutions in Milli-Q water. 99 

 100 

 101 

2.2. Liquid chromatography tandem mass spectrometry analysis 102 

 103 

Liquid chromatography was performed on an Agilent series 1100 HPLC system (Agilent 104 

Technologies, USA). The analytes were separated on a C18 Atlantis T3 (100 mm x 2.1 mm x 3 µm 105 

particle size) from Waters (Saint Quentin en Yvelines, France). The column temperature was set at 106 

30°C. The injection volume was 20 µL. Liquid chromatography was carried out using the mobile 107 

phases A (water) and B (acetonitrile), both containing 0.1% formic acid. The gradient was performed as 108 

follows: 10% B (initial composition) modified to 90% B over 10 min, and re-equilibrated at 10% B for 109 

5 min between runs. The flow rate of the mobile phase was set at 400 µL min-1. 110 

The HPLC system was coupled to a triple-quadrupole mass spectrometer (API 4000, AB Sciex, Les 111 

Ulis, France). Optimization of the ion source and MS/MS settings were performed by the automatic 112 

optimization function of the MS software (Analyst 1.5.1, AB Sciex), assisted by manual optimization 113 

using infusion with a syringe-pump and flow injection of standard solutions. The electrospray ion 114 

source (Turbo-Ionspray, AB Sciex) was operated in the positive mode at 600°C. The ion spray voltage 115 

was +5500 V. Nitrogen was used as curtain and collision gas, while air was used as nebulizer and 116 

drying gas. In the multiple reaction monitoring (MRM) mode, the mass spectrometer is detecting ions 117 

by monitoring the dissociation of the given precursor ions to the product ions of specific masses. The 118 

analyzed pesticides were identified and confirmed by their specific retention times, two characteristic 119 

precursor-product ion transitions (quantifier and qualifier), and specific ratios of the intensities of the 120 

product ions in compliance with European Commission Decision 2002/657/EC [11]. The relevant 121 

instrument settings for each precursor-product ion transition are shown in Table 1. For each compound, 122 

the first product ion was used for quantification and the second one for confirmation. Quantification 123 

was performed with deutered diuron d6, used as injection internal standard (IS). Matrix-matched 124 

calibration curves with relative areas versus internal standard (IS) area were used for quantification in 125 

spiked and natural samples. This methodology allows to take into account recoveries for each batch and 126 

to compensate for possible matrix effects. 127 
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 128 

 129 

2.3. Development of the stir bar sorptive extraction and the cleanup procedure 130 

 131 

The stir bars (Twister from Gerstel, Müllheim, Germany) are coated over 20 mm of their length 132 

with a 1.0 mm film of PDMS (126 µL). Before use, each stir bar was first thermally conditioned at 133 

50°C for 24 hours, then put into a glass tube containing 10 mL of mixed solvent methanol/methylene 134 

chloride (50:50, v/v) and treated for 30 min by sonication. The clean stir bar was then removed from 135 

the solvent solution and dried at 50 °C for one more hour.  136 

In a typical assay, a stir bar was immersed into a 30 mL amber vial containing 20 mL of pre-filtered 137 

water sample (0.7 µm on GF-F glass fiber filters, Whatman). The vial was closed with a PTFE/silicone 138 

screw cap. The extraction with stir bars was performed at room temperature on a magnetic agitator 139 

(Variomag Multipoint 15, H+P Labortechnik AG, Germany). The stir bar was removed from the water 140 

sample, cleaned with ultrapure water, dried with a lint-free tissue and stored at -18°C for at least 24 141 

hours. For the desorption step, the stir bar was placed into a 250 µL-glass flat bottom insert, which was 142 

filled with 200 µL of back-desorption solvent. Back desorption of the analytes by organic solvents was 143 

achieved by ultrasonic treatment of these vials in an ultrasonic bath (FB11014, Fisher Scientific, UK) 144 

for 15 min. Ice was continuously added to the bath to adjust and maintain its temperature at about 145 

20°C. In a 250 µL-glass insert, 40 µL of the previous organic extract was added to 150 µL of ultrapure 146 

water spiked with 10 µL of internal standard solution (diuron d6 at a concentration of 200 µg L-1). This 147 

solution was homogenized before analysis by LC-MSMS. 148 

After back desorption step, the stir bars were reconditioned by sonication during 30 min in 10 mL 149 

of methanol/acetonitrile (50:50, v/v), then in 10 mL of methanol/methylene chloride (50:50, v/v) and 150 

finally dried overnight at 50°C. This complete cleanup procedure, applied to each stir bar before and 151 

after extraction, allowed to efficiently clean the stir bar before re-use. Contamination levels on the 152 

clean stir bars were regularly controlled by analyzing blanks; and we noticed that stir bars could not be 153 

reused after extraction of water sample containing at least one pesticide with concentration higher than 154 

10 µg L-1. 155 

 156 

2.4. Optimization of the extraction procedure 157 

 158 

We first established the SBSE-LD experimental conditions that would provide high recovery yields 159 
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and good precision for the pesticides. For the development step, studies were carried out with pure 160 

water spiked with a selection of pesticides. The main parameters which could influence SBSE-LD 161 

efficiency were optimized: extraction profile (time and stirring speed), aqueous medium characteristics 162 

(ionic strength and polarity) and back-desorption solvents and time [6, 12]. Considering the selected 163 

pesticides are mostly in nonionic form at pH values of surface water, pH was not considered as a 164 

relevant parameter to be taken into account in this study. Designs of Experiments (DoE) methodology 165 

was used to optimize the pre-selected factors and to evaluate the interaction between different variables 166 

of SBSE process. Statgraphics Centurion XV (version 15.2.06) from SIGMA PLUS (Toulouse, France) 167 

was used to plan the experiments and for the treatment of the results. A multi-response strategy was 168 

used for the optimization of the method.  169 

 170 

 171 

2.5. Stir bar conservation study 172 

 173 

A specific study was carried out to test the conservation of pesticides sorbed on the stir bars under 174 

different conditions. Samples of Evian mineral water were spiked with all the studied pesticides at 1 µg 175 

L-1 and were extracted with four triplicates of stir bars. After extraction, one triplicate of stir bars was 176 

desorbed and analyzed subsequently (T0) whereas the other triplicates of stir bars were stored in a 177 

brown glass vial under different conditions before chemical analysis. The second triplicate of stir bars 178 

was stored during 2 days at ambient temperature (20°C), the third one was kept refrigerated during 7 179 

days at 4°C and the forth one was frozen at -18°C for 7 days.  180 

 181 

 182 

2.6. Method validation and measurement uncertainty 183 

 184 

Within-laboratory validation was performed to evaluate the analytical performances of the SBSE-LD-185 

LC-MSMS according to the following criteria: linearity, limit of quantification (LOQ), precision and 186 

trueness, inspired from reference standards (ISO/IEC 17025:2005, AFNOR NF T90-210:2009, 187 

SANCO/10684/2009) [13-15]. 188 

The linear dynamic range of the method was determined under optimized experimental conditions with 189 

matrix-matched standards (n=5). Pure water (20 mL) was spiked at 6 different concentration levels of 190 

pesticides covering all the dynamic range. Linearity was assumed when correlation coefficient (r²) was 191 
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higher than 0.990 with bias lower than the maximum acceptable deviation fixed between 10 and 50% 192 

depending on the concentration level. 193 

For each pesticide, a predetermined LOQ value was first evaluated according to the sensibility of the 194 

lowest standard concentration (analytical signal to noise (S/N) ratio fixed at 10), then verified with at 195 

least 2 spiked samples (Evian mineral water) and readjusted if the recovery was out of the range 60-196 

110%. The proposed LOQ value was confirmed with 5 replicates of natural water samples spiked at the 197 

predetermined concentration. Mean concentration (LOQ) and standard deviation (sLOQ, n=10) were 198 

calculated and compared to a fixed maximum acceptable deviation (60% of the spiking value LOQref). 199 

For each pesticide, the two following equations had to be verified:  200 

 201 

LOQ - 2 ×  sLOQ > LOQref – 60% ×  LOQref  (1) 202 

LOQ + 2 ×  sLOQ < LOQref + 60% ×  LOQref   (2) 203 

 204 

The mean recoveries and corresponding relative standard deviation (RSD) were calculated for trueness 205 

and precision evaluation at three different concentration levels, corresponding to the LOQ level, to a 206 

medium and to a high concentration level of the calibration curves. Five replicates were performed for 207 

each level under within-laboratory reproducibility conditions.  208 

The determination of the measurement uncertainty must take into account all sources of errors in the 209 

analytical process (operator, standard preparation, sample origin, different days and different 210 

equipments if possible) [16]. SBSE-LD-LCMSMS uncertainties were assessed for several water 211 

samples of various nature (Evian mineral water, natural surface waters collected in different rivers in 212 

France and ultrapure water) spiked at three concentration levels. A specific experimental design was 213 

achieved with 10 triplicates for each concentration level under within-laboratory reproducibility 214 

conditions, according to reference standards [16, 17]. Measurement uncertainty was assessed at 3 215 

different concentration levels covering the whole dynamic range. For each level, the uncertainty was 216 

evaluated using the within-laboratory reproducibility relative standard deviation. An expanded 217 

coverage factor of k=2 was used to calculate the expanded uncertainty with a confidence interval of 218 

95%. 219 

 220 

2.7. Comparison with solid phase extraction 221 

 222 
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Natural surface water samples were collected in a small river contaminated with pesticides [18]. Water 223 

samples were filtered on glass fibre filters (0.7 µm GF-F, Whatman). Solid phase extraction was 224 

performed with Oasis HLB cartridge (60 mg, 3 mL) from Waters (Guyancourt, France). Deutered 225 

diuron d6 was used as internal standard for the quantification. The concentration factor was 1000. 226 

 227 

 228 

3. Results and discussion  229 

 230 

3.1. Optimization of liquid desorption (LD) efficiency 231 

 232 

3.1.1. Solvent composition and back-extraction time for LD 233 

 234 

For the method development, we started by evaluating the LD conditions to ensure optimal back-235 

extraction of the pesticides. According to some authors, non-polar solvents such as isooctane strongly 236 

partition into the PDMS phase [1, 19]. Hence, we avoided these solvents in LD experiments. We set the 237 

following SBSE conditions: 20 mL of water sample were agitated for 3 h at 800 rpm, without any 238 

adjustment of ionic strength or polarity of the sample solution. We explored recoveries of pesticides at 239 

the 1 µg L-1 level using different desorption times under sonication (5, 15, 30 min); and solvent ratios 240 

(v/v) of acetonitrile (ACN) and methanol (MeOH) (100:0, 50:50, 0:100). These pre-selected conditions 241 

are in accordance with other studies from literature, as methanol and acetonitrile are the most common 242 

desorption solvents [6, 7] and sonication is used to accelerate LD [7, 19]. Recovery of an individual 243 

pesticide was calculated as the peak area ratio (%) between the samples injected into the LC-MSMS 244 

system after and before the SBSE-LD treatment (Table 2). From these results, the multi-response 245 

optimization of the design using Statgraphics Centurion XV showed that the maximum recoveries were 246 

obtained with a desorption time of 15 min under sonication with ACN/MeOH (50:50, v/v) as back-247 

extraction solvent. 248 

 249 

3.1.2. Optimization of extraction efficiency 250 

 251 

According to SBSE theory [2], equilibrium of the analytes between the PDMS polymeric coating of 252 

the stir bar and water matrix correlates strongly with the hydrophobic characteristics of analytes. 253 

Extraction time is one of the most important conditions affecting this equilibrium. Experiments to 254 
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estimate the most suitable equilibrium time were performed by making assays from 1 to 5 h for all the 255 

pesticides, at room temperature. Ionic strength is another important factor that can play a decisive role 256 

in enhancing extraction efficiency. An increase in ionic strength reduces the affinity of the aqueous 257 

matrix for the more polar analytes in comparison with the affinity of the PDMS coating of the stir bar 258 

[19]. Consequently, the amount of pesticides extracted by the stir bar could be increased if the 259 

solubility of these analytes in water is reduced by addition of salt to change the ionic strength of the 260 

medium. However, because high salt concentrations could affect the stability of PDMS [20], the 261 

salting-out effect was tested by addition of only 5 or 10% (w/v) of sodium chloride. Although efficient 262 

stirring can enhance recovery of SBSE, a high stirring speed could, however, affect mass transfer of the 263 

analytes into the PDMS phase during the equilibrium process, resulting in lower recoveries for some 264 

compounds [1]. In our experiments, when stirring 20 mL of water sample in a 30 mL vial, a stirring 265 

speed above 800 rpm may cause unstable agitation of the stir bar. SBSE efficiency of the studied 266 

pesticides was thus evaluated through experiment design with the following factors and levels: stirring 267 

speed, 500 rpm and 800 rpm; extraction time, 1, 3 and 5 h; salt concentration NaCl 0, 5 and 10% (w/v). 268 

When stirring speed was increased from 500 rpm to 800 rpm, recovery of each pesticide after 3 h 269 

extraction was enhanced, except for diuron for which a slight decrease in recovery was observed 270 

(results not shown). Thus, we set 800 rpm as the stirring speed for further SBSE assays. Figure 1 shows 271 

the recoveries for 8 selected pesticides obtained with the different extraction times (from 1 h to 5 h) and 272 

with addition of 10% NaCl or not. Whatever the other conditions, the recoveries increased with time 273 

for all the pesticides with the addition of NaCl. For TBZ, the recovery decreased when extraction was 274 

performed during 5 h with NaCl. The same observation has been made for other hydrophobic 275 

compounds with log Kow > 3 [6]. For further SBSE assays, an extraction time of 3 h and addition of 276 

10% NaCl were chosen.  277 

Analyte adsorption on the vial glass walls is a phenomenon that can occur. When it happens, the 278 

sorption efficiency decreases, particularly for the most hydrophobic compounds at trace levels [21]. 279 

Notwithstanding the fact that an organic modifier slightly increases the solubility of hydrophobic 280 

compounds in aqueous media, this could be an important parameter to consider, as it could help 281 

preventing undesirable adsorption on the vial glass walls, according to several authors [22-24]. In our 282 

experiments, the addition of MeOH had an opposite effect according to whether we added NaCl or not. 283 

With NaCl in the sample, the presence of MeOH decreased recoveries; in contrast, when no NaCl was 284 

added, increasing the amount of MeOH from 0 to 10% slightly enhanced recovery yield of all 285 

pesticides under this study. However, because the salt-effect was more significant, further experiments 286 
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were performed without MeOH addition.  287 

 288 

3.1.3. Optimized SBSE-LD conditions 289 

 290 

The optimized conditions were established as follows concerning water ionic strength, stirring time 291 

and speed, and desorption solvent and time, respectively: 10% of NaCl were added to 20 mL of pre-292 

filtered water, extraction was performed during 3 h at 800 rpm and desorption was carried out with 200 293 

µL of ACN/MeOH (50:50, v/v) during 15 min under sonication at room temperature. These 294 

experimental optimized conditions were used for the validation step and the uncertainty evaluation. 295 

 296 

3.2. Stir bar conservation study 297 

 298 

For each studied pesticide, the relative recovery of the 3 different storage conditions (in comparison 299 

with T0) and the corresponding standard deviation (n=3) are reported on Figure 2.  300 

The storage of the stir bars during 2 days at ambient temperature was not relevant as the relative 301 

recoveries obtained for some hydrophobic compounds were either lower (i.e., chlorpyriphos) or higher 302 

than 1 (i.e., chlorfenvinphos, fenitrothion). Two pesticides (procymidone, DCPMU) were not detected 303 

after storage for 7 days at 4°C; we can suspect a degradation of these molecules. The relative recovery 304 

obtained for fenitrothion is 2 fold higher at -18°C than at 4°C for the same duration of storage (7 days).  305 

In addition, the storage conditions seemed to have an impact on the variability of the recoveries. 306 

Indeed, considering all the pesticides, mean standard deviation was 0.12 at T0, 0.20 for the frozen stir 307 

bars, 0.22 for the refrigerated stir bars and 0.32 for the stir bars stored at ambient temperature.  308 

Finally, freezing appeared as the best storage condition for the studied pesticides as no degradation of 309 

the pesticides sorbed on the stir bars was observed. Camino-Sánchez et al [25] also mentioned (results 310 

not shown in their paper) that the stir bars can be stored frozen without any degradation of the 77 311 

priority persistent organic pollutants studied. As the water samples containing pesticides have to be 312 

extracted as soon as possible after sampling, all the stir bars used for the extraction of the water 313 

samples and for the matrix match calibration curve can be frozen just after extraction. This additional 314 

conservation step allows to delay the analysis by LC-MSMS.  315 

 316 

3.3. Validation of the SBSE-LD-LC-MSMS method 317 

 318 
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The SBSE-LD-LC-MSMS method was validated based on quality criteria indicated in Section 2.4. 319 

A remarkable linearity was attained (r² > 0.998) for all the studied pesticides (Table 3). For each 320 

calibration curve, the observed bias was between 10% for the highest concentration level and 50% for 321 

the lowest one.  322 

The sample matrix could influence the partition process of SBSE. Matrix effects were examined by 323 

comparison of calibration curves obtained with SBSE extraction of spiked ultrapure water and filtered 324 

natural river water collected in a non contaminated upstream site. The difference between the slope of 325 

the matrix match calibration curves was always less than 10%, except for isoproturon (13%) (results 326 

not shown). Matrix effect was considered as non-significant. Thus, for quantification purpose, 327 

calibration curves can be achieved with any type of water. 328 

The validated limits of quantification (LOQ) in water ranged from 0.02 to 1 µg L-1 depending on 329 

the compound. The lowest LOQ (0.02 µg L-1) was obtained for azoxystrobine and spiroxamine, 330 

whereas diuron and its main metabolite DCPMU had a validated LOQ of 1 µg L-1. This can be 331 

explained by the very low row recoveries obtained for these 2 compounds without a matrix match 332 

calibration curve (Table 2). In the literature, the LOQ is often defined as the concentration giving a 333 

signal to noise ratio of 10. The LOQ reported in this work and validated in natural water matrix were 334 

similar to those described elsewhere after SBSE-LD-LCMSMS determination [7]. The LOQ evaluated 335 

by Giordano et al. were 0.6 µg L-1 for diuron, 0.1 µg L-1 for chlorfenvinphos and 1.5 µg L-1 for 336 

chlorpyrifos. Lower LOQ at the ng L-1 level can be reached for organic contaminants that can be 337 

analyzed by gas chromatography and thermal desorption [6]. 338 

The method accuracy was evaluated in terms of precision and trueness at the three different spiking 339 

levels under within-laboratory reproducibility conditions (Table 3). Trueness was calculated in terms of 340 

recovery. Considering all the concentration levels, mean recoveries obtained with matrix-match 341 

calibration curves were in the range of 93-101% (Table 3). Global inter-day precision was estimated as 342 

RSD (%) of 30 determinations and was between 9 and 17% for each pesticide. These values are 343 

comparable to those reported in the literature by Prieto et al. (repeatability usually <16%) [6]. It is also 344 

important to highlight that, no difference was noticed for trueness or precision between the LOQ level 345 

and higher concentration levels. 346 

Results on measurement uncertainty are reported in Table 3. Measurement uncertainty for SBSE-347 

LD-LC-MSMS was less than 25% for all pesticides at the 3 concentration levels. To our knowledge, no 348 

determination of the measurement uncertainty has been reported for SBSE-LD-LC-MSMS methods. 349 

The values obtained in the present study are in accordance with the scarce data found in the literature 350 
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regarding the analysis of organic compounds by SBSE coupled with thermal desorption and GC-MS 351 

analysis [10, 25], 352 

 353 

3.4. Applicability of the SBSE-LD-LC-MSMS method to surface water samples 354 

 355 

A first batch of experiments consisted in analyzing pre-filtered surface waters with SBSE-LD-LC-356 

MSMS and to compare the results with conventional SPE-LC-MSMS using Oasis HLB cartridge. As 357 

presented on Figure 3, within the concentration range between LOQ and 10 µg L-1, acceptable 358 

similarity was obtained for the measurement of pesticides between the two procedures. The difference 359 

in concentrations varies between 3% (for tebuconazole TBZ in sample A) and 60% (for DCPMU in 360 

sample A, with a concentration value just above the LOQ of the SBSE method), with a mean difference 361 

of 24% when considering all the quantified pesticides and the samples. The comparison between the 2 362 

techniques can also be done in terms of sensitivity. Due to the higher concentration factor, SPE is much 363 

more sensitive than SBSE for diuron and DCPMU with LOQ of 1 and 0.02 µg L-1 for SBSE and SPE 364 

respectively. For tebuconazole and dimethomorph, LOQ obtained with SBSE are in the same order of 365 

magnitude than with SPE. For azoxystrobin, the two LOQ are similar (0.02 and 0.025 µg L-1 for SBSE 366 

and SPE respectively). Except for diuron and DCPMU, the use of SBSE followed by liquid desorption 367 

and LCMSMS quantification leads to similar LOQ to conventional SPE that requires a larger volume 368 

of water sample. 369 

In a second time, concentrations of targeted and only detected pesticides are reported on Figure 4 370 

for 2 different water samples that were previously filtered or not. Suspended particulate matter rate was 371 

<2 mg L-1 and 10 mg L-1 for sample 1 and 2 respectively. No difference in pesticide concentrations was 372 

observed whatever the suspended particulate matter rate. In our study, extraction of surface waters with 373 

stir bar allowed to efficiently analyze pesticides in the dissolved phase but did not take into account 374 

pesticides sorbed onto particulate matter. This is in contradiction with the results of Barco-Bonilla for 375 

more hydrophobic compounds such as polycyclic aromatic hydrocarbons in wastewaters effluents 376 

containing low and high amounts of suspended particulate matter (concentrations not specified in the 377 

paper) [26].  378 

 379 

 380 

4. Conclusions 381 

 382 
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A stir bar sorptive extraction and liquid desorption method followed by high performance liquid 383 

chromatography with tandem mass spectrometry (SBSE-LD-LC-MSMS) was successfully developed 384 

and validated for the determination of 15 different pesticides (log Kow from 2.5 to 3.7) in natural water 385 

matrices, at trace level concentrations. We showed that the stir bars can be frozen after extraction to 386 

stabilize the compounds and to give more flexibility to the laboratories. A complete and efficient 387 

cleanup step was developed to avoid carry-over and to ensure that the stir bars are clean for successive 388 

applications. Good analytical performances were attained for all the studied pesticides, including an 389 

excellent linear dynamic range and a suitable precision. The LOQ validated in real water matrices 390 

ranged from 0.02 to 1 µg L-1 with associated uncertainty always below 25%. Hence, this reliable and 391 

relatively simple extraction method could be considered as an alternative to more conventional 392 

extraction procedure such as SPE for a rapid screening of water contamination. In addition, SBSE 393 

followed by thermal desorption coupled to GC-MSMS is also being developed for more hydrophobic 394 

pesticides to achieve lower LOQ.  395 
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 441 
Table 1  442 
Multiple reaction monitoring conditions for MS/MS analysis of the selected pesticides 443 
 444 

Compound Abbreviation Precursor 
ion (m/z) 

Declustering 
potential (V) 

Product 
ions 
(m/z) 

Collision 
energy 
(V) 

Collision 
cell exit 
potential 
(V) 

Dwell 
time 
(msec) 

azoxystrobin AZS 403.9 61 372.0 
344.0 

21 
33 

22 
26 

25 

chlorfenvinphos CFV 359.0 76 155.0 
99.0 

17 
43 

20 
8 

25 
 

chlorpyrifos CPE 352.0 45 200.0 30 38 25 
  350.0 61 198.0 21 12  
diuron DIU 233.0 46 72.1 

46.0 
51 
37 

6 
8 

25 

3,4-
dichloroaniline 

DCA 162.0 51 127.0 
74.0 

31 
73 

24 
14 

25 
 

3-(3,4-
dichlorophenyl)-
1-methylurea 

DCPMU 218.7 66 162.1 
127.0 

21 
37 

26 
22 

25 

diflufenican DFF 
 

395.0 86 266.0 
246.0 

35 
47 

28 
40 

25 

dimethomorph DMM 388.0 76 301.2 
165.1 

31 
43 

36 
28 

25 

fenitrothion FNT 277.9 71 124.8 
109.0 

29 
25 

22 
16 

25 

isoproturon IPU 207.0 51 72.2 
165.0 

37 
19 

8 
28 

25 
 

linuron LINU 249.0 61 160.0 
182.0 

25 
19 

32 
12 

20 

norflurazon NFZ 
 

304.0 101 284.0 
88.0 

35 
61 

26 
16 

25 

spiroxamine SPX 297.9 51 144.3 
100.1 

31 
45 

8 
18 

20 
 

procymidone PCM 284.0 76 256.0 25 46 25 
        

tebuconazole TBZ 309.0 51 69.9 
125.1 

45 
53 

12 
22 

20 

diuron d6 DIU d6 
 

239.0 66 78.0 
52.0 

43 
37 

14 
10 

30 

isoproturon d6 IPU d6 213.1 
 

66 78.3 
171.2 

27 
21 

14 
10 
 

25 
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 445 
Table 2 446 
Experimental design for desorption time and composition of the back-desorption solvent. Responses obtained for the selected pesticides 447 
are expressed in raw recoveries without matrix match calibration (spiking concentration: 1 µg·L-1; SBSE: 3 h, 800 rpm). 448 
 449 

Factors 
 Responses 

desorption 

time (min) 

ACN/ 

MeOH 

(%) 

 

AZS 

(%) 

CPE 

(%) 

DCA 

(%) 

DCPMU 

(%) 

DIU 

(%) 

DMM 

(%) 

FNT 

(%) 

IPU 

(%) 

LINU 

(%) 

SPX 

(%) 

TBZ  

(%) 

30 0/100  45.3 81.9 26.8 5.8 11.9 9.4 49.2 25.8 77.0 62.5 26.2 

5 50/50  49.8 99.6 24.1 4.7 9.7 10.7 82.2 18.8 77.7 65.4 33.2 

15 50/50  67.1 100.4 28.6 5.7 10.6 11.1 58.0 21.8 82.2 89.8 30.4 

5 100/0  30.4 65.0 19.3 4.2 7.6 8.8 53.0 15.7 58.9 13.9 20.0 

15 50/50  67.1 100.4 28.6 5.7 10.6 11.1 58.0 21.8 82.2 89.8 30.4 

15 100/0  52.9 102.0 25.4 3.9 9.8 9.9 85.7 17.6 77.0 26.7 28.3 

30 100/0  68.4 110.0 24.4 5.8 10.7 12.5 72.7 20.2 86.8 32.1 36.1 

30 50/50  45.5 75.5 25.6 5.5 12.3 10.9 67.2 21.8 71.8 53.0 39.8 

5 0/100  61.3 86.7 26.4 5.2 11.3 11.0 53.1 19.8 74.4 69.2 30.5 

15 0/100  71.1 85.9 22.9 5.3 9.8 11.8 54.5 19.1 70.5 66.2 41.1 

 450 
 451 

 452 
453 
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Table 3 454 
Linear dynamic range, mean recoveries (n=10) and measurement uncertainties (U, k=2, n=30) for the selected pesticides for the 3 455 
concentration levels. 456 
 457 

  
Regression 

coefficient (r²) 

LOQ level Medium level High level 

Compound 
Concentration 
range (µg L-1) 

conc. 
µg L-1 

Recovery 
(RSD) (%) 

U 
(%) 

conc. 
µg L-1 

Recovery 
(RSD) (%) 

U 
(%) 

conc. 
µg L-1 

Recovery 
(RSD) (%) 

U 
(%) 

AZS 0.02 – 1.0       0.9980 0.02 98.7 (8.1) 16.0 0.20 94.3 (21) 16.1 0.80 93.7 (9.4) 19.2 

CFV 0.10 – 5.0 0.9990 0.10 96.1 (12) 23.5 1.0 98.4 (22) 17.3 4.0 92.6 (7.4) 14.8 

CPE 0.05 - 2.5 0.9980 0.05 99.6 (9.2) 18.7 0.50 93.0 (20) 15.7 2.0 101 (6.6) 13.3 

DIU 1.0 - 50 0.9990 1.0 97.3 (9.8) 19.7 10 89.3 (23) 17.8 40 99.8 (9.9) 19.7 

DCA 0.05 - 2.5 0.9987 0.05 95.7 (10) 20.5 0.50 96.2 (8.0) 16.2 2.0 91.6 (7.4) 14.8 

DCPMU 1.0 - 50 0.9972 1.0 98.4 (7.1) 14.3 10 94.2 (21) 13.5 40 95.4 (9.0) 18.2 

DFF 0.20 - 10 0.9997 0.20 98.7 (11) 21.8 2.0 92.2 (22) 18.3 8.0 90.8 (6.9) 13.9 

DMM 0.10 – 5.0 0.9988 0.10 101 (10) 20.8 1.0 97.3 (24) 21.9 4.0 103 (8.9) 17.8 

FNT 0.50 - 25 0.9958 0.50 96.0 (8.7) 17.5 5.0 92.9 (22) 16.1 20 93.6 (10) 20.0 

IPU 0.10 – 5.0 0.9982 0.10 95.5 (11) 21.9 1.0 96.9 (25) 19.1 4.0 88.7 (9.4) 19.0 

LINU 0.10 – 5.0 0.9989 0.10 97.9 (8.9) 17.9 1.0 95.1 (22) 16.2 4.0 95.0 (11) 21.6 

NFZ 0.20 - 10 0.9985 0.20 95.4 (8.5) 16.9 2.0 100 (21) 11.5 8.0 95.8 (7.4) 15.1 

PCM 0.20 - 10 0.9995 0.20 105 (6.7) 13.4 2.0 95.9 (20) 19.8 8.0 102 (7.3) 14.6 

SPX 0.02 – 1.0 0.9990 0.02 96.0 (8.0) 16.2 0.2 92.2 (22) 16.7 0.80 91.1 (11) 21.5 

TBZ 0.10 – 5.0 0.9989 0.10 100 (11) 21.3 1.0 96.1 (23) 16.6 4.0 96.7 (12) 23.5 
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 461 

Fig. 1. Effect of extraction time and NaCl addition on recoveries of the selected pesticides after SBSE-462 
LD-LC-MSMS (desorption solvent: ACN/MeOH 50:50; desorption time: 15 min). Numbers in brackets 463 
on the x axis are the octanol-water partition coefficient of the studied pesticides (log Kow). 464 
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 469 
Fig. 2. Relative recoveries (compared to T0) of pesticides absorbed on stir bars and stored in different 470 
conditions (temperature and duration). Numbers in brackets on the x axis are the octanol-water 471 
partition coefficient of the studied pesticides (log Kow). Error bars represent ± s, n = 3.  472 
 473 
 474 
 475 
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 477 
Fig. 3. Comparison between SPE-LC-MSMS and SBSE-LD-LC-MSMS for 3 filtered surface water 478 
samples. Only detected pesticides are represented. Error bars represent ± s, n = 3. 479 
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 484 
Fig. 4. Application of SBSE-LD-LC-MSMS on 2 surface water samples, filtered or not, before 485 
extraction. Only detected pesticides are represented. Error bars represent ± s, n = 3. 486 
 487 
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