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Abstract: In this study, weekly grab samples extracted by solid-phase extraction (SPE) and
stir bar sorptive extraction (SBSE) were compared for the analysis of 230 pesticides in sur-
face waters. Samples were collected from three different locations around Melbourne,
Australia. Analysis was performed using Gas Chromatography Quadrupole Time of
Flight High Resolution Mass Spectrometry (GC-QToF-HRMS). The two extraction tech-
niques were compared, among others, for their limits of detection, recovery, extraction,
and quantification efficiency of pesticides, as well as spatial and temporal differences in
detected compounds. The target compounds screened were pesticides belonging mainly
to the categories of fungicides, insecticides, and herbicides. Although SBSE extracted more
pesticides at two out of three sites, SPE extracted total concentrations up to four times
higher than SBSE over all sampling sites. The log Kow of detected pesticides only partially
explained the differences in detection, with SBSE performing better in the absorption of
hydrophobic compounds. In addition, matrix effects, in particular turbidity, appeared to
hinder extraction of contaminants, especially for SBSE. Spatially, SBSE detected 10 pesti-
cides more than SPE at two locations, while the opposite was true at the third location,
where turbidity was higher. The types of pesticides detected varied slightly between tech-
niques and locations. The study highlights the complementarity of SBSE and SPE for mon-
itoring pesticides in natural environments. SBSE is an easy-to-use technique and allows
for extraction of a higher number of pesticides at trace level, but it might not be the pre-
ferred option for highly turbid waters. SPE requires more tedious and complex sample
processing but allows for a more accurate quantification of a broader range of pesticides.

Keywords: stir bar sorptive extraction; solid-phase extraction; pesticides; wide-target
screening

1. Introduction

Water pollution has been reported to have caused 1.8 million estimated deaths in
2015 [1]. These estimates are impressive as they stand, yet they do not include negative
health consequences from chemical contamination, such as by pesticides, which in paral-
lel to the harm on human health causes degradation of freshwater and marine ecosystems
[2]. In situ data collection often remains limited to target screening, making it challenging
to assess chemical mixtures. Wide-screening methods look at a higher number of pesti-
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cides and can therefore better address the occurrence of trace-level contamination in com-
plex chemical mixtures [3]. The adoption of wide-screening methods for water quality
testing has progressed in parallel to the development of miniaturized extraction (ME)
techniques, allowing for faster, more sustainable, and easier pre-concentration procedures
of a variety of organic compounds [4]. Traditionally implemented pre-concentration and
extraction procedures typically require large volumes of organic solvents or samples to be
able to first uptake active substances from the water samples and then to release them
from the absorbent medium [5,6]. Solid-phase extraction (SPE), compared to liquid-phase
extraction (LLE), provides higher extraction efficiency, good repeatability, and lower sol-
vent usage. Disadvantages are the high cost of the cartridges and the complex and monot-
onous work required both during pre-processing and extraction, which requires special-
ized personnel [5].

Among ME methods, stir bar sorptive extraction (SBSE), developed in 1999, is one of
the most widely implemented sorbent-based micro-extraction methods [5]. SBSE involves
magnetic stirring of a stir bar in a water sample under controlled chemical and physical
conditions [5] until adsorption equilibrium is reached. The stir bar, a small glass magnet
(10 or 20 mm), is coated with an absorbent layer (0.5 or 1 mm) of polydimethylsiloxane
(PDMS) or polyethylene glycol (PEG). PDMS is used for extracting hydrophobic com-
pounds (2 < log KOW < 5) while PEG is used for polar compounds (log KOW < 2). After
extraction, the stir bars are desorbed thermally at high temperatures (300 °C) by gas chro-
matography or injected as a solution for liquid chromatography. When coupled with gas
chromatography, the direct desorption of the compounds from the stir bar coating allows
for the identification and quantification of a large number of organic compounds with
high precision [6,7].

SBSE has been successfully applied for the determination of organochlorine and py-
rethroid pesticides in surface waters [6,8], with many studies optimizing extraction con-
ditions, such as extraction time, sample volume, and stirring speed, for both polar and
non-polar organic pollutants [9,10]. The SBSE technique has been widely praised for its
cost-effectiveness, simplicity, and speed of the extraction procedure [11], partly address-
ing some of the drawbacks mentioned for SPE. For instance, SBSE is considered more eco-
logically friendly than traditional methods, as solvent use is almost absent during prepa-
ration and extraction steps. In fact, the sample preparation step only requires thermal con-
ditioning of the stir bars, while extraction does not make any use of solvents, except in the
case of internal standard solution addition. Reduced sample processing steps also lower
potential analyte losses, which, contrarily, can be the case for SPE- and LLE-processed
samples as they need to be filtered before extraction [5]. SBSE sensitivity also results in
lower Limits of Detection (LODs) compared with traditional techniques [12]. Nonetheless,
matrix effects might compromise expected recovery, while very hydrophobic compounds
can absorb on the container walls. Unlike SPE, which can be applied for extraction of com-
pounds with a wide polarity range, the type of absorbent phase on the stir bar limits its
applicability to either hydrophobic or polar contaminants [13]. It is fundamental to un-
derstand the advantages and disadvantages of PDMS-coated stir bars compared with
other extraction methods and sampling techniques. There have been mixed results from
the few studies that have validated SBSE against LLE and SPE for organochlorines, pesti-
cides, pharmaceuticals, and other chemicals of emerging concern (CECs). Some studies
reported significant differences in recoveries and concentrations from water samples ex-
tracted by LLE, SPE, and SBSE [6,14,15], with traditional methods providing an overall
better performance, and others—finding no difference in the results [4].

Considering the high number of pesticides produced and increasing volumes used
globally [16,17], sensitive, faster, and easily applicable analytical techniques can improve
the estimation of water contamination by chemical cocktails and their risk on the aquatic
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ecosystem. This study aims to deepen our understanding of the comparability of grab-
sampling-based SBSE with water samples extracted using solid-phase extraction (SPE)
with HLB as the sorbent. The research investigates the methodological advantages and
disadvantages of SBSE and SPE for monitoring 230 pesticides in surface waters, belonging
majorly to the classes of insecticides, fungicides, and herbicides. Data for the comparison
and assessment were obtained during a four-week monitoring campaign at three different
sampling locations around Melbourne, Australia. The comparative study touches upon
numbers and concentrations of pesticides detected and the occurrence of contaminants
linked to land-use. Such assessments can help define whether one methodology is better
suited for use considering land-use, expected contaminants present, and human and fi-
nancial resources. The novelty of the study lies in its comprehensive screening of a wide
list of pesticides, its parallel comparison of the traditional SPE technique and SBSE, and
in the diversity of land-use around the sampled locations.

2. Materials and Methods
2.1. Chemicals and Materials

A solution of 230 pesticides (41.7% insecticides, 24.3% fungicides, 19.6% herbicides
as major categories) (Table S1, Supplementary Materials) was used to develop the screen-
ing and quantification method. The solutions were purchased as mixtures from Restek
Corporation (Bellefonte, PA, USA). Of the 230 pesticides screened, a standard solution
was not available for 12 compounds, namely 2,4,6-tribromoanisole, 2-chloronaphthalene,
2-phenylphenol, 4,4'-methylenebis(N,N-dimethylaniline), acetophenone, dichlorben-
zamide, chlorocresol, epoxiconazole, isoxadifen, phthalimide, quinoline, resorcinol. They
were excluded from quantitative analysis (indicated in italic in Table S1, Supplementary
Materials). The internal standard solution consisted of trans-Nonachlor (:3Cio, 98%, Cam-
bridge Isotope Laboratories Inc., Andover, MA, USA, quantifier ion: 418.8182; qualifier
ion: 420.8154), diluted in acetone (1 mL), for a final concentration of 0.5 ng/L for the sam-
ples processed with SBSE and 5 ng/L for the water samples extracted with SPE. Pesticide
grade methanol, ethyl acetate, and toluene were used as solvents (Merck KGaA, Darm-
stadt, Germany). SPE cartridges used were Oasis HLB (Waters, Milford, MA, USA). As
this study was part of a larger assessment that includes a comparison with passive sam-
plers, the HLB phase was selected due to its ability to target a wider polarity spectrum,
facilitating comparison with the other sampling techniques (POCIS and Chemcatcher).
While HLB cartridges in SPE have been widely used to determine polar compounds in
combination with LC, studies also report their application for pesticide detection when
coupled with GC [18]. The use of HLB cartridges reduces labour in the preparation steps
by limiting activation processes before extraction, making the method more comparable
to the SBSE protocol. Stir bars (2 mm x 0.5 mm, PDMS coating) were provided by Gerstel
(Miilheim an der Ruhr, Germany).

2.2. Extraction Procedures

For the SPE method, grab water samples (1L) were extracted according to the meth-
ods outlined in [19-22]. In short, 1 mL internal standard solution (5 ng/L) was added to
the grab sample before vacuum-filtering through a glass microfiber membrane (Whatman
1.2 pm, grade GF/C). The samples were then extracted onto pre-conditioned HLB car-
tridges (6 mL methanol followed by 6 mL Milli-Q Water) and eluted with ethyl acetate (10
mL). After elution, samples were sonicated and concentrated to 100 pL under a gentle
stream of nitrogen. Finally, 2 uL was injected into the desorption tubes.

For the SBSE method, stir bars were cleaned through conditioning in glass thermo-
desorption tubes for 5 h at 330 °C under a nitrogen stream in a Gerstel (Miilheim an der
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Ruhr, Germany) tube conditioner. Thereafter, grab water samples (100 mL) were extracted
onto stir bars through magnetic stirring for 5 h (rotation speed: 800 rpm). Before extrac-
tion, the water samples were spiked with 1 mL internal standard solution in acetone (0.5
ng/L). After extraction, the stir bars were kept at 4 °C in separate vials until analysis. The
samples were usually extracted the day after the sampling. Linearity, recovery, reproduc-
ibility, and stability of the method were examined and reported on in [23].

2.3. Field Study

The SPE and SBSE methods were assessed for methodological advantages and dis-
advantages for monitoring pesticides in surface waters using environmental samples col-
lected from three sites in Victoria, south-eastern Australia, called Site A, Site B, and Site C
(Figure 1). These sites are located, respectively, near the outlet of a wastewater treatment
plant in a rural residential area (Site A), in an industrial and residential neighbourhood
(Site B), and a rural site where there was considerable horticulture (Site C). Grab water
samples (1 L (for SPE) and 100 mL (for SBSE)) were collected weekly over a four-week
period during the summer season (8 February—8 March 2023), totaling 5 sampling events
at each of the three sampling sites. For SBSE, samples were collected in duplicate due to
the destructive nature of the technique, which prevents repeated analysis. A total of 30
samples were extracted using SBSE, while 15 samples were extracted in total using SPE.
Blank samples, consisting of spiked MilliQ water, were processed in parallel to the col-
lected samples for SPE and SBSE with each method. Water parameters (pH, turbidity,
electro conductivity, dissolved oxygen, and temperature) were measured each week dur-
ing collection of the grab water samples.

BhilliplBay}

Legend
@ Sampling locations

Figure 1. Map of the sampling locations.

2.4. Sample Analysis

SBSE samples were dried under constant nitrogen flow. Thereafter, they were placed
in desorption tubes for thermal desorption, while SPE-extracted samples were injected.
Theoretically, SBSE extracts and desorbs the whole 100 mL sample, while through the SPE
procedure, 2 pL of concentrated solution are injected, corresponding to 20 mL, one fifth
of the SBSE sample volume (100 mL). The analysis was performed on a Gas Chromato-
graph 8890 with Quadruple Time-Of-Flight 7250 (Agilent Technology, Santa Clara, CA
USA) coupled with a Multi-Purpose Sampler (MPS) connected to a Thermal Desorption
Unit TDU2 and a Programmable Temperature Vaporizer (PTV) CIS-4 (Cooling Injection
System) with a cryostatic cooling system CCD2 (Gerstel, Miilheim an der Ruhr, Germany).
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A Multi-Purpose Sampler (MPS) was used to automatically move the desorption tubes
with the stir bars from the trays to the TDU. All chemicals were separated and analyzed
on HP-5MS UI capillary column (length = 30 m, internal diameter = 0.25 mm, film thick-
ness = 0.25 um, Agilent Technology, Santa Clara, CA, USA). The injection and desorption
methods are detailed in the Supplementary Materials (Table S2). Analysis method valida-
tion for SBSE is described in [21], and for SPE it followed [20]. Information on the quanti-
tative methods used for sample analysis can be found in Supplementary Table S1. This
includes the retention time and quantifier and qualifier ion masses for each compound
and for internal standard (trans-Nonachlor *Cio). Quantification of samples was based on
computation of calibration curves of 4 calibration levels (L1: 10 ng/L, L2: 25 ng/L, L3: 50
ng/L, L4: 100 ng/L). L1 was injectsed (SPE) or desorbed (SBSE) six times to determine the
Method Detection Limit (MDL), LOD, and Limit of Quantification (LOQ), according to
the methodology of the US Environmental Protection Agency [24]. Information on cali-
bration curves, limits of detection, and average recoveries are reported in Table S3 (Sup-
plementary Materials). SBSE was unable to extract compounds captan, terbacil, N-2,4-Di-
methylphenyl)formamide, and tricyclazole (Beam). Given the target screening involves a
wide range of compounds with varying characteristics, it is expected that responses will
differ among the compounds, potentially affecting linearity in some cases. Acquisition
data were analyzed with Quantitative Agilent Software (version 12.1).

2.5. Statistical Analysis

SBSE and SPE were compared both qualitatively and quantitatively in respect to an-
alytical methods parameters, such as LODs and recoveries, and to the numbers and con-
centration of detected pesticides. For quantitative analysis, statistical paired t-test was per-
formed with Spyder 3 scientific environment written in Python (version 2.7).

3. Results
3.1. Comparison of Pesticides Detected by SBSE and SPE

A total of 77 out of the 230 pesticides screened were detected using a combination of
SPE and SBSE methods. Among these, 36 compounds were detected at least once by both
methods; of those, 27 compounds were detected at least once by both methods above LOQ
values, while the other 9 were detected below the LOQ but above the LOD (Figure 2).

The detected pesticides were categorized as fungicides (33.8%), insecticides (29.9%),
and herbicides (16.9%). The log Kow distribution of the detected compounds ranged be-
tween 1.6 and 6.6, with a median log Kow of 3.8. A detailed list of the compounds detection
frequency by sample type with their respective log Kow values is provided in Table S4
(Supplementary Materials).
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Figure 2. Number of pesticides detected by SBSE and SPE from 5 sampling events collected from
three study sites. Parenthesis 27 compounds were detected at least once by both methods above
LOD values.

A total of 62 compounds were detected using SBSE, with log Kow values ranging
from 2.2 to 6.6 (average = 4.3, median = 4.1). Among those, 26 compounds were uniquely
detected by the SBSE method (Figure 2). These compounds had log Kow values in the
range 2.3 to 6.6 (average = 4.5, median =4.4). The 62 detected pesticides primarily belonged
to the classes of fungicides (20), insecticides (20), and herbicides (9), with additional de-
tections including breakdown products (5), and other classes such as metabolites, growth
regulators, and synergists (Table 1). The most frequently SBSE-detected pesticides were
the fungicides boscalid and folpet, the herbicides oxadiazon and simazine, the insecticide
diazinon, and breakdown products 2,4'DDE, 4,4'DDE, pentachloroaniline, and anthraqui-
none (Table S5, Supplementary Materials).

A total of 51 compounds were detected by SPE, with log Kow values ranging from 1.6
to 6.5 (average = 3.8, median = 3.7). Fifteen compounds were uniquely detected by the SPE
method (Figure 2), having log Kow ranging 1.6—4.1 (average = 3.5, median = 3.8). The 51
compounds detected primarily belonged to the classes off fungicides (18), herbicides (11),
and insecticides (11), with additional detections including 3 breakdown products and me-
tabolites, a bird repellent, and an impurity (Table 1). The most frequently detected pesti-
cides by SPE were the fungicides azoxystrobin, DCPA, and iprodione, insecticide dieldrin,
herbicides oxadiazon, simazine, terbacil, and pentachloroaniline (Table S6, Supplemen-
tary Materials).

Of the 62 pesticides detected by SBSE, 18 were detected in concentrations between
the LOQ and LOD (Table S5, Supplementary Materials). In contrast, of the 51 pesticides
extracted by SPE, 6 were detected at concentrations between the LOQ and LOD (Table S6,
Supplementary Materials). These pesticides were considered for presence—absence analy-
sis but were excluded when assessing concentration differences. Samples with concentra-
tions detected between the LOQ and LOD were not considered in the calculation of aver-
age concentrations.

The LODs for SPE and SBSE significantly differed for the 27 pesticides commonly
detected above LODs (p-value < 0.001). For the 27 detected pesticides, LODs with the SPE
method (mean 0.8 + 0.5 ng/L) were three times lower on average than those for SBSE (mean
2.7 +2.2 ng/L) (Table 1). Pesticide recoveries also significantly differed between the SBSE
and SPE methods (p-value < 0.001), ranging from 97.6 to 101% for SBSE and 86-98.7% for
SPE (Table 1).
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In terms of precision of the two replicates, the two methods performed similarly over-
all, with SBSE resulting in a lower coefficient of variation (20.4%) than SPE (27.9%). Preci-
sion is relatively consistent between sites, with SPE coefficient of variation ranging from
25% to 31.4% and SBSE coefficient of variation ranging from 16.7% to 22.4%. Temporally,
precision fluctuates between weeks. Noteworthy are the SPE coefficient of variation above
50% recorded at week 4 at all sites and the SBSE coefficient of variation below 1% recorded
at weeks 3 and 4 at Site A and 3 at Site B.

Table 1. Summary table of pesticides and their properties detected by SBSE and SPE.

Parameters Method
SBSE SPE
Total compounds detected 62 51
Compounds detected below LODs 18 6
Fungicides 20 18
Herbicides 9 11
Insecticides 20 11
Other 13 11
Log Kow of compounds detected
Range 2.2-6.6 1.6-6.5
Average 4.3 3.8
Median 4.1 3.8
Compounds unique to method 26 15
Log Kow of compounds unique to the method
Range 2.3-6.6 1.64.1
Average 4.5 3.5
Median 4.4 3.8
LODs (ng/L) of detected compounds (27)
Range 0.6-10.9 03-2.2
Average 2.7 0.8
Median 2.2 0.5
Recoveries of detected compounds (27)
Range 97.6-101 86-98.7
Average 98.9 97.1
Median 99 97.6

3.2. Spatial and Temporal Comparison of SBSE and SPE Performance

Spatial comparison of the performance of the two sample methods, based on pesti-
cide detections, is shown in Table 2 and Figure 3. More pesticides were detected using the
SBSE method at Sites A and B, and the SPE method detected a greater number of pesti-
cides at Site C (Figure 3). The numbers detected were similar between the two methods at
Site A (SBSE 49, SPE 41) and Site C (SBSE 31, SPE 39), but 22 more pesticides were detected
at Site B using SBSE compared to using SPE (Figure 3).

Figure 3 also shows that there were differences in the types of pesticides detected by
each method. Fungicides, insecticides, and herbicides were generally the top 3 most fre-
quently detected groups, but which type dominated differed by sampler type and site.
Fungicides were generally detected similarly using both techniques across all sample sites
(around 15), except for Site B, where higher pesticides frequency was recorded through
SBSE (16 versus 9 fungicides detected). Herbicides were also generally detected similarly
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Figure 3. Categories and numbers of pesticides extracted by SBSE (a) and by SPE (b) by sampling

location.

Total concentrations range and average are reported for both methods at the different
sample sites in Table 2. SPE average total concentrations are between 2 and 4 times higher
than SBSE-extracted total concentrations, and this is consistent through all sites. With both
methods, Site C is the location where lowest concentrations are reported, while Site B re-
ports highest concentrations, using both extraction techniques. The number of com-
pounds detected at concentrations higher than 10 ng/L is comparable between the two
methods at Site B, while at the other two sampling locations, SPE extracted 5-6 more com-
pounds with concentrations higher than 10 ng/L. (Table 2). The number of pesticides de-
tected in concentrations higher than 50 ng/L differ depending on methods and sites. At
Site C, for instance, only one compound was detected at such concentration by SBSE,
while eight were quantified above 50 ng/L using SPE. Concentrations obtained by each
method averaged over the five sampling events for commonly detected compounds were
compared using a t-test for each sampling location. No statistical difference (p < 0.05) was
recorded among concentrations extracted by the two methods at the sampling locations
(Table S7, Supplementary Materials). Indeed, concentrations of commonly detected com-
pounds were comparable at Site C, while the largest differences in concentration were
detected for iprodione, myclobutanil, and thiabendazole at Site A, for which SPE extracted
around six times the concentration extracted by SBSE. At Site B, only one compound was
extracted at concentration more than six times higher by SPE than by SBSE (Table S7, Sup-
plementary Materials). When looking at individual compounds extracted at highest con-
centrations and frequencies over the five sampling events, they differed depending on
sampling location and method used. Frequently detected compounds were tebuconazole
and fipronil at Site A, fipronil at Site B, and fluopyram and mycobutanil at Site C.

Table 2. Summary of comparison of SBSE and SPE performance at different sampling locations.

Site

Site A Site B Site C Overall

Method

SBSE SPE SBSE SPE SBSE SPE SBSE SPE

Total compounds detected

49 41 52 32 29 39 62 51

Fungicides 17 16 16 9 14 15 20 18
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Herbicides 6 9 9 8 3 8 9 11
Insecticides 15 7 17 7 7 9 20 11
No. of pesticides detected
temporally
Range 3645 29-32 43-48 26-29 17-25 12-25 17-48 12-32
Median 43 30 44 22 19 13 43 28
No. pesticides occurring in 0 21 35 o4 13 13 1 8
all samples
Pesticides detected:
in concentrations > 10 ng/L 11 17 17 15 10 15 27 30
in concentrations > 50 ng/L 2 6 4 9 1 8 10 12
Total concentrations [ng/L]
Range 203.6— 463.8-  3304-  808.9- 67.3— 178.8- 67.3— 178.8-
432.6 1412.3 791.5 2718.4 276.6 1072.2 791.5 2718.4
Average 285 806 534.8 1763.4 132.5 447.3 317.4 1265.4

Median 246.5 647.8 550.4 1671.5 110 344.5 276.6 1072.2

Temporally, the number of pesticides detected by each method varied (Table 2). SBSE
detected a greater number of pesticides each week, compared to SPE across all sites, me-
dian pesticide numbers detected weekly using SBSE being 43, 44, and 19 for Site A, Site B,
and Site C, respectively, and 30, 22, and 13, respectively, for SPE (Table 2). In weekly sam-
pling, the range in number of compounds detected showed less variation with SPE than
with SBSE at Site A and Site B. However, at Site C, the opposite was true, although fewer
compounds were found overall by SBSE. Regarding the frequency of individual com-
pounds, SBSE consistently detected more compounds throughout all weekly samples than
SPE at Site A (SBSE: 65.3% and SPE: 51.1%). Conversely, at Site B, SPE detected more com-
pounds consistently (SBSE: 63.4% and SPE: 75%) likely due to the wetland’s relatively
static nature, where both methods detected the majority of compounds in all samples. In
Site C’s samples, there was high variability in the number of compounds detected weekly,
with less than half of the compounds detected consistently over the five sampling events
by either extraction method.

Total concentrations were always higher with SPE than with SBSE if analyzed tem-
porally per sampling week. The highest total concentrations were recorded for SBSE at
the last sampling event (week 4), while the lowest total concentration was recorded either
at week 1 (Site A) or week 2 (Site B, Site C) sampling event. With SPE, the highest total
concentrations were also recorded at week 4 for Site C and Site B samples, while at Site A,
it was recorded week 0. The general patterns of SBSE-extracted concentrations were de-
creasing during first 2 weeks and increasing again up to week 4, while for SPE total con-
centrations fluctuate more and patterns depend on sampling locations.

3.3. SBSE and SPE Performance on a Subset of Commonly Extracted Compounds

Acknowledging the limitation of a comparison based on average concentrations; to
further understand the behaviour of the two different extraction techniques, a smaller
subset of six compounds was selected for comparisons of concentrations and trends over
the 4 sampling weeks. The comparison has been limited to compounds extracted by both
methods at concentrations higher than 10 ng/L and were present in at least one-third of
samples for both methods. The selected compounds are the bird repellent anthraquinone,
insecticide fipronil, herbicide oxadiazon, and the fungicides fluopyram, iprodione, and
tebuconazole. They have an average log Kow of 4, ranging from 3.0 (iprodione) to 5.3
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(oxadiazon). Table 3 reports concentrations found per these selected compounds in the
sampling spot.

Table 3. Spatial and temporal comparison of the concentrations of 6 selected pesticides detected by
SBSE and SPE.

Selected Anthraqui-
measured Fipronil Fluopyram Iprodione Oxadiazon Tebuconazole
pesticides none
Log Kow 3.4 3.8 4.8 3 5.3 3.7
Extraction | ¢pop | spp | SBSE | SPE | SBSE | SPE | SBSE | SPE | SBSE | SPE | SBSE | SPE
method
LOD [ng/L] 2.1 1.1 3.7 0.7 1.8 1.9 3.3 0.8 0.7 0.6 2.5 0.8
Sam-
Ifilcr:_; V\li?c?.k Concentrations [ng/L]
tion
0 13.5 35.8 62.7 1164 | <LOD <10 <LOD 736.7 | <10 <10 39.1 131.9
< 1 14.6 26.4 43.7 57.6 <10 <LOD | <LOD 35.3 <10 <10 28.5 77.6
p 2 20.6 31.5 58.8 804 |<LOD <LOD | 328 48.1 <10 <10 41.8 97.9
@ 3 15.5 41.7 51.4 975 | <LOD <10 <LOD 62 <LOD <10 33.9 123.4
4 11.5 20.6 77.1 69.2 <10 <LOD | <LOD 63.1 <10 26.4 71.7 97.1
0 52.9 88.9 34.9 47.2 <10 <LOD | 53.6 82.6 <10 <10 49.2 124.1
- 1 29.8 45.9 55.7 44.9 <10 <LOD | <LOD 43.5 <10 <10 54.5 70.9
Bt 2 12.5 87.3 30.8 64 <10 <LOD | <LOD 92 11.6 275 40.8 132.5
@ 3 14.2 <LOD | 773 217.4 <10 <LOD | 27.7 91.9 <10 15.8 44 175.8
4 23.8 <LOD | 146.2 3815 | <LOD <LOD | 55.2 153.1 <10 17.6 53.8 237.2
0 <LOD <LOD |[<LOD <LOD | 16.2 33.2 | <LOD 9.79 13.1 18.4 | <LOD <10
U 1 <LOD <LOD |<LOD <LOD | 15.6 522 | <LOD 4.99 12.7 243 | <LOD <LOD
p 2 <LOD <LOD |<LOD <LOD | 10.8 83.8 | <LOD 2494 | <10 274 | <LOD <10
@ 3 <LOD <LOD | <LOD <LOD 12 21.6 | <LOD 76.2 10 45.6 <10 <LOD
4 <10 22.7 | <LOD 785 20.8 35.7 29.6 55.2 24 274 | <LOD 20.9

Thick outside borders encase the samples considered for comparison, as fitting the criteria in terms

of frequency (present in 1/3 of samples) and concentrations (>10 ng/L).

Frequency of detection was similar between the two techniques and consistent tem-
porally for compounds anthraquinone, fipronil, and tebuconazole, detected at Site A and
Site B, and for fluopyram detected at Site C. Iprodione and oxadiazon were detected at
similar frequencies by SBSE and SPE but were sporadically detected during the weekly
samples at the three sites. All selected measured compounds are extracted in average 1.7
(fipronil) to 3.3 (fluopyram) times in higher concentrations by SPE than SBSE. The concen-
tration extracted by SPE and SBSE for the six selected compounds were found to be sig-
nificantly different (p-value < 0.001), as determined by a paired t-test. A moderate linear
relationship was found between concentrations extracted by SBSE versus SPE when cal-
culated in average (regression line equation: y = 0.3x + 12.4, R? = 0.63).

Additional observations can be made when considering linearity of single com-
pounds. Only fipronil (Figure 4), the compound for which the SPE-SBSE concentration
ratio is the smallest, showed linearity between measurements (R? = 0.83). Tebuconazole
presents a flat trend, indicating that an increase in concentration extracted by SPE did not
correspond to any change in concentration extracted by SBSE. Anthraquinone (y = 0.3034x
+7.0177) and iprodione (y = 0.1919x + 24.301) show positive slope trends, indicating that
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fluopyram (y = -0.0664x + 18.068) for which a negative slope implies that a decrease in
concentration extracted by SBSE corresponds to an increase by SPE. Oxadiazon (log Kow
=5.3) and fluopyram (log Kow = 4.8) have higher log Kow than the average for the selected
compounds and, therefore, theoretically exhibit a stronger affinity for the PDMS stir bar
adsorbing phase, which is expected to result in higher recovery.
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Figure 4. Relationship between SBSE and SPE measured concentrations [ng/L] for selected com-

pounds anthraquinone (a), fipronil (b), fluopyram (c), and tebuconazole (d).

4. Discussion

The study evaluated the outcomes of monitoring for pesticides in the natural envi-
ronment using two different extraction techniques. It is important to note that although
samples were taken at the same sampling locations at 5 min intervals, they represent two
different instantaneous snapshots of water quality, which is a recognized limitation of the
comparison. Few studies in the literature compare SBSE to other extraction methods, and
researchers have compared SBSE to Liquid-Liquid Extraction (LLE) for extraction of or-
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ganochlorine pesticides (OCPs) finding both comparable [4] and significantly different re-
sults [6]. SBSE detected more pesticides in total than SPE, including at a trace level. Dif-
ferent parameters might have impacted final concentrations extracted by the two meth-
ods. The log Kow of detected pesticides partially explains why some were not detected by
the SBSE method but were by SPE, applicable to a wider range of compound polarities.
While the upper log Kow (SBSE: 6.6, SPE: 6.5) of detected compounds is similar for both
methods, the log Kow first quartile lies at 3.4 for SBSE and at 2.9 for SPE. For instance, SPE
only extracted simazine at high concentrations at all sites. The compound has a log Kow
(2.2) below the level of hydrophobicity reported for efficient extraction with PDMS [25].
The authors of [7] report theoretical recovery of 100 mL sample with SBSE for five organic
pollutants ranging from 1.5 log Kow (dichlorvos) to 6 log Kow (benzo(a)pyrene). SBSE re-
covery jumps from 34% for atrazine (log Kow = 2.6) to 72% for naphthalene (log Kow = 3.3)
and keeps increasing up to 100% recovery for benzo(a)pyrene (log Kow = 6) [7]. Ref. [23]
found that hydrophobic PAHs (log Kow > 5), with comparable LOD, showed improved
recoveries when using SBSE compared to SPE.

Spatially, at two of the three locations, Site B and Site A, SBSE extracted 10 and 20
more pesticides, respectively, whereas at Site C, SPE extracted 10 more pesticides than
SBSE. The types of pesticides detected varied slightly depending on the two techniques
and the sampling locations but are rather consistent temporally. Indeed, differences in
number and pesticides detected by the two techniques might be due to other factors, for
instance, matrix effects that could play a role in extraction efficiency. Matrix effects have
been reported as a disadvantage of miniaturized extraction techniques, where the pres-
ence of organic molecules and suspended solids can hinder absorption of pesticides on
the absorbing layer [5,14]. Comparing SBSE with LLE for wastewater samples Ref. [26]
found that SBSE extracted fewer pesticides in influent samples than LLE, probably due to
matrix effect, while it was more sensitive for detection of trace compounds in effluent
samples. Indeed, at Site C, the reduced performance of SBSE in terms of number of de-
tected pesticides and concentrations could potentially be linked to higher turbidity, meas-
ured in Nephelometric Turbidity Unit (NTU), compared to the other three sites (Site C:
11.7 NTU, Site B: 6.1 NTU, Site A: 2.1 NTU). Therefore, it appears that matrix effects might
be playing a role in extraction efficiency by the two methods, rather than type of pesticides
and consequently land-use. Nonetheless, to confirm this, further research should be con-
ducted, given the limited scale of this monitoring exercise.

SPE extracted total concentrations were in average up to four times those by SBSE,
and this is consistent both spatially and temporally, considering all pesticides detected.
For the 27 commonly detected compounds, statistical comparison revealed no significant
differences (p < 0.05) if averaged over the sampling weeks. However, notable exceptions
were observed for specific compounds at each location, with SPE generally extracting
higher concentrations than SBSE. This observation challenges expected extraction, if initial
volumes injected are considered. Looking at spatial distribution, the highest concentra-
tions for both extraction methods were recorded in samples from Site B, where occurrence
of pesticides was also the most consistent throughout the four sampling weeks. This is
understandable considering the stagnant nature of the wetland and its location in an in-
dustrial urban residential area. Site C is generally the site with lowest extracted amounts
(and measured pesticides). At the site, fungicides fluopyram and myclobutanil appear at
high concentrations, according to extraction by both methods. Prevalence of fungicides
might be explained with the agricultural land-use surrounding the area. The lowest con-
centrations recorded by SBSE for fluopyram and oxadiazon at Site C is interesting given
their high log Kow, which would indicate increased affinity with the PDMS phase. It is
likely that high turbidity at the site might explain the tendency of hydrophobic com-
pounds to absorb to suspended solids, as previously mentioned. Such a matrix effect
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might play a lesser role in absorption efficacy for SPE, as elution might still capture frac-
tions of compounds absorbed unto them. This remains a speculation, as the few sampling
sites and compounds compared limit the observation but is an interesting starting point
for future research, which could investigate the effects of turbidity on SBSE. Alternative
factors that could contribute to lower SBSE-extracted concentrations, as seen in the corre-
lations between SPE and SBSE concentrations (Figure 4), could be linked to reaching of a
saturation point and consequent desorption from the PDMS coating, in case of faster
reached equilibrium, especially when their concentrations are high. Losses of hydropho-
bic analytes on the glass wall have also been reported as causing reduced recovery, while
the optimization of SBSE parameters, such as extraction time and volume, do not seem to
have a significant effect on recovery of chemicals, as for studies conducted on laboratory
spiked samples [4]. The small number of compounds compared, based on frequency of
detection and concentrations, and the restricted range at which concentrations are de-
tected make such a comparison limited. In terms of precision of the two methods, they
performed similarly overall, with coefficients of variations in range 16.7% to 31.4%. SBSE
had, in general, lower coefficient of variation than SPE. While precision does not fluctuate
much between sites, it does vary depending on the sampling week. Overall, the tech-
niques appear to be comparable in terms of precision, although this is limited by the num-
bers of compounds detected.

In terms of methodology, SBSE is an easy to apply, fast and uses only limited
amounts of solvents. It is suited for non-specialized personnel and has been successfully
applied in citizen engagement activities [27,28]. The reduced manipulation of the samples
gives less room for human error, although the passive nature of SBSE can lead to contam-
ination from the surrounding environment. Furthermore, SBSE uses a limited sample vol-
ume while still achieving low detection limits. SPE, on the contrary, requires a more com-
plex sample processing protocol, including filtering the samples, during which analyte
losses might occur. It requires specialized personnel and use of solvents. Based on the
performance of SBSE and SPE observed in this study, the two techniques are rather com-
plementary. SBSE extracts more pesticides at trace level but might not be suitable for tur-
bid waters and appears to be underestimating real concentrations of pesticides in the sam-
ples; SPE performs better in terms of quantification of pesticides of a broader polarity
range. This is in line with a previous research that compared SBSE with LLE [14]. The
limited number of studies comparing SBSE with traditional extraction techniques, in par-
ticular SPE, applied on field samples leaves space for further investigation. In particular,
more investigation on the factors affecting stir bar saturation and calibrations between the
two techniques could help better estimate real environmental concentrations when only
using SBSE.

5. Conclusions

The novelty of the study presented lies in the extensive comparison carried out be-
tween grab-water samples from natural waterbodies extracted by SBSE and SPE. The com-
parison focused on the compounds screened and their concentration to assess whether
one or the other method might be more suitable given the circumstances. The results in-
dicate that SBSE performs better in terms of the number of pesticides detected, even in
traces, while SPE extracts higher concentrations overall. Although SBSE performed better
in the extraction of fungicides and insecticides, and SPE in the extraction of herbicides, the
limited scale of the study does not allow inferring whether one method might be more
appropriate depending on sample sites and type of pesticides. SBSE is suitable for hydro-
phobic compounds (log KOW > 3), while SPE can screen for a wider range of pesticides
polarities; nonetheless, the partition coefficient alone cannot explain the differences in pes-
ticides detected, for which other factors are at play. Matrix effects, such as the presence of
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suspended solids, seem to disfavour SBSE and hinder its absorption capacity; while satu-
ration might lead to variable results and an underestimation of the actual concentration
through desorption mechanisms. More in-depth studies would be needed to investigate
the effect of turbidity and equilibrium parameters on absorption characteristics of SBSE
as opposed to SPE. Finally, underestimation of the concentrations by SBSE can lead to
underestimation of toxicity; therefore, when implementing the extraction techniques, re-
searchers should be aware of its limitations. Increasing the amount of the absorbent phase
and potentially using or complementing it with absorbents that cover a wider polarity
range could be possible solutions to overcome SBSE’s limitations. SBSE remains easier to
implement due to reduced laboratory procedures, limited solvent use, and smaller sample
volume (100 mL vs. 1 L). However, it is a destructive technique, as it desorbs the entire
sample in one analysis. Both extraction techniques can suffer from analyte losses due to
absorption on glass walls, suspended solids, or, in the case of SPE, during sample pre-
processing step.

Ultimately, the choice between the two extraction techniques should be driven by the
characteristics of the water sources, screened pesticides, and advantages or disadvantages
related to analytical processing, human resources, and financial considerations. Finally,
both techniques are limited to grab-sampling, providing only an instantaneous snapshot
of water quality. Therefore, comparison or integration with other sampling techniques,
such as passive samplers, should be further investigated.
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