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Abstract: In this work, the low cost synthesis of polydimethylsiloxane (PDMS) rods is
described, and the performances of this new passive sampling device (in laboratory and
in situ) are compared to the passive stir bar sorptive extraction (SBSE) for the monitoring
of pesticides from different classes (herbicides, insecticides and fungicides) in surface
waters. The influence of synthesis parameters of PDMS rods (i.e., heating temperature,
heating time and relative amount of curing agent) were assessed regarding their efficiency
for the extraction of the target pesticides through a Hadamard’s experimental design. This
allowed the determination of the effect of the three parameters on the sorption of pesticides
within four experiments. Thus, specific conditions were selected for the synthesis of the
PDMS rods (heating at 80 °C for 2 h with 10% of curing agent). Laboratory experiments
led to similar to lower extraction recovery in the PDMS rods in comparison with passive
SBSE, depending on the pesticide. The in situ application demonstrated the efficiency of
the PDMS rods for the passive sampling of the target pesticides in river water, although
lower amounts of pesticides were recovered in comparison with passive SBSE. So, these
very low cost PDMS rods could be used as an alternative to passive SBSE for large-scale
monitoring campaigns.
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1. Introduction

Passive sampling has recently been developed as an alternative technique to grab sampling and
automated sampling for the monitoring of environmental pollutants in surface and ground waters
because this technique allows the determination of time-weighted average (TWA) concentrations with
less logistical needs and lower analytical cost. Once immersed in the aquatic medium, the passive
sampler accumulates chemicals from large amounts of water and the integrative sampling of the
dissolved fraction of pollutants over days to weeks leads to low quantification limits for various
organic contaminants [1-4]. A passive sampler is typically composed of a receiving phase, where the
target pollutants are accumulated, and a membrane, which separates the receiving phase from the
medium. Depending on the type of membrane and receiving phase, chemicals with different polarities
can be sampled. Several devices have been developed for the monitoring of hydrophobic organic
compounds, such as polycyclic aromatic hydrocarbons (PAH) and polychlorinated biphenyls
(PCB) [5-9], and also for polar compounds such as pesticides [10,11]. Stir bar sorptive extraction
(SBSE) was recently used directly in sifu as a membrane-free passive sampling technique (passive
SBSE) and its efficiency was demonstrated for the sampling of moderately polar to hydrophobic
pesticides [12]. An SBSE stir bar (Twister™) is composed of a magnet enclosed in a glass tube coated
with a thick film of polydimethylsiloxane (PDMS) [13,14]. After the extraction step, the chemicals
sorbed in the PDMS film can be recovered using organic solvents (liquid desorption) or heat (thermal
desorption), before analysis by liquid or gas chromatography. However, in case of in situ applications [12],
the magnet of the Twister is not necessary because the stir bar does not need to rotate while it is
immersed in the medium. Additionally, the cleaning of mineral material from the PDMS phase or the
decontamination of organic compounds can be difficult after direct immersion in surface waters and
s0, cross-contamination could occur if the stir bar is reused for sampling.

Hence, the aim of this work was to develop disposable PDMS rods, with repeatable composition,
dimensions and weight, and to assess the performances of this new passive sampling tool for the
accumulation of pesticides in surface freshwaters. First, we determined the synthesis conditions for the
PDMS rods using a Hadamard’s experimental design. Then, we studied PDMS rod sorption capacities
for a set of selected pesticides with different physical chemical properties, and compared them to
commercial Twisters. Finally, we used PDMS rods in a river located in a French vineyard watershed to
assess their performances for the passive sampling of the target pesticides.

2. Experimental Section
2.1. Chemicals and Materials

From a large range of pesticides usually encountered in the freshwaters of vineyard
watersheds [15], we selected a relevant set of six pesticides from three classes (herbicides, insecticides
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and fungicides), covering a broad range of hydrophobicity (2.69 < logK,w < 4.31): 3,4-dichloroaniline
(metabolite of diuron), spiroxamine, procymidon, fenitrothion, diflufenican, and chlorpyrifos-methyl.
The selected pesticides (purity > 92.5%) were provided by Dr. Ehrenstorfer (Augsburg, Germany).
Diuron-d6, used as internal standard, was also provided by Dr. Ehrenstorfer (purity = 98.5%). Sodium
chloride NaCl (purity = 99%-100.5%) was purchased from VWR (Strasbourg, France).
Dichloromethane for pesticide residue analysis, and liquid chromatography-mass spectrometry
(LC-MS) grade acetonitrile and methanol were purchased from VWR (Strasbourg, France). Formic
acid (purity = 98%) for LC-MS analysis was provided by Fischer Bioblock (Illkirch, France).
Ultrapure water was produced by a MilliQ water purification system equipped with a LC-Pak cartridge
and purchased from Millipore (Billerica, MA, USA). Twisters (20 mm X 1-mm thick PDMS film, with
a surface area of 2.14 cm? and a volume of 126 uL) were purchased from Gerstel (Miilheim a/d Ruhr,
Germany). A Sylgard 184 kit (Dow Corning, Midland, MI, USA), composed of a PDMS base and a
curing agent (cross-linker) was used for the preparation of the PDMS rods. A Shimadzu 17A gas
chromatography oven (Marne-la-Vallée, France) was used for the curing of the PDMS.

2.2. Experimental Design for the Synthesis of the PDMS Rods

For the preparation of the PDMS rods, the desired amounts of viscous PDMS and curing agent from
the Sylgard 184 kit were mixed vigorously in a beaker for 2 min. Then, the beaker was placed in a
vacuum chamber for 30 min in order to remove air bubbles from the mixture. Twenty grams of the
degassed mixture was poured into a 9-cm plastic Petri dish, in order to form a 3-mm thick PDMS
sheet. The Petri dish was placed horizontally in a GC oven and the heating leads to the cross-linking of
PDMS polymer chains and hardens the material. In order to obtain dimensions similar to those of the
Twisters, the PDMS sheet was carefully cut into rods of 2 cm x 3 mm x 3 mm (i.e., surface area of
2.6 cm” and volume of 180 pL). The PDMS rods were weighted and, to ensure homogeneity, only
those with masses ranging from 170 mg to 180 mg were kept for the sorption study. Finally, the PDMS
rods were rinsed three times with 50 mL methanol/dichloromethane (50:50, v/v) for 15 min using
sonication, were gently dried with Kimwipes® precision paper and placed at 50 °C for one hour.

Relative amount of curing agent, heating temperature and heating time of the curing reaction are the
main parameters influencing the mechanical properties of PDMS [16]. In our study, a Hadamard’s
experimental design was used to investigate if these parameters also have an influence on the sorption
performances of the resulting PDMS rods. Two levels were used for the three selected parameters:
70 °C and 90 °C for heating temperature, 70 min and 90 min for heating time, and 8% and 12% for the
relative amount of curing agent. These ranges include the usual synthesis conditions, which are 80 °C
for 2 h, with 10% of curing agent [16]. With the assumption that these parameters are independent,
such experimental design allowed us to determine their effect on the sorption of pesticides within four
experiments (Table 1). So, four different syntheses were realized (i.e., PDMS 1, PDMS 2, PDMS 3
and PDMS 4). Then, laboratory sorption experiments were performed to compare the sorption
performances of these four types of PDMS rods.
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Table 1. Description of the Hadamard’s matrix of experiments with two levels for three
parameters tested for polydimethylsiloxane (PDMS) synthesis (heating temperature,

heating time and curing agent relative amount).

PDMS Type Temperature (°C) Time (h) Curing Agent (%)

PDMS_1 70 3 8
PDMS 2 70 1 12
PDMS 3 90 3 12
PDMS 4 90 1 8

2.3. Laboratory Sorption Experiments
2.3.1. Comparison of the Extraction Recoveries of the Four Types of PDMS Rods

Batch sorption tests with the four types of PDMS rods were performed in order to assess their
sorption performances and to determine the best synthesis conditions. The four types of PDMS rods
and Twisters, used as reference, were exposed in triplicates to the same pesticide solution. The
extraction recoveries were determined with the ratio of the mass of analyte in the extraction phase over
the initial mass of analyte in the water sample.

In our experimental conditions (i.e., stirring for 3 h), we previously demonstrated that equilibrium
state is reached for Twisters [17]. The PDMS rods and the Twisters were placed in 30-mL amber glass
vials containing 20 mL of a water solution spiked with the selected pesticides at different
concentrations, depending on the analytical sensitivity of the compound (0.5 pg L™ for spiroxamine,
2 ng L' for diflufenican, 8 pg L™ for chlorpyrifos-methyl, 10 ug L™ for 3,4-dichloroaniline, and
20 pg L™ for fenitrothion and procymidon) and 2.0 g of NaCl under magnetic stirring at 700 rpm with
a Variomag 15-position magnetic stirrer purchased from Thermo (Waltham, MA, USA).

Prior to use, PDMS rods and commercial Twisters were conditioned using a method previously
developed for SBSE [17]. Briefly, they were placed overnight at 50 °C, then they were rinsed with
10 mL methanol/dichloromethane (50:50, v/v) for 30 min by sonication, gently dried with Kimwipes®
precision paper and placed at 50 °C for one hour.

2.3.2. Sorption Capacity Tests

Extractions of water solutions spiked with the selected pesticides were carried out with both PDMS
rod (synthesized according to the parameters selected following the experimental design) and Twister.
The sorption capacity tests were performed as described in Section 2.3.1 but with different pesticide
concentration levels. Seven PDMS rods and seven Twisters were placed in 30 mL amber glass vials
containing 20 mL of a water solution spiked with the selected pesticides at increasing concentrations,
ranging from 0.05 to 2.5 pg L' for spiroxamine, from 0.2 to 10 ug L™ for diflufenican, from 0.8 to
40 pg L™ for chlorpyrifos-methyl, from 1 to 50 pg L' for 3,4-dichloroaniline, from 2 to 100 pg L™
for fenitrothion, and from 4 to 100 pg L' for procymidon. The PDMS rods and the Twisters were
recovered after 5 h of stirring. After the extraction step, PDMS rods and Twisters were gently rinsed
with ultrapure water, dried with Kimwipes” precision paper, then placed overnight at —18 °C before
chemical analysis.
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2.4. Field Experiments

Both PDMS rods and Twisters were deployed at two sites in the Morcille River, a small river of a
French vineyard watershed located 70 km north of Lyon: an intermediate site on the river and a
downstream site. Details of the sampling sites on the Morcille River are reported elsewhere [15]. Both
devices were placed in deployment bags made of plastic mesh, to protect them from small debris,
while directly exposing the sorption phases to the aquatic medium (i.e., no membrane used). The
passive samplers were placed in triplicate into a rigid plastic container with holes for a two-week
exposure period. Field blanks were systematically used for both tools. After the exposition period,
PDMS rods and Twisters were brought back to the laboratory in cooled containers for
chemical analysis.

2.5. Chemical Analysis

Before chemical analysis, pesticides were desorbed from PDMS rods and Twisters according to an
analytical method published elsewhere [17]. Briefly, after storage overnight at —18°C, Twisters were
placed in 200 puL of methanol/acetonitrile (50:50, v/v), and pesticides were desorbed under sonication
for 15 min. Then, 150 uL of ultrapure water and 10 pL of diuron-d6 at 200 pg L™ in acetone, were
added to 40 pL of the desorbate to constitute the extracted sample for analysis by liquid
chromatography coupled to tandem mass spectrometry (LC-MS/MS) [17].

The analyses of the extracts were performed using a LC 1100 Series apparatus from Agilent
(Massy, France) coupled with a MS triple quadrupole API4000 from AB SCIEX (Les Ulis, France),
equipped with an electrospray ionization source (ESI) that was operated in the positive ionization mode.
An Atlantis T3 column (2.1 mm % 100 mm; d, = 3 pm), purchased from Waters (St Quentin-en-Y velines,
France) was used for the chromatographic separation of the analytes. Acetonitrile and ultrapure water
both with formic acid (0.1%) were used in an analytical gradient (from 10% to 90% acetonitrile) of
15 min at 0.4 mL min . Table 2 shows the settings for MS/MS analysis and the limits of
quantification (LQ) of the selected pesticides.

Table 2. Multiple reaction monitoring conditions for MS/MS analysis and limits of
quantification of the selected pesticides (from Margoum et al. [17]).

Precursor Declustering Product Collision Collision Cell LQ
Compound logK, . . . -1

Ion (m/z) Potential (V) Ions (m/z) Energy (V) Exit potential (V) (pgL )
3,4-dichloroaniline 2.69 162.0 51 127.0; 74.0 31;73 24; 14 0.05
Spiroxamine 2.89 297.9 51 144.3; 100.1 31;45 8; 18 0.02
Procymidon 3.08 284.0 76 256.0; — 25; - 46; — 0.20
Fenitrothion 3.32 277.9 71 124.8; 109.0 29; 25 22; 16 0.50
Diflufenican 4.20 395.0 86 266.0; 246.0 35; 47 28;40 0.20
Chlorpyrifos-methyl 431 322.0 71 125.0; 190.0 29; 23 22; 54 0.05

Note: * Not presented in the analytical method published by Margoum et al. [17], it was added to the method
and validated afterwards.
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3. Water-PDMS Extraction of Solutes

Sorptive extraction is a sampling technique governed by diffusion of the analytes from the bulk
solution to the PDMS phase. The efficiency of the extraction of the analytes from the aqueous samples
into the PDMS extraction phase relies on the equilibrium regime, and the sorption process is
essentially a liquid-liquid partition [14].

The partitioning coefficient of the analytes between the extraction phase and the aqueous phase Ky
(adimensional) is linked to the concentration of the analytes in these two phases [18,19] as follows
[Equation (1)]:

szzﬁzﬁxv—wz;"—;xﬂ (1)

Cw My Vs

where Cy, (ug L") is the concentration of analyte in the water sample at equilibrium; Cs (ug L) is the
concentration of analyte in the extraction phase at equilibrium; m, (ug) is the mass of analyte
remaining in the water sample; ms (ug) is the mass of analyte in the extraction phase; Vs, (L) is the
volume of water sample; V5 (L) is the volume of the extraction phase; f (adimensional) is the phase
ratio. Several studies have correlated the partitioning coefficient of analytes K, with their
octanol-water distribution coefficient (Koy) [13,20-24].

The extraction recovery 7 (%) is expressed as the ratio of the mass of analyte in the extraction phase
(ms) over the initial mass of analyte in the water sample (my = ms + my,). It is determined by the
partitioning coefficient K, and by the phase ratio £, as described in Equation (2).

K.
sw/ﬁ
m
n=—x100 = ——""— x 100 (2)
mg 1+ (KSW/,B)

From Equation (2), it is easily deduced that the extraction recovery increases with Kg,. With the
assumption that K, is correlated to the octanol-water distribution coefficient K, the extraction
recovery on PDMS,; in general, increases with increasing hydrophobicity. Moreover, the phase ratio f
can also affect the extraction recovery [24].

4. Results and Discussion
4.1. Laboratory Experiments
4.1.1. Optimization of the Curing Conditions for PDMS Synthesis

Figure 1 shows the extraction recovery of the target pesticides sorted by increasing hydrophobicity
for the four types of synthesized PDMS rods and for Twisters. Good repeatability of extraction
performances (n = 3) was generally obtained for the tested pesticides. Relative standard deviations
(RSD) of the extraction recovery of the pesticides were lower than 25% for the PDMS rods, except for
spiroxamine in PDMS 3 rod and PDMS 4 rod (38% and 31%, respectively).

As we expected from the hydrophobic nature of PDMS, the extraction recoveries for PDMS rods
and Twisters increased with the hydrophobicity of the target pesticides. The extraction recoveries
ranged from 9% for 3,4-dichloroaniline in PDMS 3 rod to 64% for chlorpyrifos-methyl in PDMS 2
rod. The extraction recovery of spiroxamine was four times larger than that of 3,4-dichloroaniline
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although their logK,,, values were relatively close. Moreover, the extraction recoveries of the most
three hydrophobic pesticides were about 60%.

Figure 1. Recovery for the extraction of the target pesticides by the four types of
synthesized polydimethylsiloxane (PDMS) rods and Twisters, at 700 rpm for 3 h. Numbers
in brackets on the x axis are the octanol-water partitioning coefficients of the target
pesticides (logK,w), sorted by increasing values. Errors bars represent + standard
deviation (n = 3).
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Similar to lower extraction recoveries of the target pesticides were obtained for the four types of
PDMS rods in comparison with the Twisters, depending on the pesticide (Figure 1). The extraction
recoveries of spiroxamine were similar for the PDMS rods and Twisters. For 3,4-dichloroaniline, the
four types of PDMS rods yielded slightly lower recoveries than Twisters, although the recoveries of
this pesticide were low for the two devices. For fenitrothion, diflufenican and chlorpyrifos-methyl,
lower recoveries were obtained for the four types of PDMS rods in comparison with Twisters but they
yielded about 60% with good repeatability. Further, for procymidon, the extraction recovery of ranged
from 36% to 42% for the four types of PDMS rods, whereas Twisters achieved a 69% extraction
recovery. The lower amounts of pesticides extracted by PDMS rods was not caused by different
kinetics, as kinetic tests confirmed that extraction equilibrium was reach for both devices after 3 h of
stirring (data shown in Appendix). So, the partitioning coefficient of the target pesticides (except
spiroxamine) between the PDMS rods and the water sample (Kppms.w) might be lower than that for the
Twisters (Ktwister-w) because of chemical differences in the polymer structures.



Water 2013, 5 1373

Comparing the behavior of the different types of PDMS for all tested pesticides, an ANOVA
(o = 0.05) confirmed that the recoveries obtained for the four types of PDMS rods were not
significantly different (data not shown). So we assumed that the synthesis parameters had no
significant effect on the sorption of pesticides within the ranges studied. Therefore, for the rest of the
study, PDMS rods were synthesized at the central point of the experimental design space, i.e., at 80 °C
for 2 h, with 10% of curing agent.

4.1.2. Sorption Capacity Tests

In Figure 2, the results of the sorption capacity tests are presented as sorption isotherms (sorbed
mass/phase volume = f (pesticide concentration in water at equilibrium)) obtained for chlorpyrifos-methyl
(a) (initial concentrations ranging from 0.8 to 40 pg L™"); and spiroxamine (b) (initial concentrations
ranging from 0.05 to 2.5 pg L") extracted by PDMS rods and Twisters. Over the investigated pesticide
concentration ranges, we did not observe any saturation of neither the PDMS rods nor the Twisters,

since satisfactory linearity (R* > 0.88) was obtained for all compounds extracted by the two devices
(data not shown).

Figure 2. Sorption isotherms of (a) chlorpyrifos-methyl and (b) spiroxamine on PDMS
rods (phase volume = 180 plL) and Twisters (phase volume = 126 plL). Extraction at
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The slope of the sorption isotherms is a useful way to determine the sampler-water sample
partitioning coefficients (Kppms-w O Krwister-w) [Equation (1)]. The slope of the regression line relative
to the PDMS rods for chlorpyrifos-methyl was only 35% of the slope observed for Twisters
(Figure 2a) and the same trend was observed for 3,4-dichloroaniline (70%), diflufenican (77%),
fenitrothion (36%), and procymidon (29%). The opposite was observed for spiroxamine, as the slope
of the regression line relative to the PDMS rods was 200% of the slope observed for Twisters
(Figure 2b). Therefore, Kppms.w are lower than Kryiser.w for chlorpyrifos-methyl, 3,4-dichloroaniline,
diflufenican, fenitrothion and procymidon; so the equilibrium concentrations of these pesticides in
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PDMS rods will always be lower than those in Twisters. For more hydrophobic compounds (logKow > 5),
Kppms-w and Kryisier-w might be closer, so that the PDMS rods could achieve similar sorption capacity
as Twisters.

Both PDMS rods and Twisters are composed of polydimethylsiloxane, but it is very likely that the
cross-links of the two polymers are different. Indeed, Ter Laak et al. [25] suggested that differences in
cross-linking and polymer length could have an effect on the solubility of hydrophobic chemicals in
PDMS materials, i.e., Kppums.w. Moreover, Rusina et al. [26] determined the partitioning coefficients of
four PAH in several polymers, including PDMS. They observed differences (up to 25%) in the
equilibrium concentrations of the target compounds in PDMS and other silicone materials.

4.2. Field Experiments

Figure 3 shows the amounts of spiroxamine, procymidon and diflufenican sorbed in the PDMS rods
and Twisters exposed in the Morcille River for two weeks.

Figure 3. Comparison of the amounts of pesticides accumulated in Twisters and PDMS
rods exposed in river water for two weeks. “LQ” is the quantification limit in ng for both
devices. “nq” stands for non-quantified, “I” stands for the intermediary sampling site and
“D” stands for the downstream sampling site. Numbers in brackets on the x axis are the
octanol-water partitioning coefficients of the quantified pesticides (logK,), sorted by
increasing values. Errors bars represent & standard deviation (n = 3).
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Chlorpyrifos-methyl, 3,4-dichloroaniline and fenitrothion were not detected neither in PDMS rods
nor in Twisters. Good repeatability, which includes conditioning, in situ analyte extraction and
laboratory chemical analysis, was obtained for both passive sampling devices. RSD ranged from 7% to
14% for the PDMS rods and from 9% to 24% for the Twisters (for the three detected pesticides, n = 3).
The differences in the amounts of spiroxamine, procymidon and diflufenican accumulated in the two
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passive sampling devices were greater than those observed during the laboratory experiments
(Section 4.1.1). In addition, procymidon, which is more polar than diflufenican, was not quantified in
the PDMS rods, whereas it was accumulated in the Twisters at both sites. A relatively high limit of
quantification for this pesticide (2 ng) could be an explication of this observation. Lower amounts of
spiroxamine were obtained for PDMS rods in comparison with Twisters, contrary to the larger
recovery observed during the laboratory experiments. About 42% and 51% less spiroxamine were
accumulated in the PDMS rods deployed in the river at the intermediate site and the downstream site,
respectively. For spiroxamine, procymidon and diflufenican, such observations could be explained by
a fast elimination from the PDMS rods, which could occur if a concentration peak of the analytes has
arisen at the beginning of the 14-day exposition. To confirm this hypothesis, the elimination kinetics of
the target pesticides need to be investigated for the PDMS rods.

5. Conclusions

In this study, we described an easy and fast synthesis of PDMS rods for the passive sampling of
moderately hydrophobic to hydrophobic pesticides, and assessed their performances and their
applicability in surface freshwaters. After a Hadamard’s experimental design, the synthesis conditions
were defined and we demonstrated the robustness of the synthesis protocol regarding the sorption
properties of the PDMS rods. Laboratory sorption experiments showed similar to lower amounts of the
target pesticides quantified in the PDMS rods in comparison with the Twisters used as reference. The
lower recoveries observed were due to different partitionings of the pesticides in the two devices. The
application of the PDMS rods in a small river of a French vineyard watershed, along with Twisters,
confirmed the performances and usefulness of such devices as passive samplers for the target
pesticides, although lower amounts of pesticides were recovered. So, PDMS rods represent a
promising simple tool for the monitoring of agricultural pesticides in surface freshwaters. Moreover,
these PDMS rods could be used for the passive sampling of other types of organic contaminants,
especially more hydrophobic ones, for which the sorption capacities might reach those of the Twisters.

This device presents the same advantages as Twisters for passive SBSE, i.e., simple handling,
preparation before deployment, in sifu deployment and retrieval of the devices, and laboratory sample
treatment before chemical analysis. Additionally, the fast and easy, repeatable, and very cost-effective
synthesis of the PDMS rods allows to use them in a larger number than Twisters for monitoring
campaigns. Moreover, single use of these devices in surface freshwaters prevents possible contamination
and advanced clean-up, limiting the use of organic solvents. Further on-going work will focus on the
elimination kinetics and the calibration of the PDMS rods in order to allow the determination of TWA
concentrations of the target pesticides in surface freshwaters.
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Appendix

Figure Al. (a) Sorption kinetics of procymidon (at 5 ug L™"); (b) diflufenican (at 0.5 pg L™);
(¢) fenitrothion (at 5 ug L™); (d) 3,4-dichloroaniline (at 2.5 ug L™); (e) chlorpyrifos-methyl
(at 2 pg L™"); and (f) spiroxamine (at 0.125 pg L") for PDMS_5 rods and Twisters.
Extraction at 700 rpm for maximum 5 h.
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Figure Al. Cont.
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