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Abstract

Ton mobility spectrometry with corona discharge ion source was used for the measurements of selected pesticides cybutryne,
terbutryn, dichlorvos, and quinoxyfen in water. The analyses were carried out by (i) direct injection of the aqueous solution
of the pesticides and (ii) extraction using solid phase microextraction by commercial SPME arrows. The instrumental and
the experimental extraction parameters including the drift tube temperature, injection port temperature, and the SPME fiber
type were studied and optimized to achieve the maximum signal intensity. The limit of detections obtained by the direct
injection were about 0.1-1.0 mg L=". Using the SPME arrow-ion mobility spectrometry method, the detection limits were
improved 7-50 times and obtained as 0.01, 0.015, 0.05, and 0.1 mg L~ for terbutryn, dichlorvos, cybutryne, and quinoxyfen,
respectively. The recovery rate for analysis in surface water (real samples) was approximately 90-110% for both the direct
injection and solid phase microextraction method. The capability of ion mobility spectrometry for the simultaneous detec-
tion of a mixture of the studied pesticides was assessed, and it was found that terbutryn, dichlorvos, and quinoxyfen can be
detected simultaneously without peak overlapping.

Keywords Fast analysis - Pesticide mixture - Surface water - Water pollution

Introduction

Pesticides are a wide range of compounds used worldwide
in agriculture to protect plants and their crops against differ-
ent types of pests. Although these compounds are necessary
for production of vegetables and fruits and consequently in
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food security, pesticides are harmful substances for human
and environment (Bassil et al. 2007; Pimentel et al. 1992).
Approximately, 2 million tones pesticides are used world-
wide annually without programs or with limited programs
to control exposure (Sharma et al. 2019). Structurally, pes-
ticides are classified to several groups such as organophos-
phates, organochlorines, triazines, and carbamates. Another
classification is based on their applications including herbi-
cides, biocides, fungicides, and insecticides. One pesticide
from each group, namely cybutryne (biocide), terbutryn
(herbicide), dichlorvos (insecticide), and quinoxyfen (fun-
gicide), was selected for this work. Chemical structures of
these pesticides are shown in Scheme 1.

The pesticide residues remain in the fruits and leaves
of plants or enter the surface and groundwater. The United
State agricultural health study found that approximately
50 million people in U.S access their water consumption
through the groundwater which is contaminated by pesti-
cides (Alavanja 2009). Also, in the year 2000, German Fed-
eral Environmental Agency (UBA) concluded that annually
approximately 30 tons of different pesticides enter to the
surface water (Weber and Smolka 2005). Hence, detection
and measurement of the pesticide residues in water are of
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Scheme 1 Chemical structures of the pesticides cybutryne, terbutryn, dichlorvos, and quinoxyfen

importance. During the last decades, several methods have
been developed for detection and quantification of pesticides
in different samples. Although most of the reported methods
are chromatographic based methods (Grimalt and Dehouck
2016; Pitarch-Anderson et al. 2017), other standard tech-
niques such as immunochemical electrochemical methods
have been occasionally employed (Duncan et al. 2018; Malt-
man et al. 2012; Elshahawi and Kamal 1998).

In 1990, solid phase microextraction (SPME), as an effec-
tive alternative to liquid—liquid extraction, was invented by
Pawliszyn et al. (1990). The advantages of this method were
integration of sampling, extraction, concentration, and sam-
ple introduction steps as well as saving preparation time (Vas
and Vekey 2004). SPME coupled to GC and MS has been
used for determination of different classes of pesticides in
water and other liquid samples (Rickert et al. 2020; Albains
et al. 2004).

Ion mobility spectrometry (IMS) is a fast, simple, and
low-cost techniques having vast application in detection
of volatile organic compounds (VOCs), chemical warfare
agents, food ingredients, abused drugs and opiates, explo-
sives, and environmental monitoring (Eiceman et al. 2014).
IMS has been directly used for determination of different
types of pesticides (Khademi et al. 2019; Touvinen et al.
2000; Sadat et al. 2020; Goscinny et al. 2019; Chen et al.
2019; Weickhardt et al. 2012; Gallart-Mateu et al. 2016).
To achieve better sensitivity, solid phase extraction (SPE)
and microextraction (Classical SPME) coupled with IMS
have been used for determination of different pesticides
(Walendzik et al. 2005; Mohammadi et al. 2009; Holopainen
et al. 2013; Saraji et al. 2018; Wang et al. 2015). The pes-
ticide diazinon was measured in water using SPME-IMS
and sol-gel/nanoclay composite as a sorbent with LOD of
0.07 pg L (Saraji et al. 2018). Also, using SPME-IMS, the
pesticide dichlorvos was determined in tea drinks with LOD
of 6 pg L™! (Wang et al. 2015).

The conventional methods for pesticide measurements
such as LC-MS and GC-MS involve costly apparatus and
require a high degree of technical knowledge. Furthermore,
the run time of GC and LC is usually more longer than few
minutes. This work presents development of a fast (response
time of millisecond) and low-cost analytical method for
detection of the selected pesticides, cybutryne, terbutryn,
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dichlorvos, and quinoxyfen using direct immersion-arrow
SPME coupled with the corona discharge ion mobility spec-
trometry (SPME arrow-IMS). The capability of the method
to extract and detection of the studied pesticides in water
sample as fast and sensitive method are investigated. The
water samples were obtained from Taleqan Dam (Alborz
Province, Iran) in November and December 2020 and ana-
lyzed within 1-2 days after sampling in Imam Khomeini
International University of Qazvin, Iran.

Materials and methods

The ion mobility spectrometer (IMS) used in this work was
an atmospheric pressure drift tube with a corona discharge
as the ionization source (IMS-400, TOF Tech. Pars Co.,
Iran). The IMS cell consisted of two parts: an ionization
region and a drift tube, separated by an ion gate (shutter
grid). The shutter grid pulses the ions from the ionization
region to the drift tube with an opening time of about 50
ps at 20 ms intervals. The applied voltage on the corona
discharge with a point to plane geometry was 2.3 kV, and
the applied voltage on the IMS cell was 8 kV providing a
drift field of 500 V/cm. Dry air was used as both the drift
and carrier gases with flow rates of 700 ml/min and 350
ml/min, respectively. In the positive polarity of the corona
discharge, H;0*(H,0),, is formed as the main reactant ion;
hence, the mechanism of ionization is protonation of the
analyte (Valadbeigi et al. 2019). The sample is vaporized in
the injection port, transferred to the ionization region by the
carrier gas. The cell temperature can be adjusted from ambi-
ent temperature to 200 °C; however, the cell temperature
for the determination of the pesticides was optimized. The
optimum temperature of the injection port of IMS was also
determined (see next section).

Dichlorvos, terbutryn, cybutryne, and quinoxyfen stand-
ards were purchased from Sigma-Aldrich (Steinheim, Ger-
many). Physicochemical properties of these pesticides are
summarized in Table S1 (Supplementary Materials). To
obtain calibration curves, the standard solutions in distilled
water were prepared. Measurements were carried out in
two different ways: (i) direct injection of the solutions of
pesticides in water solvent (2 pL) into the injection port of
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IMS using a 10-pL-Hamilton syringe and (ii) extraction
of the pesticides by immersion of commercially available
PAL SPME Arrows (BGB Analytik AG, Restek, Switzer-
land). The composition of the SPME fibers, purity of the
pesticides, and the provider companies are summarized in
Table S2. Pre and reconditioning of the arrow fibers was
done thermally in the injection port of IMS according to the
manufacture’s instruction. After adsorption of the pesticides,
the SPME arrow was put in the injection port of IMS to
introduce the pesticides to the IMS via thermal desorption.
The optimum extraction conditions obtained in a previous
study conducted by GC-MS, i.e., extraction time of 70 min,
pH of 7, extraction temperature of 60 °C, and the level of
500 rpm agitation, in the presence of 17% NaCl were used
(Khademi et al. 2021). Three SPME arrows with different
solid phases were checked for adsorption of the pesticides.
The images of the SPME arrows with colors gray, red, and
violet are shown in Fig. S1 (Supplementary Materials). The
solid phases of the SPME arrows were divinylbenzene/car-
bon wide range/polydimethylsiloxane (DVB/CWR/PMDS),
PDMS, and DVB/PMDS, respectively. To assess recovery
rates of the method, additional measurements were carried
out in a water sample obtained from Taleqan Dam (Alborz,
Iran).

Computational details

Since the ionization of the pesticides in the ionization source
is based on proton transfer, gas phase basicity of the pes-
ticide is one of the main factors influencing their ioniza-
tion. Hence, proton affinities (PAs) and gas phase basici-
ties (GBs) of the pesticides were computed, theoretically.
Density functional theory (DFT) methods have been used
for benchmark calculations of PA and GB values, and it has
been proved that they produce acceptable agreement with
the experimental PA and GB values (Safi and Wazzan 2021;
Valadbeigi and Farrokhpour 2013). Also, DFT methods can
be employed for calculations with a lower computational
cost compared with the other ab initio and multilevel meth-
ods (Safi and Wazzan 2021). Hence, DFT method with the
hybrid functional of B3LYP was used for structural optimi-
zation of the pesticides and their protonated forms in the gas
phase. The basis set 6-311++G(d, p) which includes both
polarization and diffuse functions for hydrogen and heavy
atoms was used for all calculations. Frequency calculations
were performed at the same level of theory to obtained PA
and GB values of the pesticides at 298 K. PA and GB of a
molecule, M, are defined, respectively, as — AH and — AG
of its protonation in gas phase. Gaussian 09 software was
used for all calculations (Frisch et al. 2009).

Results and discussion
Direct injection of pesticide solutions

Figure 1 compares the ion mobility spectra obtained by
direct injection of the aqueous solution of pesticides dichlo-
rvos, terbutryn, cybutryne, and quinoxyfen recorded at
drift tube temperature of 200 °C. One peak is observed
per each pesticide at drift times of 8.1, 10.3, 10.5, and 10.8
ms for dichlorvos, terbutryn, cybutryne, and quinoxyfen,
respectively. The drift times correspond with the molecular
weight of the pesticides, 230, 241, 253, and 308 g mol ™!,
respectively.

Since the main reactant ion in the ionization region of
IMS is hydronium ion H;0*(H,0),,, the mechanism of ioni-
zation is based on proton transfer from the hydronium ion
and formation of the protonated forms of the pesticides.
The optimized structures of the protonated forms of the
pesticides are shown in Fig. S2 (Supplementary Materials).
Terbutryn and cybutryne have different sites of protonation
(shown by circles). Protonation of terbutryn and cybutryne
at these sites leads to formation of different protonated iso-
mers (protomers). The peak broadening of cybutryne can be
attributed to formation of these protomers with slightly dif-
ferent mobilities (drift times). The calculated PA and GB for
different sites of the pesticides are summarized in Table S3.
Comparison of the PAs shows that in the case of terbutryn,
cybutryne, and quinoxyfen, the nitrogen atom of the six-
membered ring is the most preferred site of protonation. In
dichlorvos, oxygen atom of the P=0O group is the most basic
site for protonation.

H,0'
NH,"
2
‘»
c
2
£ [ Quinoxyfen
1 Cybutryne
Terbutryn
\4\ Dichlorvos
0 5 10 15 20

Drift time (ms)

Fig. 1 The ion mobility spectra for direct injection of aqueous solu-
tions of dichlorvos (2 mg L™Y), terbutryn (5 mg L™Y), cybutryne (15
mg L"), and quinoxyfen (50 mg L~') recorded at drift tube and
injection port temperatures of 200 °C and 260 °C, respectively.
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To obtain the optimum operational condition of the IMS,
the ion mobility spectra of the pesticides were recorded at
different temperatures of the drift tube. The ion mobility
spectra of the pesticides at drift tube temperature range of
120-200 °C are provided in Fig. S3. The decrease in the
signal intensity at lower temperatures may be due to more
ion loss as the ions spend more time in the drift tube at lower
temperatures. Furthermore, as temperature decreases, hydro-
nium ion, H;O0*(H,0),,, is more hydrated (Valadbeigi et al.
2019). As the number of water molecules in H;07(H,0),
increases, its tendency to lose a proton decreases (Goebbert
and Wenthold 2004), leading to its lower efficiency for pro-
tonation of the pesticides. Hence, the pesticides exhibit the
highest signal intensity at drift tube temperature of 200 °C.

Selection of the optimum SPME arrow sorbent

The adsorption efficiencies of three SPME arrows with
fiber compositions of (i) divinylbenzene/carbon wide range/
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Fig.2 Comparison of performance of the three SPME arrows with
solid phases of DVB/CWR/PMDS (gray), PDMS (red), and DVB/
PMDS (violet) for adsorption of the pesticides a cybutryne (0.8 mg
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polydimethylsiloxane (DVB/CWR/PMDS), (ii) PDMS, and
(iii) DVB/PMDS were investigated for adsorption of the pes-
ticides. The responses of these SPME arrows or their capa-
bility for adsorption of the pesticides are compared in Fig. 2.
For the SPME adsorption, the concentration of cybutryne,
dichlorvos, quinoxyfen, and terbutryn in the extraction vial
was 0.8, 0.7, 1.0, and 0.3 mg L respectively. The extrac-
tion time was 70 min, and the temperature of the solution
was kept at 60 °C during the extraction. After extraction,
the SPME needle was put in the injection port with the tem-
perature of 260 °C to desorbed the adsorbed pesticides from
its fiber. In the case of cybutryne, the SPME fiber coated
with DVB/CWR/PMDS and DVB/PMDS exhibited com-
parable adsorption while adsorption of cybutryne on the
SPME arrow with the PMDS fiber composition was less
than the two others. Figure 2b shows that the SPME arrow
fiber coated with the DVB/CWR/PMDS exhibits the highest
response toward the sorption of dichlorvos while the PDMS
one did not adsorb any dichlorvos. This is in agreement with
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L1, b dichlorvos (0.7 mg L™!), ¢ quinoxyfen (1.0 mg L"), and d
terbutryn (0.3 mg L™1). The extraction temperature and time were 60
°C and 70 min, respectively
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the literatures reporting that PDMS fiber has a low affin-
ity toward highly volatile and polar compounds (Pawlizsyn
2009). In the case of quinoxyfen and terbutryn, the response
(adsorption efficiency) of the SPME arrows toward these
pesticides was as (DVB/CWR/PMDS) > (PMDS) > (DVB/
PMDS). Hence, the SPME arrow coated with the DVB/
CWR/PMDS was selected as the optimum SPME arrow for
detection of the selected pesticides in water. The highest
efficiency of the DVB/CWR/PMDS fiber in the extraction
of the pesticides is due to micropores in the surface of the
fiber that is more effective at trapping low-molecular weight
compounds (Helin et al. 2015; Song et al. 2019).

Effect of injection port temperature

After immersion of the SMPE arrow in the solution and
70-min extraction, it was put in the injection port of the
IMS. The adsorbed pesticides were desorbed from the fiber
of the SPME arrow in the heated injection port of IMS. For
the commercial SPME fibers, the maximum desorption

260 °C a

Acquisition time (s)

260°C c

Intensity

0 20 40 60 80
Acquistion time (s)

temperatures recommend by the manufacturer are 280-320
°C (Li et al. 2012; Gaffke and Alborn 2021). Higher desorp-
tion temperatures can increase the sensitivity and decrease
the analysis time (Li et al. 2012); however, it may lead to dis-
sociation of the adsorbed analyte (Gaftke and Alborn 2021).
Hence, the temperature of the injection port should be opti-
mized to ensure efficient transfer of the desorbed pesticides
to the ionization region of IMS. For this purpose, effect of
the injection port temperature on desorption time and sig-
nal intensity of the adsorbed pesticides on the SPME arrow
coated with DVB/CWR/PMDS were investigated. Figure 3
shows the time evolution of the signal intensity of the IMS-
peaks of the pesticides at different temperatures of the injec-
tion port up to 260 °C (the maximum possible temperature
of the injection port). These plots have been obtained by
recording the height of the IMS peak of the pesticides (those
shown in Fig. 1) since the SPME needle was put in the injec-
tion port. The injection temperature influences both the rate
of desorption and the signal intensity. For the selected pesti-
cides, the maximum signal intensity and the shortest analysis
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Fig.3 Time evolution of the signal intensity of a cybutryne (0.5 mg L"), b dichlorvos (0.3 mg L"), ¢ quinoxyfen (1.0 mg L™"), and d terbutryn
(0.1 mg L) at different temperatures of the injection port. The extraction time of SPME arrow was 70 min
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time were achieved at the injection port temperature of 260
°C. For cybutryne and terbutryn, at temperatures lower
than 200 °C, no signal was observed (Fig. 3a, d), indicating
that their interaction with the SPME surface is strong and
higher temperatures is needed for their desorption from the
SPME fiber. The signal of dichlorvos appeared immediately
after putting the SPME device in the injection port with the
temperature of 260 °C (Fig. 3b). Desorption of dichlorvos
occurred even at 150 °C. This may be attributed to both its
low-molecular weight and weak interaction with the SPME
surface. Using the data in Fig. 3, the injection port tempera-
ture of 260 °C was selected as the optimum temperature for
the quantitative analysis.

Simultaneous detection of selected pesticides
in aqueous solutions

Although IMS is not as efficient as GC and LC for separa-
tion of analytes in a complex mixture, we investigated its
performance for simultaneous detection of a mixture of the
pesticides. In Fig. 4, the IMS spectra of individually injected
pesticides into the IMS injection port (the top spectra) are
compared with the IMS spectra of a mixture of the same
pesticides extracted from the using the SPME arrow (black
below spectrum). Figure 4a compares the IMS spectra for
four pesticides cybutryne, dichlorvos, terbutryn, and qui-
noxyfen and their mixture, and Fig. 4b shows the IMS spec-
tra of three of the pesticides of their mixture (dichlorvos,

) |
|
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Quinoxyfen
2
2 Cybutryne
2
=
Terbutryn
V)| Dichlorvos
Mixture
6 8 10 12 14 16

Drift time (ms)

Fig.4 a Comparison of ion mobility spectra of the liquid injection
of analyte standards and their mixture extracted using SPME arrow
for a quinoxyfen, cybutryne, terbutryn, and dichlorvos and b qui-

Z

4
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terbutryn, and quinoxyfen). Since cybutryne shows a broad
IMS peak, it overlaps with terbutryn and quinoxyfen peaks at
a drift time of 10.5 ms (Fig. 4a); hence, simultaneous detec-
tion of these pesticides by IMS is not possible. Other than
peak overlapping, because of the high basicity of cybutryne
(Table S3), it may suppress the ionization and consequently
the signal of other pesticides. Hence, simultaneous detec-
tion of three pesticides in a ternary mixture solution without
cybutryne was examined. The IMS spectra of the individu-
ally injected pesticides dichlorvos, terbutryn, and quinoxy-
fen are compared with the IMS spectrum of their mixture
extracted using SPME arrow. The IMS spectrum of the ter-
nary mixture in Fig. 4b shows that dichlorvos, terbutryn, and
quinoxyfen can be separated by MS and detected simulta-
neously in their mixture. The peak observed at a drift time
greater than 12 ms probably corresponds to a proton-bound
dimer of dichlorvos.

Quantitative analysis by the direct injection
and SPME arrow-IMS

The calibration curves obtained by direct injection of the
pesticides into IMS are shown in Fig. S4 (Supplementary
Materials). The linear ranges are 1-20, 0.1-5, 1-100, and
0.5-10 mg L', for cybutryne, dichlorvos, quinoxyfen, and
terbutryn, respectively. The determined relative standard
deviation (RSD), accuracy (recovery mean), and limits of
detections (LODs, signal to noise > 3) for direct injection of

>
'g I\ X Quinoxyfen
E
Terbutryn
I ~ Dichlorvos
M\_‘,‘JJ \ BWAN Mixture
6 8 10 12 14 16

Drift time (ms)

noxyfen, terbutryn, and dichlorvos. The concentrations of quinoxyfen,
cybutryne, terbutryn, and dichlorvos in the mixture are 1.0, 0.5, 0.1,
and 0.3 mg L', respectively
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the pesticides are summarized in Table 1. The LODs are also
compared with those reported in literature. Table 1 shows
that the LODs obtained by the direct injection are higher
than those obtained by the SPME arrow-GC/MS, SPME-
IMS, immunochemistry, and LC-UV methods. Hence,
SPME arrow method was applied to achieve lower LODs.
Using the optimum instrumental and extraction condi-
tions, the calibration curves for the pesticides were obtained
by SPME arrow-IMS. Figure S5 shows the calibration
curves for (a) cybutryne, (b) dichlorvos, (c) quinoxyfen, and
(d) terbutryn (x 3 replicates for each concentration). The
linear range of the calibration curves is 0.05-1.0, 0.015-0.8,
0.1-4.0, and 0.01-0.4 mg L~! for cybutryne, dichlorvos,
quinoxyfen, and terbutryn, respectively. The determined
recovery mean, RSD, and LOD values by SPME arrow-
IMS (signal to noise > 3) are summarized in Table 1. The
RSD values for the SPME arrow-IMS method are smaller
than those determined for the direct injection method. Also,
comparison of the LODs obtained by direct injection into
IMS and the SPME arrow-IMS method shows that by using
the SPME arrow, the LODs can be improved 7-50 times.
The most improvement in LOD was observed for terbutryn
and cybutryne with 50 and 20 times, respectively. This can
be attributed to the higher tendency of the SPME surface
for adsorption of terbutryn and cybutryne. This finding is
in good agreement with those obtained in the previous sec-
tion (Fig. 3). Interactions of terbutryn and cybutryne with
the SPME surface are stronger than those of dichlorvos and
quinoxyfen. The apparent difference in the structures of
cybutryne, terbutryn, dichlorvos, and quinoxyfen is exist-
ence of the sulfur atoms in the structures of cybutryne and
terbutryn which may be responsible for their stronger inter-
action with the SPME surface (Gatidou et al. 2007). It is

worth noting that other than interaction, the desorption tem-
perature plays an important role in the LOD improvement, as
at temperatures lower than 200 °C, cybutryne and terbutryn
did not desorb from the SPME surface (Fig. 4).

The LODs obtained by SPME arrow-IMS are compared
with those reported for other standard techniques in Table 1.
These data show that the SPME arrow-IMS method is more
sensitive than LC-UV (Pitarch-Andres et al. 2017) and has
a comparable sensitivity with the immunochemical method
(Duncan et al. 2018), while its sensitivity is less than SPME
arrow-GC-MS (Khademi et al. 2021). HPLC with diode-
array detection (DAD) has been used for detection of car-
bamate pesticides with LOD of 0.017-0.29 pg L™' (Wu
et al. 2019) indicating a higher or comparable sensitivity of
HPLC-DAD relative to the SPME-IMS. Flame ionization
detector (FID) coupled with GC provides LODs of 0.1-5 pg
L~! for pesticides (Farajzadeh et al. 2015) and 0.2—7 pg L™
for herbicides (Sorouraddin and Moghadam 2016). Also,
the reported LOD for measurement of carbendazim fungi-
cides in water and soil by UV-Vis technique is 2.1 pg L™!
(Pourreza et al 2015). Comparison of these LODs reveals
that sensitivity of the SPME-IMS method toward terbutryn
is comparable with the sensitivity of GC-FID and UV-Vis
techniques.

The matrix effect (%ME) on the analysis of the real sam-
ples was evaluated by comparing the maximum peak inten-
sity of the analytes spiked in distilled water as the blank and
river water (Taleqan Dam in Alborz province of Iran) as the
matrix-spiked sample. Table 2 summarizes the matrix effect
of the real samples on the determination of the pesticides
with and without SPME. The calculated matrix effect is in
the range of 92-110% and 87-111% for the SPME arrow-
IMS method and direct injection of the target pesticides,

Table 1 The computed values of LODs, RSD%, and recovery mean for the pesticides obtained by direct injection of pesticide solutions and

SPME arrow-IMS. The LODs are in pg L™!

Pesticide Direct injection SPME arrow-IMS Literature
LOD (ugL™") 3RSD % Accuracy LOD (ugL™") 3RSD % Accuracy LOD (ug L™
(recovery (recovery
mean + SD) mean + SD)
Cybutryne 1000 8.6 95+7 50 52 103+13 0.003 (SPE-GC/MS), 0.012 (SPME
arrow-GC/MS)*©
Dichlorvos 100 6.2 105+38 15 5.2 103+7 6 (SPME-IMS)¢
Quinoxyfen 1000 5.9 99+9 100 7.5 100+5 60 (immunochemistry)®, 0.54 (SPME
arrow-GC/MS)©
Terbutryn 500 10.6 102+6 10 7.0 99+4 60 (LC-UV)', 0.09 (SPME arrow-GC/MS)°

#Average of all concentrations (n=06)
"Gatidou et al. (2007)

“Khademi et al. (2021)

dWang et al. (2015)

®Duncan et al. (2018)
fpitarch-Andres et al. (2017)

]
* @ Springer
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Table 2 Matrix effect (%ME) of the real samples on the determina-
tion of selected pesticides using IMS with and without SPME arrow

Pesticide %ME + SD (Direct %ME + SD
injection)® (SPME arrow-
IMS)®
Cybutryne 91+ 10 93 +38
Dichlorvos 90 +6 110 +7
Quinoxyfen 111 +7 105 + 4
Terbutryn 87+9 92 +4

3Concentrations for direct injection: Cybutryne (5 mg L"), Dichlor-
vos (0.5 mg L™1), Quinoxyfen (1 mg L), and Terbutryn (1 mg L")

®Concentrations for SPME arrow-IMS enrichment: Cybutryne (0.2
mg L"), Dichlorvos (0.1 mg L"), Quinoxyfen (0.5 mg L"), and
Terbutryn (0.05 mg L)

respectively. The SPME arrow-IMS method shows a lower
matrix effect (max—min=18%) than analysis by direct injec-
tion (max—min=24%) of the pesticides indicating that SPME
arrow affords a higher recovery percentage.

To validate and highlight the advantages and drawbacks of
the developed SPME-IMS method, the performance of this
method for the analysis of the pesticides is compared with
the SPME-GC-MS method that we have recently developed
for the analysis of the same pesticides (Khademi et al. 2021).
In the case of optimization of the SPME fiber types, both the
SPME-IMS and SPME-GC-MS methods exhibited similar
results, and DVB/CWR/PMDS fiber was selected as the opti-
mal sorbent by both the methods. The LODs obtained by the
SPME-GC-MS method are about three order smaller than
those obtained by the SPME-IMS, because of the high sensi-
tivity of the mass spectrometer detector of the SPME-GC-MS.
However, both the methods showed similar RSD and recovery
range. The GC-based method was able to separate a mixture
of four pesticides without peak overlapping while by the IMS
method, separation of three pesticides was possible. The total
analysis time by the SPME-IMS is shorter than that by the
SPME-GC-MS, as the drift times of IMS are in ms (~ 11 ms
for quinoxyfen) while the retention times of GC are in min
(~ 14 min for quinoxyfen, for example). Hence, the SPME-IMS
provided a much faster analysis of the pesticides, and it can be
applied where analysis speed is more important than the sen-
sitivity. Finally, IMS is more cost-efficient than GC-MS, and
also it can be used as both a portable analyzer for in-site meas-
urements and a benchtop instrument for laboratory analyses.

Conclusion
An IMS-based method was developed and validated for

qualitative and quantitative analysis of different classes
of pesticides in water samples. In this work, the direct

* @ Springer

immersion SPME arrow as a simple and compatible pre-
concentration and sample introduction technique was cou-
pled with CD-IMS. The operational parameters including
the drift tube temperature, the injection port tempera-
ture, and the fiber coating type of the SPME arrow were
optimized. As the detection time in IMS is of the order
of milliseconds (ms), this developed method provided a
fast detection and analysis of the pesticides compared to
GC with retention times from a few to tens of minutes.
The proposed SPME arrow-IMS method was used for the
quantification of pesticides in both standard and real water
samples, and the detection limits were obtained at the level
of low micrograms per liter (ug L™"). Small matrix effect
(about 10%) and high recovery were observed for measure-
ments of the pesticides by the SPME arrow-IMS method.
The developed method was applied for simultaneous anal-
ysis of mixtures of the target pesticides in water samples.
Complete separation was achieved for a mixture of three
pesticides dichlorvos, terbutryn, and quinoxyfen; however,
because of the peak overlapping, IMS could not separate
the pesticides in a mixture of the four pesticides.
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