
Citation: Marittimo, N.; Grasselli, G.;

Arigò, A.; Famiglini, G.; Palma, P.;

Saeed, M.; Perry, S.; Navarro, P.;

Clarke, P.; Brittin, M.; et al.

Sustainable and Rapid Determination

of Two Halogenated Pesticides in a

Commercial Formulation by Solid

Phase Microextraction and Liquid

Phase Chemical Ionization Mass

Spectrometry. Separations 2023, 10,

325. https://doi.org/10.3390/

separations10060325

Academic Editor: Piotr Paweł

Wieczorek

Received: 26 April 2023

Revised: 17 May 2023

Accepted: 19 May 2023

Published: 25 May 2023

Copyright: © 2023 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

separations

Article

Sustainable and Rapid Determination of Two Halogenated
Pesticides in a Commercial Formulation by Solid Phase
Microextraction and Liquid Phase Chemical Ionization
Mass Spectrometry
Nicole Marittimo 1, Genny Grasselli 1, Adriana Arigò 1, Giorgio Famiglini 1,* , Pierangela Palma 1,2,
Mansoor Saeed 3, Simon Perry 3, Pablo Navarro 3, Phil Clarke 3, Mark Brittin 3 and Achille Cappiello 1,2

1 Department of Pure and Applied Sciences, University of Urbino Carlo Bo, Piazza Rinascimento 6,
61029 Urbino, Italy; n.marittimo@campus.uniurb.it (N.M.); g.grasselli1@campus.uniurb.it (G.G.);
adriana.arigo@uniurb.it (A.A.); pierangela.palma@uniurb.it (P.P.); achille.cappiello@uniurb.it (A.C.)

2 Department of Chemistry, Vancouver Island University, B360-R306, 900 Fifth St.,
Nanaimo, BC V9R 5S5, Canada

3 Syngenta, Jealott’s Hill International Research Centre, Bracknell RG42 6EY, Berkshire, UK;
mansoor.saeed@syngenta.com (M.S.); simon.perry@syngenta.com (S.P.); pablo.navarro@syngenta.com (P.N.);
phil.clarke@syngenta.com (P.C.); mark.brittin@syngenta.com (M.B.)

* Correspondence: giorgio.famiglini@uniurb.it

Abstract: This work presents a sustainable and rapid method for halogenated pesticide analysis with-
out chromatographic separation. The system is composed of a microfluidic open interface (MOI) for
solid-phase microextraction (SPME) liquid phase desorption, connected to a liquid electron ionization
mass spectrometry interface (LEI-MS). Either a triple quadrupole mass spectrometer (QQQ-MS/MS,
(low-resolution) or a quadrupole-time-of-flight tandem MS (QTOF-MS/MS, high-resolution) were
employed, each operating in negative chemical ionization (NCI) conditions. The flow rate used
(100 µL/min) to rapidly empty the MOI chamber (approximately 2.5 µL) is reduced to the working
flow rate of the LEI interface (500 nL/min) by a passive flow splitter (PFS). NCI is an appropriate
ionization technique for electrophilic compounds, increasing specificity and reducing background
noise. Two halogenated pesticides, dicamba and tefluthrin, were extracted simultaneously from
a commercial formulation matrix (CF) using a C18 fiber by direct immersion (3 min under vortex
agitation). Analyte desorption occurred in static conditions inside MOI filled with acidified acetoni-
trile (ACN) (0.2% phosphoric acid, PA). Extraction and desorption steps were optimized to increase
efficiency and accelerate the process. No chromatographic separation was involved; therefore, the
system fully exploited MS/MS selectivity and HRMS accuracy demonstrating good linearity, repeata-
bility and limits of detection (LODs) and limits of quantification (LOQs) in the pg/mL range (50 and
500 pg/mL, respectively). Low-resolution experiments showed that matrix effects (ME) did not
affect the results. The fast workflow (5 min) makes the system suitable for high-throughput analysis
observing the principles of green analytical chemistry (GAC).

Keywords: liquid electron ionization (LEI); microfluidic open interface (MOI); negative chemical
ionization (NCI); halogenated pesticides; mass spectrometry; solid-phase microextraction (SPME);
green analytical chemistry (GAC)

1. Introduction

Green analytical chemistry (GAC) represents a source of inspiration to develop new
research undertaking the challenge of reaching a good compromise between the data quality
and environmental friendliness. Method optimization following GAC criteria is mandatory
in modern analytical procedures [1]. Direct analyses are preferable, reducing solvent and
energy use as per green chemistry requirements. In addition, the possibility of avoiding
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sample preparation steps limits the risk of sample loss and reduces the analysis time.
Several extraction techniques were developed to increase the green character and speed
of the original sample preparation, reducing or eliminating solvent consumption. Solid
phase microextraction (SPME) is a technique of choice for the extraction of a large variety
of analytes, even in complex matrices, due to the affordability, quickness and low organic
solvent consumption. In addition, because of its versatility of use with GC and LC, the
number of molecules analyzed using SPME is increasing steadily [2–4]. Pawliszyn et al. [5]
developed an innovative device named microfluidic open interface (MOI) that allows the
direct coupling of SPME with a triple quadrupole MS/MS via ESI. MOI is based on the
concept of a flow-isolated desorption chamber with a volume of 7 µL connected to an
ionization source. Analytes are conveyed to the ionization source through self-aspiration.
Recently, a modified MOI configuration in which the desorption chamber was reduced in
volume to approximately 2.5 µL was proposed and coupled with an LEI-QQQ system [6].

Detecting and quantifying pesticides in complex matrices is a challenge for the sci-
entific community, given the many laws and regulations safeguarding human health and
the environment [7–9]. The most popular analytical methods for pesticide analysis are
based on gas chromatography (GC) or liquid chromatography (LC), coupled with various
detection methods, including MS instruments. However, considering the wide variety of
pesticide classes and to accomplish the changing legislation, developing more specific and
sensitive analytical methods is mandatory [10–14].

In GC-MS, electron ionization (EI), performed in standard ionization conditions (70 eV),
generates a library-matchable spectra of pesticides, allowing a reliable identification [15].
However, unless derivatized, the types of molecules amenable to GC are characterized
by low molecular weight, volatility and thermostability. Alternatively, several classes of
pesticides are analyzed by LC-MS/MS methods, mainly in multiple reaction monitoring
mode (MRM), which allows multiple residue determination and low limits of quantification
(LOQs) [8]. The type of molecules analyzable and the structural information obtainable in
the same analysis depend on the selected atmospheric pressure ionization (API) technique.
In addition, detecting substances with different chemical/physical properties may require
different instrumental approaches. Soft ionization techniques provide less informative
spectra and high matrix effects (MEs) in complex sample analysis [16]. Compared to GC, LC
extends MS to high molecular weight, non-volatile and thermolabile analytes. Our research
group recently presented LEI, an LC-MS interface that extends to LC hard ionization
techniques, such as electron ionization (EI) and chemical ionization (CI). LEI allows the
simultaneous detection of polar/nonpolar and thermolabile/thermostable molecules [17].
Furthermore, because the ionization occurs under a high vacuum environment, MEs are
significantly reduced [18]. The core of LEI is the vaporization microchannel (VMC), where
the liquid flow from the LC is released from the inlet capillary and vaporized by the
synergistic action of high temperature and constant helium flow. The hot zone is preceded
by a non-heated zone, called the “cooling gap,” which helps prevent the solvent’s early
vaporization, avoiding analytes’ precipitation and inlet capillary obstruction.

The LEI interface allows the analysis of low volatile and thermolabile molecules simul-
taneously. No compound degradation is observed because of the fast analytes’ vaporization
inside the VMC, as demonstrated in several applications [17,19–22].

In a previous work [23], our research group proposed an LC-LEI-QQQ method using a
reversed-phase column to detect dicamba and tefluthrin in a commercial formulation (CF).
In this complex matrix, due to active ingredients and additives, and with that method, LODs
and LOQs of 0.08 and 0.3 ng/mL for dicamba and 0.05 and 0.2 ng/mL for tefluthrin were
obtained. The simultaneous analysis of dicamba and tefluthrin, two halogenated pesticides,
is challenging because they show opposite physico-chemical properties. Indeed, dicamba is
a highly polar compound usually analyzed with LC-ESI-MS, whereas a derivatization step
is required for GC-MS analysis. Tefluthrin is a nonpolar compound, hence hardly ionized
with ESI, and is usually detected with GC-MS [23,24]. NCI is typically used in GC-MS for
ionizing compounds containing electronegative atoms, increasing the signal-to-noise ratio
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(S/N) and showing better sensitivity than EI. In NCI, a buffer gas generates low-kinetic
energy electrons after the impact with the 70 eV electrons coming from the filament. These
thermal electrons react with the sample molecules to form negative ions [25,26]. In the
previous analytical approach [23], the analyses were performed using chromatographic
separations, and the CF, fortified with dicamba and tefluthrin standards, was injected after
dilution, filtration and pH adjustment.

Herein, a green and fast method based on MOI-PFS-LEI coupled to QQQ (low-resolution
analysis) or QTOF (high-resolution analysis) instruments in liquid-phase NCI mode for the
simultaneous analysis of dicamba and tefluthrin in a CF is presented for the first time. The
QQQ instrument is demonstrated to be a very sensitive and specific detector in MRM mode,
even without chromatographic separation [6,27]. In this work, we also present the proof-
of-concept of the MOI-PFS-LEI system in NCI mode coupled with a Q-TOF instrument
in MS mode for high-resolution experiments in full scan MS mode. The high acquisition
rate of Q-TOF improves deconvolution, supporting the simultaneous identification and
quantification of different compounds without chromatographic separation. Both methods
proved suitable for trace-level analysis of dicamba and tefluthrin in a complex matrix,
showing negligible MEs and satisfactory linearity and repeatability, demonstrating accuracy,
sensitivity, greenness and speed of analysis in low and high-resolution experiments.

2. Materials and Methods
2.1. Materials and Supplies

LC-MS grade acetonitrile (ACN) was purchased from VWR International, part of
Avantor (Milan, Italy). Ultrapure water was obtained from a Direct-Q3 UV water purifica-
tion system from Merck Millipore Co. (Milan, Italy). Methane (grade 6.0, purity 99.9%) was
provided by Nippon Gases, Italy.

Phosphoric acid (PA, 85%) was purchased from Merck (Milan, Italy). Standards of
dicamba and tefluthrin (purity > 99%) and CF were provided by Syngenta Ltd. (Bracknell,
UK). Stock solutions of the two pesticides were prepared gravimetrically at a concentration
of 2 mg/mL in ACN and stored at 4 ◦C. Working standard solutions of the two-pesticide
mixture was prepared volumetrically at concentrations of 0.5, 2.5, 5, 25, 50 and 100 µg/mL
in ACN. VWR International (Milan, Italy) provided 1.5 mL vials and slit septa screw caps
for fiber insertion. SPME fibers were kindly provided by Professor Janusz Pawliszyn
(University of Waterloo, Canada) and were assembled using nitinol wires (length 50 mm,
diameter 200 µm) coated with a mixture of polyacrylonitrile (PAN) and C18 particles.
Coating thickness and fiber length were 20 µm and 10 mm, respectively. A detailed
description of the fibers’ manufacturing process is reported elsewhere [27]. PEEK-coated
fused silica capillaries were purchased from IDEX (Oak Harbor, WA, USA); fused silica
capillaries were from Molex Polymicro (Lisle, IL, USA); flexible stainless-steel tubing was
from Agilent Technologies, Inc. (Santa Clara, CA, USA). The dimensions of the capillaries
are reported in Figure 1.

2.2. Standard Solution Preparation

CF stock solution was prepared by weighing 150 mg and diluting it in 30 mL of water
acidified with 0.2% PA (pH > 2) to obtain a 5 mg/mL solution. The diluted CF solution was
vortexed for 5 min and divided into 1 mL aliquots for low- and high-resolution experiments.
For calibration experiments and ME evaluation, those aliquots were fortified with 1 µL of
working standard solutions of dicamba and tefluthrin to obtain the following concentrations:
0.5, 2.5, 5, 25, 50 and 100 ng/mL. Aliquots (1 mL) of water acidified with 0.2% PA, without
CF, were fortified with 1 µL of working standard solutions of dicamba and tefluthrin for
calibration experiments in water. For the DI-SPME method optimization, repeatability test,
and LODs and LOQs evaluation, 1 mL aliquots of diluted CF were fortified with the two
pesticides at 100 ng/mL. All measurements were performed in triplicate, and the relative
standard deviation was calculated. LODs and LOQs were calculated as the minimum
concentration with an S/N ratio equal to or higher than 3 and 10, respectively.
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1: MOI is filled in the standby position. The solvent flows from the pump to port 4 of the valve at 10 
µL/min, which is in line with port 3 (MOI inlet). Once the MOI chamber is filled, the liquid flows to 
port 6 (MOI outlet) and then to PFS through port 5. The flow is split inside the PFS: part of the flow 
goes to waste, and only 500 nL/min are allowed into the MS via LEI. Step 2: The valve is switched 
to the desorption position. The solvent flows through PFS directly to LEI and MS. The MOI chamber, 
filled with an organic solvent, is isolated and ready for fiber introduction and analyte desorption. 
Step 3: The valve is switched back to the injection position for MOI draining and MS analysis. 
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Figure 1. Scheme and operation of the MOI-PFS-LEI-QQQ and MOI-PFS-LEI-QTOF systems. Step 1:
MOI is filled in the standby position. The solvent flows from the pump to port 4 of the valve at
10 µL/min, which is in line with port 3 (MOI inlet). Once the MOI chamber is filled, the liquid flows
to port 6 (MOI outlet) and then to PFS through port 5. The flow is split inside the PFS: part of the flow
goes to waste, and only 500 nL/min are allowed into the MS via LEI. Step 2: The valve is switched to
the desorption position. The solvent flows through PFS directly to LEI and MS. The MOI chamber,
filled with an organic solvent, is isolated and ready for fiber introduction and analyte desorption.
Step 3: The valve is switched back to the injection position for MOI draining and MS analysis.

2.3. Instruments and Equipment
2.3.1. Microfluidic Open Interface (MOI) and Passive Flow Splitter (PFS)

MOI allows the direct coupling of SPME with LEI-QQQ and LEI-QTOF. The core of
this device is represented by a desorption chamber with an internal volume of ∼2.5 µL.
The MOI chamber dimensions must be as small as possible but sufficiently large to allow
fiber insertion promoting the desorption of the desired analyte. During the desorption
step, which occurs in static conditions, the chamber is filled with organic solvent and the
analytes can be partitioned between the fiber and the solvent. MOI is comprehensively
described elsewhere [6,26]. PFS reduces the flow rate from 10 µL/min (for fast emptying
of MOI) to 500 nL/min (flow rate required for the proper LEI functioning), providing a
1:20 mobile phase split ratio [6]. PFS consists of a stainless-steel tee junction connected to
a fused silica capillary (50 mm length, 40 µm i.d. and 375 µm o.d.) in which part of the
flow is conveyed to waste. The length and diameter of the splitter fused silica capillary can
be adjusted according to the split ratio needed. Additional information about the PFS is
reported elsewhere [6].

2.3.2. MOI-PFS-LEI-QQQ and MOI-PFS-LEI-QTOF Systems

LEI interface coupled with a conventional EI-based MS can operate in EI and CI modes.
A detailed description of the LEI interface is reported elsewhere [17,19]. An Agilent 1290
Infinity II binary pump (Agilent Technologies Inc., Santa Clara, CA, USA) was used to
deliver ACN acidified with 0.2% PA through the system, and an Agilent Zorbax Eclipse
XDB C18 backpressure column (4.6 × 150 mm, 5 µm particle size) was employed for
stabilizing the flow rate, and it did not interact with the analytes at all. As reported in
Figure 1, a six-port valve (Agilent G1170A 1290 Infinity valve drive and Agilent G4231B
ultrahigh-pressure valve head) was used to connect the pump and column (port 4) via
a 500 mm PEEK-coated fused silica capillary (75 µm i.d., 1.59 mm o.d.). Inlet and outlet
MOI flexible stainless-steel capillaries (175 µm i.d., 1.59 mm o.d., 300 mm length) were
connected to ports 3 and 6, respectively. PFS was connected to port 5 and MOI exit via
a 200 mm PEEK-coated fused silica capillary (50 µm i.d., 1.59 mm o.d.) and to the LEI
fused silica inlet capillary (300 mm length, 30 µm i.d., 150 µm o.d.). VMC and quadrupole
temperatures were 260 ◦C and 150 ◦C, respectively. The NCI ion source temperature was
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150 ◦C for providing low-kinetic energy electrons [23]. Methane was introduced into the ion
source at ∼2 mL/min (40%) as a reagent gas to promote dicamba and tefluthrin chemical
ionization. The percentage of methane (40%) was chosen according to previous work, in
which it gave the most intense signal for both pesticides [23]. Dicamba and tefluthrin
data acquisitions were carried out in MRM, using the following transitions and collision
energies: Q = 149→105 (10 eV) and q = 184→104 (5 eV) for dicamba, Q = 241→205 (10 eV)
and q = 243→205 (10 eV) for tefluthrin. The setup described above was also employed for
high-resolution experiments using a Q-TOF Agilent 7250 MS (Agilent Technologies Inc.,
Santa Clara, CA, USA). Dicamba and tefluthrin data acquisitions were carried out in full
scan. Acquisition range and data extraction windows were set from m/z 80 to m/z 500 and
25 ppm, respectively. Q-TOF mass calibration was performed after each analysis. During
calibration, no mobile phase was admitted into the ion source.

2.4. Direct Immersion-SPME Method Optimization

SPME was used in direct immersion mode (DI-SPME) for dicamba and tefluthrin
sampling in CF and ultra-pure water. Several parameters were optimized for improving
extraction and desorption efficiency and process speeding, such as the amount of organic
solvent in the sample, sampling and desorption time, and agitation methods. Since it is
independent of the MS technique, DI-SPME method optimization was carried out with
the low-resolution instrumentation (MOI-PFS-LEI-QQQ), using 1 mL aliquots of CF and
water fortified with 100 ng/mL of dicamba and tefluthrin. The optimized parameters
were selected considering the highest integrated peak area values of the most intense
transitions (Q). The DI-SPME optimized procedure was then applied to high-resolution
experiments. Before use, the SPME fiber was preconditioned in H2O/ACN (50/50, v/v) for
10 min using a magnetic stir bar. Sampling was conducted by completely immersing the
fiber in 1 mL of the sample. Before desorption, a 5-s rinsing step in water was performed
using a vortex to clean the fiber from any matrix components adhering to the coating
surface. Desorption was performed by inserting the fiber inside the MOI chamber, filled
with ACN acidified with 0.2% PA.

3. Results and Discussion
3.1. Sampling and Desorption Steps

In this work, four parameters that play a significant role in DI-SPME were optimized
in CF and water: percentage of organic modifier in the sample, extraction and desorption
time and agitation method. According to the literature [28], the amount of organic solvent
in the samples should be kept very low because it may alter DI-SPME extraction efficiency.
However, the concentration of organic solvent cannot be zero because of the spiking
process with ACN standard solutions. It is worth pointing out that, in some cases, a certain
percentage of organic modifier can positively affect the extraction yield [28–31]. ACN was
selected because it is the best performing solvent used with LEI. The percentages of ACN
in the sample tested were: 0.1, 0.25, 1.25, 2.25, 5 and 10%. Using a C18 fiber, it was observed
that extraction efficiencies were higher at low percentages of ACN for both compounds
and matrices, as shown in the graphics in Figure S1A–D.

Concerning extraction time, several factors, such as molecular size, coating thickness
and distribution constant (K), can affect the time required to reach equilibrium [32]. Dif-
ferent extraction times (15, 20, 25 and 30 min) using a magnetic stir bar as an agitation
method were initially considered. The differences in area values for dicamba and tefluthrin
in CF and water are reported in Figure S2A,B, which shows that the highest response was
obtained at 25 and 30 min for both matrices.

The use of vortex was also tested as an alternative to magnetic stir bar agitation to
reduce the extraction time whilst maintaining the same efficiency. According to Pawliszyn
and co-workers [33], vibration reduces sampling time, ensuring the same extraction effi-
ciency and good repeatability. Different extraction times were evaluated: 1, 2, 3 and 4 min.
As demonstrated in Figure 2A–D, the equilibrium for dicamba and tefluthrin in CF and
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water was achieved after 3 min, after which the signal remained constant with area values
comparable to the ones obtained with the magnetic stir bar. Hence, 3 min of vortex agitation
was chosen as the extraction time step.
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Figure 2. Effects of different extraction times on the integrated peaks area values of dicamba in (A) CF
and (B) H2O and tefluthrin in (C) CF and (D) H2O using vortex as agitation method compared with
magnetic stir bar. Analytes concentration: 100 ng/mL.

Desorption occurs in static conditions by inserting the SPME fiber inside the MOI
chamber filled with ACN acidified with 0.2% PA. The static desorption efficiency is deter-
mined by desorption time. The following desorption times were considered: 30 s, 1, 2 and
3 min. Figure S3A,B shows the effects of different desorption times on peak areas in both
matrices; 1 min was selected as the optimal desorption time.

To summarize, the optimized DI-SPME method consists of stirring the fiber for 3 min
with vortex, using a sample solution with 0.1% ACN, and desorbing the fiber for 1 min
in the MOI chamber filled with ACN acidified with 0.2% PA. The DI-SPME workflow is
shown in Figure 3.

3.2. Low-Resolution Experiments: MOI-PFS-LEI-QQQ

Method validation was performed by evaluating the intraday and interday repeata-
bility, limits of detection (LOD) and quantification (LOQ) and linearity range of dicamba
and tefluthrin in CF, as reported in Table 1. The integrated peak area values of the more
intense transitions (Q) were considered for repeatability tests and calibration curves. The
least intense transitions were used (q) for LOD and LOQ calculations. Ten consecutive
analyses of 1 mL of CF fortified with dicamba and tefluthrin at 100 ng/mL were performed
to establish the intraday precision, whereas the interday repeatability was assessed by
performing five analyses for five consecutive days. Regarding intraday measurements, the
RSD% values for dicamba and tefluthrin in CF were 20% and 8%, respectively, showing
good intraday repeatability. RSD% values of 21% and 12% for dicamba and tefluthrin were
obtained for the interday repeatability test. LODs and LOQs were calculated in CF: both
dicamba and tefluthrin showed LODs of 0.05 ng/mL and LOQs of 0.5 ng/mL, confirming



Separations 2023, 10, 325 7 of 13

the limits obtained in previous work with LC-LEI-MS/MS [23] and comparable to those
reported in the literature [34–41]. Dicamba and tefluthrin calibration curves showed good
linearity in CF with an R2 of 0.9925 and 0.9958, respectively.
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Figure 3. DI-SPME optimized workflow. The procedure consists of (1) extraction, (2) rinsing and
(3) desorption. The C18 fiber was preconditioned before use.

Table 1. Method validation data for dicamba and tefluthrin in CF obtained with the MOI-PFS-LEI-
QQQ system. Intraday and interday tests were conducted using 100 ng/mL solutions.

Compound Matrix Linearity Range
(ng/mL) Levels R2 LOD

(ng/mL)
LOQ

(ng/mL)
RSD%

Intraday
RSD%

Interday

Dicamba CF 0.5–100 6 0.9925 0.05 0.5 20% 21%

Tefluthrin CF 0.5–100 6 0.9958 0.05 0.5 8% 12%

Matrix Effects (ME) Evaluation

Ion suppression and signal enhancement are the major drawbacks affecting the analyt-
ical performance when matrix components compete with the analytes of interest during
the ionization process. Different methods can be exploited to calculate MEs [42–44]. MEs
evaluation was performed by comparing the slopes of calibration curves for dicamba and
tefluthrin analyzed in CF and water (Figure S4A,B) using the following formula:

ME (%) =
Slope CF

Slope H2O
× 100

A result of 100% indicates no MEs. The results for dicamba and tefluthrin were 76.80%
and 79.09%, respectively (with a variance of 23.2% and 20.91%). The suppression effect
indicated by the percentages obtained for the two compounds is limited and acceptable,
demonstrating the system’s suitability for trace-level analysis in a complex matrix.

3.3. High-Resolution Experiments: MOI-PFS-LEI-QTOF

An additional novel aspect of this work is based on coupling MOI-PFS-LEI with a
QTOF-MS/MS system using NCI. Preliminary experiments were dedicated to acquiring
the high-resolution mass spectra of dicamba and tefluthrin using the optimized DI-SPME
procedure on different solutions of the two compounds at 100 ng/mL in water. The full
scan mass spectra and NCI fragmentation pathways are shown in Figure 4A,B. The results
are consistent with those reported in the literature [23], demonstrating the applicability
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of the system and the potential advantages of using HRMS to provide accurate masses in
complex matrices, combined with NCI, which ionizes exclusively electrophilic compounds,
thereby reducing the background noise.
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Figure 4. High-resolution mass spectra and NCI fragmentation pathways of (A) dicamba and
(B) tefluthrin at 100 ng/mL in H2O recorded with the MOI-PFS-LEI-QTOF-MS/MS system.

The performance of the system was evaluated considering intraday repeatability and
assessing by performing 10 consecutive analyses of 1 mL aliquots of CF fortified with
dicamba and tefluthrin at 100 ng/mL, LODs, LOQs and linearity. The integrated peak
area values of the most intense extracted ions (EIC) were considered for repeatability and
calibration curves (m/z 149.0255 for dicamba and m/z 241.0252 for tefluthrin). Considering
the sample complexity and the absence of chromatographic separation, two exact masses
for each compound have been considered: The least intense ions were used for LODs and
LOQs calculations (m/z 183.9960 for dicamba; m/z 205.0481 for tefluthrin) (Figure 5).

As shown in Table 2, the RSD% values of intraday precision for dicamba and tefluthrin
in CF were 26% and 24%, respectively, slightly higher than the results obtained with
low-resolution experiments. LODs and LOQs were 0.05 ng/mL and 0.5 ng/mL for both
compounds, equal to the limits obtained in full scan mode with MOI-PFS-QQQ. Dicamba
and tefluthrin showed sufficient linearity in CF, with an R2 of 0.9752 for dicamba and
an R2 of 0.9397 for tefluthrin. The R2 values are slightly lower than those obtained in
low-resolution. However, it must be considered that no chromatographic separation was
involved, and, unlike the low-resolution, the analyses were performed in scan mode.

Table 2. Method validation data for dicamba and tefluthrin in CF obtained with the MOI-PFS-LEI-
QTOF system. Intraday and interday tests were conducted using 100 ng/mL solutions.

Compound Matrix Linearity Range
(ng/mL) Levels R2 LOD

(ng/mL)
LOQ

(ng/mL)
RSD%

Intraday

Dicamba CF 0.5–100 6 0.9752 0.05 0.5 26%

Tefluthrin CF 0.5–100 6 0.9397 0.05 0.5 24%
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Figure 5. EIC chromatogram of dicamba (A) and tefluthrin (B) at 100 ng/mL in CF obtained with
the MOI-PFS-LEI-QTOF system in NCI. Dicamba peaks: m/z 149.0255 (red), m/z 183.9960 (green).
Tefluthrin peaks: m/z 241.0252 (blue), m/z 205.0481 (orange). Since chromatography has not been
used, the signal obtained consists of a single peak from which the ions of the two compounds with
accurate mass can be extracted and distinguished.

3.4. Greenness Evaluation

According to Sajid and Płotka-Wasylka [45], different methods such as the Analyt-
ical GREEnness Metric Approach (AGREE) [46], the Green Analytical Procedure Index
(GAPI) [47] and the Analytical Eco-Scale [48] can be used to evaluate the environmental
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friendliness of analytical procedures. In this work, AGREE was selected because of its effec-
tiveness and simplicity. AGREE consists in free downloadable software that offers instant
visual feedback on the eco-sustainability of the method, evaluating the 12 fundamental prin-
ciples of GAC. The result is a circular pictogram with an outer crown of 12 areas colored in
a range between green and red according to the given answers. The final score can vary be-
tween 0 and 1 (1 corresponds to a high ecological method footprint), and the sustainability
of the overall method can be deduced from the color of the circle and the number reported
within it. Figure 6A,B shows the AGREE comparison between the LC-LEI-QQQ method
(score 0.49) for the simultaneous detection of dicamba and tefluthrin in CF presented in
our previous work [23] and the MOI-PFS-LEI-QQQ procedure (score 0.67) herein proposed.
Both methods have two limitations: They do not provide the possibility of performing in
situ analyses (principle 3) and do not use reagents from renewable sources (point 10).
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The method involving chromatographic separation and sample pretreatment showed
a lower score. Regarding principle 1, using MOI and SPME allowed sampling and sample
preparation to integrate efficiently with the direct introduction to MS [4]. A higher score is
attributed to using SPME, which reduces toxic solvents, reagents and energy consumption
(principle 5). According to principle 8, another drawback of the previous method lies in the
low sample throughput with two analytes determined in a single chromatographic analysis
of 20 min and three analyses/hour). The proposed approach allows a higher sample
throughput avoiding chromatographic separations and fully exploiting MS/MS selectivity.
The procedure takes approximately 5 min; two compounds are detected in a single analysis;
and sample throughput is 12 analyses/hour. The LC-MS method is penalized by the total
power consumption (kWh), which is high considering the 20 min analysis time. This work
significantly reduced energy consumption due to the overall procedure speed (principle 9).
Concerning principle 11, in both methods, toxic reagents were employed, but in the LC-MS
one, the amount is higher considering that the HPLC flow rate was set at 100 µL/min (2 mL
of organic solvent/analysis), whereas in the proposed method, minimal solvent quantities
are employed (the flow rate 0.01 mL/min and only 0.05 mL in 5 min were used).

The AGREE evaluation of the MOI-PFS-LEI-Q-TOF gave the same score obtained
with the QQQ system (0.67), demonstrating once again that the proposed approach is in
accordance with the principles of green chemistry.

4. Conclusions

Rapid, reliable and green methods for the determination of halogenated pesticides in
complex matrices are required to meet current law regulations. Novel approaches should
be investigated to facilitate sample preparation and fast throughput analysis. This work ex-
ploits for the first time an SPME/MOI combination coupled with low- and high-resolution
MS equipped with an LEI interface for the extraction of two halogenated pesticides from
a commercial formulation. Overall, the entire procedure (sample extraction, desorption
and analysis) takes approximately five minutes and does not involve a chromatographic
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separation. When the lack of chromatography results in the loss of specificity, this limitation
can be overcome by working either in MRM mode (low-resolution) or in HRMS in the
analysis of particularly complex samples, as demonstrated in this work.

Future developments will be dedicated, such as investigating the use of more sustain-
able and non-toxic solvents to enhance the green character of this approach.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/separations10060325/s1, Sustainable and Rapid Determination
of Two Halogenated Pesticides in a Commercial Formulation by Solid Phase Microextraction and
Liquid Phase Chemical Ionization Mass Spectrometry. Figure S1, A–D Peak area values at different
percentages of ACN in (A) dicamba in CF, (B) dicamba in H2O, (C) tefluthrin in CF, (D) tefluthrin
in H2O. Analytes concentration: 100 ng/mL.; Figure S2, A,B Effects of different extraction times on
the integrated peaks area values of dicamba and tefluthrin at 100 ng/mL using magnetic stir bar
as agitation method in (A) CF and (B) H2O.; Figure S3, A,B Effects of different desorption times on
the integrated peaks area values of dicamba and tefluthrin at 100 ng/mL using magnetic stir bar as
agitation method in (A) CF and (B) H2O.; Figure S4, A,B Calibration curves (0.5, 2.5, 5, 25, 50, and
100 ng/mL) of (A) dicamba and (B) tefluthrin in CF and H2O.
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A.A., G.F., P.P., A.C., P.C., M.B., S.P. and M.S.; Project administration: G.F., P.P. and A.C.; Supervision:
G.F. and A.C.; Funding acquisition: A.C. and M.S. All authors have read and agreed to the published
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2. Byliński, H.; Gębicki, J.; Dymerski, T.; Namieśnik, J. Direct Analysis of Samples of Various Origin and Composition Using Specific

Types of Mass Spectrometry. Crit. Rev. Anal. Chem. 2017, 47, 340–358. [CrossRef] [PubMed]
3. Arthur, C.L.; Pawliszyn, J. Solid Phase Microextraction with Thermal Desorption Using Fused Silica Optical Fibers. Anal. Chem.

1990, 62, 2145–2148. [CrossRef]
4. Kissoudi, M.; Samanidou, V. Recent Advances in Applications of Ionic Liquids in Miniaturized Microextraction Techniques.

Molecules 2018, 23, 1437. [CrossRef] [PubMed]
5. Tascon, M.; Alam, M.N.; Gómez-Ríos, G.A.; Pawliszyn, J. Development of a Microfluidic Open Interface with Flow Isolated

Desorption Volume for the Direct Coupling of SPME Devices to Mass Spectrometry. Anal. Chem. 2018, 90, 2631–2638. [CrossRef]
[PubMed]

6. Marittimo, N.; Famiglini, G.; Palma, P.; Arigò, A.; Cappiello, A. Enhanced Microfluidic Open Interface for the Direct Coupling of
Solid Phase Microextraction with Liquid Electron Ionization-Tandem Mass Spectrometry. J. Chromatogr. A 2022, 1681, 463479.
[CrossRef]

7. Cervera, M.I.; Medina, C.; Portolés, T.; Pitarch, E.; Beltrán, J.; Serrahima, E.; Pineda, L.; Muñoz, G.; Centrich, F.; Hernández, F.
Multi-Residue Determination of 130 Multiclass Pesticides in Fruits and Vegetables by Gas Chromatography Coupled to Triple
Quadrupole Tandem Mass Spectrometry. Anal. Bioanal. Chem. 2010, 397, 2873–2891. [CrossRef]

8. Paíga, P.; Sousa, S.; Vera, J.; Bitencourt, L.; Vieira, J.; Jorge, S.; Silva, J.G.; Correia, M.; Domingues, V.F.; Delerue-Matos, C.
Multi-Residue Analysis of Fifty Pesticides in River Waters and in Wastewaters. Environ. Sci. Pollut. Res. 2021, 28, 66787–66803.
[CrossRef]

9. European Commission. EU Policy for a Sustainable Use of Pesticides. The Story Behind the Strategy; European Commission: Brussels,
Belgium, 2007; ISBN 92-79-03221-6.

https://www.mdpi.com/article/10.3390/separations10060325/s1
https://www.mdpi.com/article/10.3390/separations10060325/s1
https://doi.org/10.1039/B918763B
https://www.ncbi.nlm.nih.gov/pubmed/20023854
https://doi.org/10.1080/10408347.2017.1298986
https://www.ncbi.nlm.nih.gov/pubmed/28304192
https://doi.org/10.1021/ac00218a019
https://doi.org/10.3390/molecules23061437
https://www.ncbi.nlm.nih.gov/pubmed/29899277
https://doi.org/10.1021/acs.analchem.7b04295
https://www.ncbi.nlm.nih.gov/pubmed/29388761
https://doi.org/10.1016/j.chroma.2022.463479
https://doi.org/10.1007/s00216-010-3597-8
https://doi.org/10.1007/s11356-021-15134-4


Separations 2023, 10, 325 12 of 13

10. Parra-Arroyo, L.; González-González, R.B.; Castillo-Zacarías, C.; Melchor Martínez, E.M.; Sosa-Hernández, J.E.; Bilal, M.;
Iqbal, H.M.N.; Barceló, D.; Parra-Saldívar, R. Highly Hazardous Pesticides and Related Pollutants: Toxicological, Regulatory, and
Analytical Aspects. Sci. Total Environ. 2022, 807, 18–26. [CrossRef]

11. Regulation (EC) No 396/2005 of the European Parliament and of the Council of 23 February 2005 on Maximum Residue Levels of
Pesticides in or on Food and Feed of Plant and Animal Origin and Amending Council Directive 91/414/EEC Text with EEA
Relevance. OJ L 70, 16.3.2005, p. 1–16. Available online: http://data.europa.eu/eli/reg/2005/396/oj (accessed on 18 May 2023).

12. Li, C.; Begum, A.; Xue, J. Analytical Methods to Analyze Pesticides and Herbicides. Water Environ. Res. 2020, 92, 1770–1785.
[CrossRef]

13. Maragou, N.C.; Balayiannis, G.; Karanasios, E.; Markellou, E.; Liapis, K. Targeted Multiresidue Method for the Analysis of
Different Classes of Pesticides in Agro-Food Industrial Sludge by Liquid Chromatography Tandem Mass Spectrometry. Molecules
2021, 26, 6888. [CrossRef]

14. Al-Nasir, F.M.; Jiries, A.G.; Al-Rabadi, G.J.; Alu’datt, M.H.; Tranchant, C.C.; Al-Dalain, S.A.; Alrabadi, N.; Madanat, O.Y.; Rasha, S.;
Al-Dmour, R.S. Determination of pesticide residues in selected citrus fruits and vegetables cultivated in the Jordan Valley. LWT
Food Sci. Technol. 2020, 123, 109005. [CrossRef]

15. Gross, J.H. Mass Spectrometry. A Text Book, 3rd ed.; Springer: Cham, Switzerland, 2017; ISBN 978-3-319-54397-0. [CrossRef]
16. Trufelli, H.; Palma, P.; Famiglini, G.; Cappiello, A. An Overview of Matrix Effects in Liquid Chromatography-Mass Spectrometry.

Mass Spectrom. Rev. 2011, 30, 491–509. [CrossRef] [PubMed]
17. Termopoli, V.; Famiglini, G.; Palma, P.; Piergiovanni, M.; Cappiello, A. Atmospheric Pressure Vaporization Mechanism for

Coupling a Liquid Phase with Electron Ionization Mass Spectrometry. Anal. Chem. 2017, 89, 2049–2056. [CrossRef] [PubMed]
18. Famiglini, G.; Palma, P.; Termopoli, V.; Cappiello, A. The History of Electron Ionization in LC-MS, from the Early Days to Modern

Technologies: A Review. Anal. Chim. Acta 2021, 1167, 338350. [CrossRef]
19. Termopoli, V.; Famiglini, G.; Palma, P.; Piergiovanni, M.; Rocio-Bautista, P.; Ottaviani, M.F.; Cappiello, A.; Saeed, M.; Perry, S.

Evaluation of a liquid electron ionization liquid chromatography–mass spectrometry interface. J. Chromatogr. A 2019, 1591, 120–130.
[CrossRef]

20. Termopoli, V.; Torrisi, E.; Famiglini, G.; Palma, P.; Zappia, G.; Cappiello, A.; Vandergrift, G.W.; Zvekic, M.; Krogh, E.T.; Gill, C.G.
Mass Spectrometry Based Approach for Organic Synthesis Monitoring. Anal. Chem. 2019, 91, 11916–11922. [CrossRef]

21. Termopoli, V.; Famiglini, G.; Vocale, P.; Morini, G.L.; Palma, P.; Rocío-Bautista, P.; Saeed, M.; Perry, S.; Cappiello, A. Microfluidic
water-assisted trap focusing method for ultra-large volume injection in reversed-phase nano-liquid chromatography coupled to
electron ionization tandem-mass spectrometry. J. Chromatogr. A 2020, 1627, 461421. [CrossRef]

22. Termopoli, V.; Piergiovanni, M.; Cappiello, A.; Palma, P.; Famiglini, G. Tyrosol and Hydroxytyrosol Determination in Extra Virgin
Olive Oil with Direct Liquid Electron Ionization–Tandem Mass Spectrometry. Separations 2021, 8, 173. [CrossRef]

23. Cappiello, A.; Termopoli, V.; Palma, P.; Famiglini, G.; Saeed, M.; Perry, S.; Navarro, P. Liquid Chromatography–Electron Capture
Negative Ionization–Tandem Mass Spectrometry Detection of Pesticides in a Commercial Formulation. J. Am. Soc. Mass Spectrom.
2022, 33, 141–148. [CrossRef]

24. Shin, E.H.; Choi, J.H.; Abd El-Aty, A.M.; Khay, S.; Kim, S.J.; Im, M.H.; Kwon, C.H.; Shim, J.H. Simultaneous Determination
of Three Acidic Herbicide Residues in Food Crops Using HPLC and Confirmation via LC-MS/MS. Biomed. Chromatogr. 2011,
25, 124–135. [CrossRef]

25. Dougherty, R.C. Negative Chemical Ionization Mass Spectrometry. Anal. Chem. 1981, 53, 625–636. [CrossRef]
26. Marsol-Vall, A.; Ainsa, S.; Lopez, R.; Ferreira, V. Development and Validation of a Method for the Analysis of Halophenols and

Haloanisoles in Cork Bark Macerates by Stir Bar Sorptive Extraction Heart-Cutting Two-Dimensional Gas Chromatography
Negative Chemical Ionization Mass Spectrometry. J. Chromatogr. A 2022, 1673, 463186. [CrossRef] [PubMed]

27. Rocío-Bautista, P.; Famiglini, G.; Termopoli, V.; Palma, P.; Nazdrajić, E.; Pawliszyn, J.; Cappiello, A. Direct Coupling of Bio-SPME
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