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Abstract: In this study, a dispersive solid-phase extraction (DSPE) pretreatment procedure using
zeolite H-Beta as a sorbent was exploited for the determination of eight neonicotinoids in bottled
water and honey products based on ultra-high-performance liquid chromatography–tandem mass
spectrometry analysis. The zeolite H-Beta was demonstrated to be a suitable sorbent for neonicotinoid
insecticides, even after 10 recycles of reuse. The method performance was evaluated by the linearity
(R2 ≥ 0.998), recovery (71–108%), precision (0.1–7.8%), limit of detection (0.05–0.1 ng/mL) and limit
of quantification (0.1–0.2 ng/mL), which suggested excellent stability and high sensitivity with the
use of the DSPE procedure. The method was further successfully applied in the test of neonicotinoid
insecticides in 34 samples. Zeolite H-Beta shows promise as an efficient and practical material for
monitoring neonicotinoid insecticides in bottled water and multiplex honey matrices.

Keywords: neonicotinoid; zeolite H-Beta; bottled water and honey products; liquid chromatography—
tandem mass spectrometry; dispersive solid-phase extraction

1. Introduction

As broad-spectrum systemic insecticides, neonicotinoid insecticides have been autho-
rized for use and operation on hundreds of farmland plants in more than 120 countries with
the fastest-growing speed worldwide [1,2]. These pesticides are used to control aphids and
other sap-sucking insects that can easily cause behavioral problems [3]. They selectively
act on the nicotinic acetylcholine receptors of insects and cause the overexcitement of
acetylcholine receptors. Neonicotinoids are nicotinic acetylcholine receptor agonists. They
bind tightly to acetylcholine receptors in the central nervous system of insects, causing
death at higher levels [4]. Neonicotinoids can penetrate into plant tissues and protect the
entire crop. These neonicotinoids are also widely used in seed dressing [5]. However,
recent studies have shown that these pesticides can cause a decline in pollen-transmitting
organisms (e.g., the colony collapse of bees) and threaten human health [6]. Therefore, the
use of neonicotinoids in the environment has been controlled by authorities to prevent the
extinction of beneficial insects and guarantee human health [7]. The maximum residue limit
(MRL) (50–200 µg/kg) of these substances in honey has been set up by the European Union
and other international authorities [8]. In China, the detection of pesticide residues in honey
usually follows the national standard GB23200.7-2016 [9]. Similar to this standard, other
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methods also involve careful sample preparation procedures, including analyte enrichment
and cleanup of the extract [10]. A simple and fast method for the multiresidue detection
of pesticides in honey with low cost and reusable materials is always preferable. This is
also the goal of our study. Many studies reported the residue of neonicotinoids in surface
waters and honey [1,5]. Previous literature has reported possible pharmaceutical and
personal-care residues in bottled water [11–13]. The surface water is often contaminated
by the use of pesticides in agricultural activities. As most of the bottled water is produced
from the surface water, it probably contains these contaminants if the processing step is not
performed well. Therefore, pesticide residue in bottled water produced from surface water
and in honey products needs to be examined.

Solid-phase extraction (SPE) [14,15] and liquid–liquid extraction (LLE) [16,17] coupled
with liquid chromatography (LC) [18–20], gas chromatography–mass spectrometry (GC–
MS) [21], and liquid chromatography–tandem mass spectrometry (LC–MS/MS) [22,23] are
frequently used to detect the residues of neonicotinoid insecticides in food, e.g., fruit, honey,
milk, and vegetables. The SPE procedure includes conditioning, sample loading, rinsing,
and elution, and the LLE procedures involve a large volume of organic solvents and often
have low processing efficiency. Both of these methods are time-consuming and laborious.
Dispersive solid-phase extraction (DSPE) is a part of the QuEChERS (quick, easy, cheap,
effective, rugged and safe) procedure proposed by Anastassiades et al. in 2003 [24]. DSPE
can also be independently used in sample extraction and cleanup, and it has been widely
applied due to its simple procedure and low cost [25,26]. A large number of sorbents have
been commercialized for testing in water or food [27,28], and there is still a demand for
high-efficiency and low-cost sorbents. The research is challenging not only for adsorption
but also for separation technology.

Zeolites, including natural minerals (such as natrolite, scolecite, clinoptilolite) and
synthetic zeolites (such as A, X, ZSM-5, Beta), have been widely used as desiccants, catalysts,
and soil amendments [29,30]. Its open frame is filled with crystalline aluminosilicate, which
contains silica and alumina tetrahedrons connected by oxygen bridges [31,32]. Zeolite
has attracted much attention as a sorbent due to its unique characteristics, including a
high specific surface area, hydrophobicity and hydrophilicity, easy-to-adjust chemical
properties, heat resistance, low cost, and eco-friendliness [33]. A variety of zeolites have
found their application in adsorption, catalysis, construction, soil remediation, and energy
storage [34]. The removal of various pollutants such as cephalexin [35], anionic dye [36], and
environmental pollutants [37] by zeolites has been reported. In contrast, DSPE techniques
using zeolites are rarely reported [10,38]. Various synthetic zeolites have been produced
worldwide for industrial purposes, and the price is very competitive compared to that of
the currently commercialized DSPE materials. Applying this environmentally friendly, low-
cost material to detect pollutants in the environment and food is of great significance based
on DSPE procedures. At the same time, the applicability of being a DSPE material needs to
be justified because of the structural differences and different elemental compositions of
each type of zeolite.

Herein, an efficient DSPE method using zeolite H-Beta as a sorbent has been first
explored and verified for the determination of neonicotinoids in water and honey products,
which include dinotefuran, thiacloprid, thiamethoxam, flonicamid, imidaclothiz, clothiani-
din, imidacloprid, and acetamiprid. The parameters (amount of the zeolites, adsorption
time, desorption solvent, desorption mode, and time) affecting the DSPE procedure per-
formance have been optimized before the determination using ultra-high-performance
liquid chromatography–tandem mass spectrometry (UHPLC–MS/MS). This research aims
to provide a useful and economical sorbent that can be reused for detecting trace residues
in bottled water and honey matrices.
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2. Materials and Methods
2.1. Reagents and Materials

Silica gel powder (Qingdao Guichuang Fine Chemical Industry Co., Ltd., Qingdao,
China) was used as the silica source. Sodium meta aluminate (NaAlO2, Sinopharm Chemi-
cal Reagent Co., Ltd., Shanghai, China) was used as the aluminum source. The compositions
of Na2O and Al2O3 in NaAlO2 were 39.5% and 48.0%, respectively, which were tested
with ICP–OES. Tetraethyl ammonium hydroxide (TEAOH, 25%), the structure-directing
agent, was supplied by Kente Catalysts Inc. (Hangzhou, China) Sodium hydroxide (NaOH,
Sinopharm Chemical Reagent Co. Ltd., Shanghai, China) was used as the alkali source.
Ultrapure water with a resistance of 18.2 MΩ.cm (25 ◦C) was obtained by Milli-Q Preference
(Molsheim, France). Eight standards of neonicotinoid insecticides, namely, dinotefuran,
thiacloprid, thiamethoxam, flonicamid, imidaclothiz, clothianidin, imidacloprid, and ac-
etamiprid at the concentration of 100 mg/L in acetonitrile, were purchased from Alta
Scientific Co., Ltd. (Tianjin, China) and maintained at −18 ◦C, diluted with acetonitrile
before analysis. HPLC-grade reagents purchased from Merck (Darmstadt, Germany), in-
cluding acetonitrile and methanol, were used for HPLC-MS/MS analysis. Glass microfiber
filter (Grade G/F) with a diameter of 47 mm was purchased from Whatman International
Ltd. (Maidstone, UK).

2.2. Instrumentation

The phase purity of the prepared H-Beta was confirmed using powder X-ray diffrac-
tion (XRD) on a Rigaku Ultima IV diffractometer with nickel-filtered Cu Kα radiation
(λ = 0.15418 nm) at 30 kV and 30 mA. Scanning electron microscopy (SEM) images were
obtained with a Hitachi S-4800 scanning electron microscope running at an accelerating
voltage of 3 kV. The nitrogen adsorption–desorption isotherm analysis of the zeolite H-Beta
was performed at −196 ◦C on BELSORP-max equipment after degassing under a vacuum
of 300 ◦C for 6 h. The specific surface area (SBET) calculation was based on the data in
the p/p0 range of 0.01–0.15 by the Brunauer, Emmett, and Teller (BET) principle. The total
pore volume (Vt) was estimated from the amount of nitrogen adsorbed when p/p0 was
0.99. The SiO2/Al2O3 molar ratio was quantified using inductively coupled plasma–atomic
emission spectrometry (ICP–AES) on a Thermo IRIS Intrepid II XSP after dissolving the
samples in HF solution.

2.3. HPLC-MS/MS Analysis

The samples were analyzed with a column (ACQUITY BEH-C182.1 × 100 mm, id:
1.7 µm, Waters, Milford, IN, USA) which was equipped on the Waters H-Class UPLC
system (Waters, Milford, IN, USA) tandem QqQ mass spectrometer (AB4500, AB SCIEX,
Framingham, MA, USA) with an electrospray ionization (ESI) source. Water with 0.1%
formic acid (FA) and 10 mM ammonium acetate (A), and methanol (B) were used as mobile
phase. The sample was eluted at a flow rate of 0.4 mL/min with binary mobile phase as
follows: initial equilibration at 5% B was maintained for 1.2 min and linearly ramped to 95%
in the next 3.3 min, maintained at 95% B for 1.5 min, returned to 5% B within 0.8 min and
kept for 1.2 min before the next analysis. The injected volume of 3 µL was used. Samples
were analyzed under the column temperature of 45 ◦C.

Data for eight insecticides were acquired on a mass spectrometer under positive
multiple reaction monitoring (MRM) mode after separation. The main parameters of the
ESI source were as follows: ion-spray voltage: 5500 V; source temperature: 450 ◦C; collision
gas: 5 psi, curtain gas, gas 1, and gas 2 of the ion source were all 45 psi. Nitrogen was
generated (CLAIND, Italy) for nebulization. The m/z of precursor ions and fragments
acquired under the MRM mode which were used to identify and quantify the target analytes
are given in Table S1.
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2.4. Preparation of Zeolite H-Beta Sorbent

The preparation of zeolite H-Beta was carried out according to the method proposed
by Kuechl [39]. Typically, NaOH, NaAlO2, and TEAOH in the amounts of 0.916, 1.808, and
33.975 g, respectively, were dissolved in 42.725 g of H2O. Then, 23 g of silica gel powder
was added under stirring. After stirring for 2 h, the obtained mixed solution was heated
for 2 days in a Teflon-lined stainless autoclave at 145 ◦C. The intermediate solid product
was formed after crystallization, which was cooled to room temperature in the autoclave
and rinsed with deionized water. Then, the removal of the structure-directing agent was
carried out through drying overnight at 100 ◦C and calcination at 550 ◦C for 6 h. The
calcined sample was ion-exchanged in 1 mol/L ammonium chloride at 85 ◦C for 2 h with a
solid-to-liquid ratio of 1:50. The residual solid material was converted into H-form Beta by
calcination again at 550 ◦C for 6 h.

2.5. DSPE Process

In this method, the sorbent was dispersed in the sample solution, adsorbing impurities
or targets, and then using a suitable solvent to desorb the targets. Figure 1 shows the
detailed steps of the DSPE procedure from sample to extraction and then to qualitative and
quantitative analysis of the targets. The time for a single sample preparation was around
15–20 min. First, the honey product was diluted into solution according to “2.6 Sample
Collection” before the DSPE procedure. A sample solution (40 mL) was added into the
50 mL centrifuge tube, and then 50 mg of zeolite H-Beta was put into the tube. To adsorb
the target analytes completely, the tubes were vortexed at 2500 rpm for 7 min. Subsequently,
the zeolite H-Beta was divided from the aqueous phase by centrifugation at 3200× g for
3 min. The sorbent remained for desorption. The desorption of neonicotinoid insecticides
from the sorbent was conducted with 2 mL of acetonitrile (0.5% ammonium hydroxide)
under a vortex for 1 min and ultrasonication for 1 min. The eluent was separated from
zeolite H-Beta by centrifugation for 3 min at 3200× g. The supernatant was passed through
a 0.22 µm membrane filter before transferring to the vial for UHPLC–MS/MS analysis.
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2.6. Sample Collection

All bottled water and honey products were randomly purchased from several stores
in Shanghai, China. The detailed information on real samples of nineteen honey and ten
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water samples can be found in the supplementary data (Table S2). Water samples were
preserved in a 4 ◦C freezer before the DSPE procedure. Each honey sample was diluted
20-fold with ultrapure water, filtered through a glass microfiber filter, and kept at 4 ◦C
before further steps.

3. Results and Discussion
3.1. Characterization of Prepared Zeolite H-Beta

The obtained zeolite H-Beta was characterized by XRD, N2 adsorption–desorption,
SEM, and ICP–OES (Figure 2). Compared with the XRD pattern of zeolite H-Beta reported
by Kuechl [39] and Li et al. [40], the well-resolved diffraction peaks in the XRD patterns of
the prepared zeolite H-Beta demonstrated representative Bragg reflections corresponding
to typical BEA zeolite H-Beta topologies, without any impure crystalline phase (Figure 2A),
indicating the successful synthesis of zeolite H-Beta. A typical IV isotherm was observed,
with a steep N2 uptake in the relative pressure p/p0 below 0.1 and a slight rise in the p/p0
range between 0.1 and 0.9, corresponding to micropore filling and capillary condensation
of N2 among the interparticle voids, respectively. A large micropore surface area (Smic) of
530.6 m2/g and micropore pore volume (Vmic) of 0.21 cm3/g were obtained. The existence
of interparticle mesopores can be indicated from the high specific surface area (SBET) of
600 m2/g and external surface area (Sext) of 69.4 m2/g, total pore volume (Vt) of 0.36 cm3/g,
and mesoporous volume (Vmeso) of 0.15 cm3/g, which can be ascribed to the small crystal
size of the prepared H-Beta. The SEM images showed a uniform ellipsoid morphology of
zeolite H-Beta, with a particle size of ~200 nm (Figure 2C,D). The ICP–OES result displayed
the molar ratio of 36 for theSiO2/Al2O3in zeolite H-Beta.
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3.2. Optimization of DSPE Conditions

Several factors can influence the performance of zeolite H-Beta as a DSPE material. The
analyte should be absorbed as much as possible by the sorbent and completely desorbed.
The DSPE conditions, including the amount of sorbent, adsorption time, solution pH, and
two desorption parameters (solvent and mode), were studied and optimized in our work.
The blank sample solution was spiked with eight neonicotinoids at a concentration of
0.5 ng/mL for the optimizations. This concentration was around the middle range for the
instrument analysis.
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3.2.1. Effect of the Amount of Zeolite H-Beta

In our study, five dosages of the zeolite H-Beta sorbent (25, 50, 75, 100, and 125 mg)
were evaluated on the extraction of the analytes. The results indicated an upward trend
for the extraction efficiency of the eight neonicotinoids with the amount of zeolite H-Beta
increasing from 25 to 50 mg (Figure 3A). Except for acetamiprid and thiacloprid, the
recoveries of the other six neonicotinoids decreased by 6.5–10.7% when 75 mg of zeolite
H-Beta was used. The extraction efficiencies remained stable with a further increase in the
zeolite H-Beta dosage. When the amount of zeolite H-Beta increased to 125 mg, the recovery
of acetamiprid dropped by approximately 7%. Obviously, as the amount increased, the
elution efficiency decreased under the limited solvent. Therefore, 50 mg of zeolite H-Beta
was selected for further use. Previous literature reported UiO-66 of 40 mg as dSPE material
for the preconcentration of neonicotinoid insecticides in water [6]. Sorbents made of pure
SDS (175 mg surfactant/g alumina) and mixed SDS–TBA (80 mg SDS and 0.05 mg TBA/g
alumina) were selected for the extraction of pesticides from water [28]. The use of 50 mg of
zeolite H-Beta was comparably less and could result in acceptable recoveries.
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vortex 10 min; c: ultrasonication 10 min; d: vortex 5 min and ultrasonication 5 min; e: vortex 1 min
and ultrasonication 1 min).

3.2.2. Effect of the Adsorption Time

DSPE is based on partition and repartition of the targets between the sorbent and
solvents. In this study, the time of adsorbing analytes was conducted from 1 to 9 min. As
shown in Figure 3B, the equilibrium between the sorbent and the solution was established
within 7 min, which significantly reduced the enrichment time compared with that of
SPE. Clothianidin, dinotefuran, and flonicamid reached equilibrium within 1 min, and the
recoveries were maintained between 80% and 95% with extending time. The extraction
efficiency of acetamiprid and thiacloprid was significantly lower than that of the other
neonicotinoids and required at least 5 min for recoveries over 60%. Finally, 7 min of
adsorption time was applied to obtain high efficiency for adsorption.

3.2.3. Effect of the Desorption Solvent, Mode, and Time

Acetonitrile and methanol, as the most common eluents, have good compatibility with
different pesticides. In our study, acetonitrile (ACN), methanol (MeOH), ACN with 0.5%
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(v/v) FA, and ACN with 0.5% (v/v) ammonium hydroxide (NH4OH) were examined for
the desorption efficiency of the eight neonicotinoids from the zeolite H-Beta sorbent. The
results indicated that 2 mL of ACN exhibited a better elution efficiency than 2 mL MeOH
did, which may be due to its greater polarity. Meanwhile, the introduction of NH4OH
significantly improved the recoveries of acetamiprid and thiacloprid. It can be seen from
Figure 3C that ACN with 0.5% NH4OH (2 mL) could desorb all targets with acceptable
recoveries. It was therefore chosen as the eluent for the subsequent works. We examined
different combinations of vortex and ultrasonication time. As shown in Figure 3D, the
recoveries of the eight neonicotinoids did not change dramatically with different desorption
modes and time. Therefore, to reduce the time for sample preparation, 1 min of vortexing
and 1 min of ultrasonication time were applied in the following procedure.

3.2.4. Matrix Effects

The matrix effect (ME) comes from the ionization process, where interferences in the
matrix can inhibit or enhance the ionization efficiency of the analyte [41]. It can lead to errors
in the quantitation of pesticides and should be considered when significant suppression or
enhancement occurs [42]. Our study investigated the matrix effect of the target compounds
in bottled water and honey products based on the ratio of the peak area between standards
in the blank matrix solution and standards in the solvent. The blank matrix solution was
obtained following the proposed DSPE scheme, where no studied pesticides were detected.
For water samples, the matrix effects for all target compounds were between −2.7% and
+3.6%, which are ignorable for the accurate quantification by LC-MS/MS analysis based on
the standards proposed by Mol et al. [43]. However, in honey products, the matrix effects
were +51.6% and −29.9% for imidacloprid and thiacloprid, respectively. Further rinsing
steps were studied to remove the matrix effect of the DSPE materials after adsorption. Five
solvents of 5 mL were examined by 1 min of vortex, and centrifugation at 3200× g for 2 min.
As shown in Figure 4, an acceptable ME of all targets (within ±20%) could be achieved by
introducing a rinsing procedure with water containing 10% (v/v) methanol. Thus, it was
selected as the washing solvent to decrease the matrix effect in honey.
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3.3. Reusability of the Sorbent

To reuse the zeolite H-Beta as DSPE material in the cleanup procedure, the regeneration
of the used zeolite H-Beta was developed. In our study, 0.5% (v/v) NH4OH in ACN (5 mL)
was employed to eliminate the residual pollution on the zeolite H-Beta from the previous
sample preparation during regeneration. The procedure for cleaning included vortexing
at 2000 r/min for 5 min and ultrasonication for 5 min, followed by centrifugation at
3200× g for 5 min, discarding the supernatant, repeating the procedure once, and air-
drying overnight in a fume hood after the last centrifugation. To examine the regeneration
effect, the last supernatant was used for UHPLC–MS/MS analysis. When the recoveries
for all the targets were below 1%, zeolite H-Beta was considered successfully regenerated.
As shown in Figure 5, the recoveries remained nearly stable between 75.6% and 90.1% for
10 cycles of the reuse procedure, indicating the continuous stability and excellent reusability
of zeolite H-Beta as a sorbent. Therefore, the established DSPE method is promising as an
environment friendly and cost-effective method with sufficient accuracy.
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3.4. Method Validation

In our study, the method performance was evaluated in terms of linearity, limits of
detection (LOD), limits of quantification (LOQ), and accuracy according to the guidelines of
SANTE/2020/12830 under the optimized DSPE conditions described above. The standards
dissolved in solvents at six concentration levels were used to calculate the linear equation
and correlation coefficiency for accurate quantification. Excellent linearity and coefficients
(R2 ≥ 0.9982) were obtained in a range from 0.1 to 200 ng/mL for all eight analytes
(Table S1). The sensitivity of the method was evaluated by the validation of LODs and
LOQs of eight insecticides, at 0.05 or 0.1 ng/mL (LODs), and 0.1 or 0.2 ng/mL (LOQs) for
bottled water; and 0.5 or 1.0 ng/g (LODs), and 1.0 or 2.0 ng/g (LOQs) for honey products.
Spiking experiments in water and honey for all target compounds at concentrations of
0.2, 1, and 10 ng/mL showed satisfactory recoveries between 70.9% and 108.4% (Table S3).
The relative standard deviations (RSDs) of all analytes ranged between 0.1% and 7.7% for
intraday precision and 0.3% and 7.8% for interday precision. The RSDs of the retention
time of each analyte within ±1.0% were observed after five repeated analyses of fortified
bottled water and honey products for five consecutive days. All the evaluated parameters
suggested that the developed DSPE scheme was of high accuracy, acceptable reproducibility
and practicality for the simultaneous analysis of the eight insecticides in bottled water
and honey products. According to SANTE/2020/12830, a recovery of 70–120% with RSDs
lower than 20% was considered acceptable, and our result is also comparable with that of
the DSPE method reported by Arnnok [10].
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3.5. Method Application

The collected samples, including 10 bottles of water and 24 honey products from stores,
were tested according to the proposed DSPE–UHPLC–MS/MS method. No neonicotinoid
pesticides were found in any bottled water. It could either be a demonstration of good
manufacturing practice for these products or be a result of not enough samples being
collected. However, the residue of thiamethoxam was detected in one honey sample at
1.8 ng/g, and the residue of acetamiprid in five honey samples was detected in higher
levels than the LOQ (1.0, 1.4, 1.6, 5.5, and 9.4 ng/g). Imidacloprid was identified in three
honey samples (1.0, 1.0, and 4.8 ng/g). These results demonstrated the practicability of our
developed method. The presence of imidacloprid and acetamiprid in honey from different
manufacturers and other reports [1,10] indicate that high caution should be taken for the
use of neonicotinoids.

Compared with the National Standard GB23200.7-2016, the time for single sample
preparation has been shortened by more than 80%, and the consumption of organic sol-
vents has been significantly reduced from 140 to 2 mL. Moreover, the DSPE procedure
proposed by Salisaeng [38] consumes 10.6 mL of organic solvent and takes about 80 min
for sample preparation. The method reported by Arnnok [10] takes 60–80 min for sample
preparation. Our method achieves satisfactory reusability compared with that of their
proposed methods.

4. Conclusions

In this work, zeolite H-Beta was synthesized, characterized, and successfully applied
as a rapid, effective, and efficient DSPE material for eight neonicotinoid insecticides in
bottled water and honey samples. The developed method proved to be simple and sensitive.
Furthermore, it was environmentally friendly, as only 2 mL of organic solvent was used for
a single sample, and economical, as its reusability was demonstrated, making it a highly
promising material for detecting trace amounts of organic pollutants from bottled water
and honey products.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/app12094316/s1, Table S1: Parameters for UHPLC-MS/MS
determination and the method performance in linearity, LODs and LOQs; Table S2: The detailed
information of honey and bottled water; Table S3: Recoveries, intra-, and interday precisions of eight
neonicotinoid insecticides in bottled waters and honey products.
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