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This study developed and tested polysulfone (PSF) beads with NH2-MIL-101(Cr) as a sorbent for PT-u-SPE.
Pesticides were extracted and identified using a high-performance liquid chromatography-photodiode array
detector (HPLC-PDA) on real samples such as well water, tea, and honey. PSF beads/NHy-MIL-101(Cr) were
synthesized and characterized using X-ray diffraction (XRD), Fourier Transform Infrared Spectroscopy (FT-IR),
thermal gravimetric analysis (TGA), and scanning electron microscopy (SEM). In addition, the kind and quantity
of eluent, pH, and sample volume were studied and optimized. The response surface methodology (RSM) was

used to create regression models with a central composite design (CCD). The PSF beads/NH,-MIL-101(Cr) sor-
bent in PT-pSPE has a linear range of 0.7 to 100.0 pg/L. The suggested technique is highly reproducible, with
RSD % (intra-day) values ranging from 2.5% to 3.5%. The technique detected pesticides in water and food
samples at concentrations of 33.0-100.0 pg/L, with recovery rates ranging from 80.0% to 102.0%.

1. Introduction

Pesticides are chemicals used in agriculture, forestry, horticulture,
and public places to increase crop output and manage pests to meet
world food demand [1]. Pesticides used in agriculture damage the
environment because of their persistence, non-biodegradability, ability
to accumulate, and lipid solubility, presenting a serious threat to human
health and ecosystems. Moreover, certain pesticides have significant
mobility in the environment, leading to contamination of air, soil, food,
and drinkable water [2-4]. As a result, a number of countries have
enacted rules that limit the use of certain pesticides in agriculture, such
as maximum residue limits (MRLs). For example, the European Union
(EU) has set a consistent MRL of 0.01 mg/kg for a number of pesticides
[5]. Among pesticides, neonicotinoids (NEOs) are one of the most recent
categories of synthetic insecticides, developed over the past three de-
cades. NEOs are easily absorbed by plant tissues, leading to prolonged
residual effects in agriculture [6]. Thiacloprid and acetamiprid are two
neonicotinoid compounds widely used in agriculture [7]. Their unique
properties make them the most commonly used NEOs, including high
binding affinity for insect nicotine receptors of acetylcholine (nAChRs),

low hydrophobicity, and high penetrability [8]. Furthermore, the half-
life of acetamiprid has been estimated to be 25.1 days in soil under
sunlight and the half-life of thiacloprid has been reported to be 9-16
days in soil under field conditions [8].

The development of rapid, reliable, and highly sensitive methods for
determination of trace pesticide residues is essential due to the scarcity
of pesticide residues in food and environmental samples [9,10]. A simple
review of the literature indicated a wide range of research on the
extraction and identification of pesticides in different samples, including
dispersive liquid-liquid micro-extraction (DLLME) [11,12], magnetic
solid-phase extraction (MSPE) [13], solid phase extraction (SPE)
[14,15], micro solid phase extraction (uSPE) [16], liquid- phase
microextraction (LPME) [17], solid-phase micro extraction (SPME)
[18], and dispersive micro solid phase extraction (DMSPE) [19] which
are among the most frequently used extraction methodologies in this
field. However, all these techniques show certain practical limitations.
For example, organic solvents, which are frequently hazardous, are
employed as extractants during LPME procedures. This hazardous
organic solvent is utilized in small quantities; however, it has the ca-
pacity to bioaccumulate and penetrate ecosystems, leading to
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concentrations that surpass permissible limits. Furthermore, they
frequently encountered challenges during the clean-up of food samples.
As a result, they ultimately had a negative impact on the environment
[20]. Environmental and dietary samples are frequently analyzed using
the SPME, a solvent-free and straightforward extraction method. T.-T.
Ma et al. [21] observed many problems in commercially available fi-
bers, including extended extraction durations, insufficient thermal sta-
bility, limited solvent resistance, restricted adsorption capacity, poor
durability, and brittleness. Presently, solid-phase extraction (SPE)
methodologies predominantly serve as a sample preparation technique,
particularly in cartridge mode, for aqueous matrices, the pre-
concentration of pesticides, and the clean-up of food samples [22,23].
The conventional SPE method is limited by many disadvantages, such as
excessive solvent consumption, expensive cartridges, and intricate pro-
cedures [24]. One of the attractive SPE techniques that uses MOF as an
adsorbent for the extraction of pollutants is the magnetic solid-phase
extraction method [25]. Although in the recent few years, various
MOF composites have been investigated as effective adsorbents in MSPE
method such as Magnetic porous carbon nanocomposite derived from
cobalt-MOF and magnetic nano-composite derived from MMIL-88 A
[26,27]. However, due to the need to disperse and collect the adsorbent
in food samples, the possibility of loss of the adsorbent and the target
analyte increases. Consequently, this study used pipette tip micro-solid
phase extraction (PT-puSPE). This method has recently been employed
as an alternative to conventional SPE for the pre-concentration of
compounds from complex matrixes. It is highly promising. The approach
offered distinct advantages, including cost-effectiveness, lower detec-
tion limits, minimal use of organic solvents, faster extraction (without
shaking and centrifuge), and greater simplicity compared to traditional
SPE cartridges [28]. However, the PT-uSPE is restricted by several fac-
tors, including the establishment of back pressure due to the adsorbent's
properties and packing issues that arise when the sorbent is micro- and
nano-scale particulates [29]. Consequently, the chemical and physical
properties of sorbent are the essential factors to achieve higher enrich-
ment factors and acceptable recoveries in SPE and micro-SPE [30].
Metal-organic frameworks (MOFs) are a novel class of adsorbents that
have garnered significant attention in recent years. MOFs are a new
category of porous materials that are composed of organic linkers and
metal ions or metal clusters. The diverse varieties of these adsorbents are
the result of the numerous methods of combining metals and ligands.
This resulted in the development of a distinctive category of crystalline
porous material [31,32]. MOFs are a remarkable choice for use as sor-
bents in SPE methodologies, as per [29]. This is due to their crystalline
framework, high porosity, large specific surface area, tunable compo-
sitions, and structural parameters. However, the direct packaging of
MOFs in PT-uSPE as a sorbent is accompanied by a variety of challenges,
including an excessive extraction duration, obstruction, and increased
packed-pipette tip back pressure [33]. Building a bulk MOF-polymer
inside a polymer monolith support may overcome restrictions [33,34].
The insertion of nano- or micro-particles into organic polymer monoliths
is a promising method for developing hybrid monolithic materials that
incorporate the benefits of both material categories [34]. Various pro-
cedures were established to produce MOF-polymer monoliths for use in
SPE devices [35]. The majority relied on including MOFs into the
polymerization mixture, leading to materials with decreased MOF
accessibility for analyte [36]. This approach was used in the field of
chromatography [37]. However, it has seldom been examined due to
sample treatment considerations [38]. HPLC pumps are needed to pro-
pel the sample solution through the monolithic polymer and the ana-
lyte's interaction with the MOFs particles in bulk polymer are limited.
Consequently, a more efficient PT-uSPE method is necessary to eliminate
back-pressure of the sample flow, increase the stability of the adsorbent
and the contact area between the analyte and the MOFs. For the first
time, this research proposed to solve this issue by using porous polymer
beads containing MOFs on the surface and pores of the beads. In this
study, we were selected polysulfone (PSF) to be supportive of MOFs
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particles, which are renowned for their thermal stability, chemical
resistance, and mechanical strength across the pH wide range [39,40].

We synthesized NH3-MIL-101(Cr) sorbent using the hydrothermal
method in powder form. Next, for the first time, NH,-MIL-101(Cr) par-
ticles are distributed in porous polysulfone beads. The primary benefits
of spherical beads are reduced backpressure, prevent clogging, simple
packing of pipette tips, and ease of eluting and reuse of the beads for
several extraction. Furthermore, they are avoided MOFs agglomeration,
reduced extraction time, and ensured stability in water and over a wide
range of pH. In this study, for the first time, extraction of two distinct
pesticides, namely acetamiprid, and thiacloprid, from well water and
dietary samples (honey and tea) was implemented to, using PSF beads/
NH,-MIL-101(Cr) as an adsorbent in PT-pSPE method. Response surface
methodology (RSM) is a statistical tool used to analyze and characterize
the connection between a response variable and many inputs. Depen-
dent variables represent the results, while independent variables denote
the factors that affect the process. RSM analysis revealed a robust link
between input and output variables. It provided optimal operational
parameters for a system in the process of optimization or a parameter
field that meets operational requirements. Central composite design is a
pivotal experimental framework used in RSM [41,42]. Multiple practical
factors such as pH, sample volume, desorption solvent volume, and
desorption solvent type that influence extraction efficiency was evalu-
ated and optimized by RSM. Whereas PSF beads/NHy-MIL-101(Cr)
functioned as the adsorbent, and the extracted pesticides were quanti-
fied by HPLC-PDA.

2. Materials and methods
2.1. Chemicals and materials

Kindly see the supplemental information (ESI) for specific informa-
tion regarding the chemicals and materials.

2.2. Instrumentation

Kindly see the ESI for specific information regarding the
instrumentation.

2.3. HPLC conditions

All studied pesticides were analyzed on an HPLC-PDA system (Per-
kinElmer, Flexar-15, USA). HPLC system equipped with a C18, 150 x
4.6 mm, 5 pm (Restek, USA) column and PDA (PerkinElmer, Flexar-15,
USA), which was used for the separation and quantification of extracted
insecticides at 244 nm. The HPLC conditions were initially selected
based on a method previously published by our research group [43]. The
final section of the elution program was then slightly modified to
improve column washing and remove unwanted compounds. HPLC-
grade water and acetonitrile were degassed and used as the mobile
phase at a flow rate of 1.0 mL/min. Each sample contained 20.0 pL, was
injected to HPLC using autosampler (PerkinElmer, USA). The mobile
phase was composed of water (A) and acetonitrile (MeCN) (B). The
gradient elution program was as follows: initial 21.0% B (for 1.0 min), to
27.0% B in 1.0 min and hold for 2.5 min, from 27.0% to 38.0% B in 3.0
min, from 38% to 60.0% B in 2.5 min, and hold in 60.0% 2.0 min, return
to 21.0% B in 2.5. The total chromatographic time for a single run was
14.5 min.

2.4. Synthesis of NHy-MIL-101(Cr)

The synthesis of NHy-MIL-101(Cr) was followed the method
explained by Moinfar and Khodayari [44]. Initially, a Teflon reactor was
filled with eight mmol (3.20 g) of Cr (NO3)3-9H20 and eight mmol (1.44
g) of 2-amino terephthalic acid. Then, 60.0 mL of 0.33 M NaOH was
added in a dropwise manner. The solution was then homogenized by



S.B. Ahmed and S. Moinfar

stirring it at 700 rpm for 60 min. Following 16 h of heating to 160 °C, the
reactor was returned to room temperature. The solid powder was iso-
lated using a centrifuge operating at 7000 rpm for 15 min. The resulting
powder was washed three times with deionized water. The samples were
centrifuged for about 5.0 min at 7000 rpm after a wash with 30 mL of
DMF (for 16 h). To eliminate DMF residue, MOFs were washed with 50
mL of methanol (reflux for 12 h). The processed powder was ultimately
dried at 70 °C for approximately 12 h.

2.5. Synthesis of PSF beads and PSF beads/NH-MIL-101(Cr)

Initially, 0.6 g of PSF was dissolved in 4.0 mL of DMF with contin-
uous stirring at 45 °C for 12 h to create a homogenous casting solution
[45]. Subsequently, 0.15 g of NH,-MIL-101(Cr) was added and mixed to
achieve a homogeneous mixture. Beads were fabricated by injecting a
mixture of PSF and NH,-MIL-101(Cr) into deionized water using 2-mL
syringe. In this step, the obtained PSF beads/NH.-MIL-101(Cr) were
immersed in deionized water for 24 h to eradicate any remaining DMF
solvent. Afterward, the beads were rinsed with methanol for 6 h and
subsequently desiccated in an oven at 100 °C for approximately 48 h.

2.6. Preparation of the pipette tip-uSPE

50.0 mg of PSF beads/NH,-MIL-101(Cr) packed in a 1 mL pipette tip.
Then, prepared pipette tip was sequentially washed with 600 pL of
MeCN and 1.0 mL of ultrapure water. The prepared tip was used for the
extraction of target pesticides from samples.

2.7. Preparation of real samples

The collected Duhok well water sample was spiked with a certain
amount of standard solution. Methanol was used to prepare the pesticide
standard solution. After spiking the samples with the pesticide mixture,
they were then run through a packed pipette tip and examined in
compliance with section 2. 8. A final volume of 45.0 mL was achieved by
diluting 5.0 g of honey-free wax with ultrapure water (40 °C). Then,
spiked samples pH were adjusted to 6.0. Ultimately, section 2.8 was
adhered to throughout the extraction process. The following are the
steps to prepare tea: 2.5 g of black tea was added to the beaker after
being purchased at the local market. After adding 100.0 mL of boiling
water, they were let to sit for about 15.0 min until they reached room
temperature. The pesticides standard solution was then added in a
predetermined quantity and stirred. To exclude extra seeds, pulp, and
herbs from the tea, the matrix solutions were centrifuged for 10.0 min at
4100 rpm. Prior to analysis, the pH of each sample was determined and
brought to 6.0. Ultimately, section 2.8 was adhered to throughout the
extraction process.

2.8. Extraction procedure

The first, sample's pH had been adjusted to 6.0 using a 0.1 M HCl and
0.1 M NaOH solution. Next, 45.0 mL of spiked or blank samples were
passed through the packed pipette tip holding the PSF beads/NH2-MIL-
101(Cr) at a flow rate of 3.0 mL/min. Then, the pesticides that had been
adsorbed on the sorbent were subsequently desorbed using 175.0 pL of
pure MeCN. After that, 20.0 pL of collected MeCN, which included
extracted analytes, was injected to the HPLC-PDA. The beads in pipette
tip were washed with 600.0 pL of MeCN and 1.0 mL of ultrapure water
after each extraction, to be free of any probably contamination for the
next extraction.

2.9. Experimental design
Employing statistical techniques and a response surface methodol-

ogy to reduce chemical waste, enhance experimental efficiency, and
decrease overall costs [46]. To optimize the enrichment factor and
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achieve optimal extraction conditions for acetamiprid, and thiacloprid,
many parameters influencing PT-uSPE were selected and analyzed.
Thus, the PT-uSPE approach was affected by four parameters. The pa-
rameters included the volume of the desorption solvent (140.91, 175.0,
225.0, 275.0, and 309.09 pL), the sample volume (15.0, 21.0, 30.0, 38.0,
and 45.0 mL), the type of desorption solvent (methanol, MeCN, and a
methanol-MeCN combination), and the pH levels (3.5, 4.7, 6.5, 8.2, and
9.5). We generated a matrix with 54 experimental runs (Table S1) by
putting the desorption solvent type into a category variable and the
three parameters (pH, sample volume, and desorption solvent volume)
into numerical variables. The model design is a reduced cubic, opti-
mized using Design Expert software version 13.0.5. For response elution,
we utilized the peak area derived from HPLC-PDA results. The results of
pesticide adsorption were presented by the analysis of variance
(ANOVA) and illustrated in a three-dimensional graph.

3. Results and discussion
3.1. Characterization

3.1.1. SEM analysis

Scanning electron microscopy (SEM) is used to show the surface
morphology of NH,-MIL-101(Cr) in Fig. S1. The stable octahedral crystal
structure of NH,-MIL-101(Cr) supports the conclusions of [47]. The
resulting NH,-MIL-101(Cr) has octahedral microcrystals with edges that
are, on average, between 154.5 and 319.3 nm long. A sphere with a
diameter of around 2 mm is the PSF beads that is produced. Fig. 1 (a and
b) shows the cross-section of the PSF beads and the PSF beads/NH,-MIL-
101(Cr). Fig. 1a shows the particle's huge, wide channels and porous
features, which are the outcome of PSF beads. PSF beads structure fa-
cilitates high permeability and sample rapid flow during extraction,
which NH,-MIL-101 (Cr) on the surface and within the pores of PSF
beads was doped. As Fig. 1c seem to be smooth on the PSF beads' sur-
faces. In contrast, Fig. 1d shows that the Cr-MOFs are evenly dispersed
throughout the surface of the PSF beads and penetrated to pores.

3.1.2. XRD analysis

Fig. 2a displays the XRD patterns of NHy-MIL-101(Cr), PSF beads,
and PSF beads/NH2-MIL-101(Cr) at 5-80 A. XRD pattern for NHy-MIL-
101(Cr) reveals typical peaks at 20 values of 9.03°, 16.72°, 24.92°, and
42.77°, which are consistent with previous studies [44]. The sharp
diffraction peaks indicate that the synthesized Cr-MOF is highly crys-
talline, illustrating the successful construction of NH,-MIL-101(Cr). The
XRD pattern of PSF exhibits a diffraction peak at 20 of 17.18° (Fig. 2a),
indicating that the polymer phase is predominantly amorphous. The
XRD profile of PSF beads/NH,-MIL-101(Cr) showed both sharp peaks
consistent with crystalline MOFs and broad peaks confirming the
amorphous nature of PSF. These broad peaks, indicating the incorpo-
ration of MOFs in PSF beads, cause a slight increase in polymer chain
disorder. Furthermore, the PSF had only a tiny impact on the reduction
in MOF crystallinity.

3.1.3. Thermal gravimeter analysis (TGA) interpretation

Fig. 2b compares the thermal stability of NH,-MIL-101(Cr), PSF, and
PSF beads with NH2>-MIL-101(Cr). The curve was developed in an air
environment ranging from 50 to 1050 °C at a rate of 10 °C per minute.
The NH,-MIL-101(Cr) thermogram reveals three distinct weight losses
for this molecule. The first weight loss of 8% occurred at temperatures
ranging from 50 to 87 degrees Celsius. This is induced by the evapora-
tion of water adsorbed on the surface and inside the huge pores of NH,-
MIL-101(Cr). The second loss (6%) occurred between 100 and 220 °C,
when the organic solvents and residual 2-aminoterephthalic acid that
may have been confined between the smaller pores were eliminated,
resulting in the presence of only the NH»-MIL-101(Cr). The weight loss
was 64% from 228 to 335 °C as a result of the thermal degradation of 2-
aminoterephthalic acid coordinated with chromium oxide clusters. The
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Fig. 2. (a) XRD pattern of NH,-MIL-101(Cr), PSF, and PSF beads/NH,-MIL-101(Cr) and (b) TGA pattern of PSF beads/NH,-MIL-101(Cr), PSF, and NH5-MIL-101(Cr).

sample's ultimate residual weight was 26% of its initial weight at 670 °C,
which may be attributed to chromium oxide [48]. The PSF polymer
exhibited a high degree of thermal stability, as evidenced by Fig. 2b,
with a degradation temperature of approximately 530 °C [49]. The TGA
curve for the PSF beads/NH,-MIL-101(Cr), shown in Fig. 2b, demon-
strated stability over the temperature range of 100 to 500 °C. A 42%
weight reduction between 500 and 550 °C indicates the characteristic
thermal degradation of polysulfone, particularly involving the loss of
sulfonic groups from the polymer chains [50]. Fast breakdown tran-
spires between 560 and 800 °C, leading to about 48% weight loss, which
signifies the degradation of polysulfone and perhaps some Cr-MOF. At

temperatures over 800 °C, around 10% of the mass is stabilized, perhaps
attributable to the presence of chromium in NHp-MIL-101(Cr). This
confirms that the MOFs were uniformly distributed in the polysulfone
solution. The DTG curve of PSF beads/NH,-MIL-101(Cr) demonstrates
superior thermal stability relative to pure NH,-MIL-101(Cr). This may
be attributed to the high thermal resistance of PSF used in the produc-
tion of PSF beads/NH,-MIL-101(Cr).

3.1.4. FT-IR analysis
To verify the successful reaction of polysulfone with NH,-MIL-101
(Cr), the FT-IR spectra of the metal-organic frameworks, including the
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parent NH,-MIL-101(Cr), polysulfone, and polysulfone beads/NHy-MIL-
101(Cr) samples, were compared, as illustrated in Fig. S2. The stretching
vibration of Cr—O is indicated by the substantial peak at 535 cm ™! in the
spectrum of NH3-MIL-101(Cr). The peaks at 1388 cm~! confirm the
existence of amino groups. The addition of amine groups to the NHo-
MIL-101(Cr) is confirmed by the N—H stretching vibrations seen at
3401 cm ™! and 3305 cm™ ! as well as a C—N stretch at 1259 cm ™! [51].
Peaks at 1570 cm ™' and 1107 cm ™! are attributed to C—C and C—H
stretching within the benzene rings [52]. Additionally, O-C-O asym-
metric stretching is observed at 1441 cm ™! and 1383 cm™!. The bands at
1256 cm ™! and 766 ecm™! correspond to C—N stretching and the vi-
brations of di-substituted aromatic rings, respectively [53]. The absence
of strong signals between 1680 and 1720 cm ! indicates that the
carboxyl (-COOH) groups in 2-aminoterephthalic acid are efficiently
coupled with chromium ions, incorporating into the MOF structure [50].
The reformed sample exhibited bands in the FT-IR analysis of the PSF.
The unique absorption peak at 1151 cm™! in the PSF spectrum was
attributed to the stretching vibration of O=S=0 [54]. Peaks at 1504
em ! and 1242 cm™! were attributed to the skeletal vibration of the
aromatic ring and the stretching vibration of C-O-C, respectively [55].
PSF beads/NH,-MIL-101(Cr) effective synthesis is confirmed by the FT-
IR spectrum, which features all of the NH5-MIL-101(Cr) characteristic
peaks and overlaps with the PSF.

3.2. Optimization by central composite design

3.2.1. Optimization of extraction

The CCD approach in RSM methodology enables researchers to
construct a suitable predictive relationship between the independent
factors and the response variable [56]. Table S2 illustrates the imple-
mentation of CCD under RSM for three numerical factors and one cat-
egorical factor, each with five levels (—a, —1, 0, +1, and + ), in the
current investigation. To (i) determine the optimal parameter values, (ii)
identify variables that substantially influence peak areas, (iii) refine the
peak areas of analytes, and (iv) investigate interactions, the CCD tech-
nique was implemented in this study. The experiment involved adjusting
parameters, including pH (A), desorption solvent volume (B), sample
volume (C), and desorption solvent type (D). This was done to conduct
the CCD. The response for each pesticide was determined using the
HPLC peak area of all analytes, as shown in Table S1. The Reduced Cubic
model was employed to replicate all pesticide responses. The statistical
analysis and mathematical model fitting of the experimental results
regarding the adsorption of acetamiprid and thiacloprid are illustrated
in Tables S4 and S5. The cubic model may provide a substantial expla-
nation for the responses of the variables and their interactions, as indi-
cated by the ANOVA results. The model F-value of acetamiprid
demonstrated 357.05. Thiacloprid demonstrated F-values of 598.30.
These findings suggest that the model is statistically significant for both
analytes. The likelihood of an F-value this significant being the result of
random noise is approximately 0.01%. The p-value of 0.0001 for all
analytes confirms the significance of the cubic model terms, and a p-
value of less than 0.0500 indicates the essentiality of the cubic model
terms. The F-values for Lack of Fit are non-significant, which is advan-
tageous for model fitting. In particular, the Lack of Fit F-value for
acetamiprid was 0.54, and for thiacloprid it was 1.87. Compared with
pure error, these values are not statistically significant. The precision
and accuracy of the model were all confirmed by the coefficient of
variation (C.V.%), standard deviation, and coefficient of determination,
as shown in Table S5. The model's accuracy, dependability, and repro-
ducibility were demonstrated by the results, which indicated that the C.
V.% for the extraction of two pesticides was less than 10%. A substantial
coefficient of variation, indicating substantial variation in the mean
value, indicates an insufficient response model [57]. Adequate accuracy
is one of the main parameters used to assess the quality of the selected
cubic model for data fitting. A signal-to-noise ratio of “adequate preci-
sion” is defined as one that is more than 4. The signal-to-noise ratios of
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the two analytes ranged from 83.3814 to 112.077. This illustrates the
model's capacity space and supports the statistical significance of the
model that was generated. Table S5 displays the coefficient of deter-
mination (R?), the predicted value, and the adjusted value. The opera-
tional factors under investigation accounted for 99.77% to 99.86% of
the total variation, as indicated by the R? values for the two pesticides,
which ranged from 0.9977 to 0.9986. This leads to a simple 0.14% to
0.23% of variation remaining unexplained. The small quantity of inex-
plicable variance served as evidence of the model's superior fit to the
experimental data. In contrast, the adjusted R? for acetamiprid was
0.9890; however, the predicted R? was 0.9949. The adjusted R? value for
thiacloprid was 0.9969, while the predicted R? value was 0.9911. As
evidenced by the “Adjusted R%” in Table S5, the experimental data were
well-fitted to the model, and it is nearly identical to the “Predicted R?”.
To optimize the critical factors and define the response surface in the
experiment, the RSM was developed in the subsequent phase of the
design, taking into account all relevant interactions in the CCD, as
depicted in Fig. 3 (a) for acetamiprid and (b) for thiacloprid. The
generated response surfaces for the design are shown and demonstrate
the 3D response surface plots of key variables. The plots were created for
designated parameters while keeping other variables at constant and
ideal levels. The influence of A (pH), B (volume of desorption solvent), C
(sample volume), and D (type of desorption solvent) on the extraction
efficiency of the analyzed pesticides was evaluated within a defined
range of variables, with results illustrated as three-dimensional surface
response plots and contour plots. It demonstrated a significant link be-
tween the independent factors and their best response. The extraction of
acetamiprid and thiacloprid was enhanced at a pH of 6.0 and with an
increasing sample volume. A higher sample volume results in a greater
amount of pesticides and, thus, a higher level of adsorption [44]. The
sample volume was 45.0 mLwas chosen because it yielded a high
extraction efficiency.

Fig. 3 shows that the optimal extraction efficiency was achieved at
pH 5.0-7.0 for all examined insecticides. The pH of the sample solutions
markedly affected extraction efficiency, the adsorption of analytes
within the pores of MOFs, with the structure of MOF crystals, the
charged species present, and the existing forms of the analytes [58].
Furthermore, pesticides are also affected by pH, which influences their
hydrophobic and hydrophilic properties. At pH 7-9.5, extraction first
reached a zenith but then diminished significantly, perhaps owing to the
degradation of insecticides or the structural instability of the sorbent
under very alkaline conditions [59]. A similar decrease was seen below
pH 4.5, suggesting that pesticides are ineffective under significantly
acidic or basic conditions. Therefore, the sample's pH was adjusted to
6.0 to achieve high extraction efficiency.

In addition, the properties of the organic solvent profoundly influ-
ence the desorption of analytes from the sorbent. Furthermore, the
volume of extraction solvent also influences the extraction performance
of analytes from the sorbent. The extraction effectiveness improves as
the volume of the extraction solvent diminishes, this is mostly attrib-
utable to the constancy of the maximum analyte adsorption capacity on
the sorbent surface. Consequently, any additional increments in the
solvent volume will result in the dilution of the analyte, resulting in a
diminished peak [30]. As a result, 175.0 pL of acetonitrile was used for
the desorption of analytes from PSF beads/NHy-MIL-101(Cr).

To evaluate the impact of solvent type on desorption, methanol,
acetonitrile, and a mixture of methanol and acetonitrile were investi-
gated. Acetonitrile produced the highest peak areas for the target pes-
ticides. This outcome can be explained by the solvent characteristics,
acetonitrile is a polar aprotic solvent with a higher dielectric constant
compared to methanol, which allows to disrupted of hydrogen bonding
and n-r interaction between analyte and sorbent [30], therefore aceto-
nitrile was selected as the desorption solvent in subsequent experiments.
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Fig. 3. The results obtained for the interaction between parameters using Design Expert software (a) for acetamiprid (b) for thiacloprid. The 3D plot of pH, sample

volume, type, and volume of desorption solvent interaction.

3.3. Determination of the point of zero charge pH (pHpy)

The point of zero charge (pHp,c) denotes the pH at which the net
charge of solid surface particles is neutral. At pHp,., the amounts of
acidic and basic functional groups in sorbents are equal. Below the point
of zero charge (pHpy,c), sorbents exhibit a positive net charge and pref-
erentially adsorb anionic species; conversely, beyond the pH,, cationic
entities are preferred [60]. The immersion approach was used to
determine the pHp,. for the (PSF beads/NH,-MIL-101(Cr)). We made 10
solutions, each having 7.0 mL of 0.1 M sodium nitrate. The pH of each
solution was between 2.0 and 11.0, and we changed the pH by adding
0.01 M NaOH and 0.01 M HCL. Then, 50.0 mg of the beads were added to
each solution, and the mixtures were agitated for 24 h. The pH of each
solution was rechecked. The difference between the initial pH (pHi) and
the final pH (pHf) was calculated, and the results were plotted against
the pHi, as shown in Fig. S3. The produced beads have a pHy,. of 4.8,
resulting in a ApH value of 0. At pH levels below 4.8, the beads have a
positive net charge, which aids in the adsorption of anionic pesticides; at
pH levels above 4.8, the bead's negative net charge makes it more
vulnerable to the absorption of cationic pesticides. The research deter-
mined that the optimal pH was 6.0. In a pH setting above 4.8, PSF beads/
NH,-MIL-101(Cr) had a negative net charge, which aided cationic
pesticide adsorption. It is important to maintain mild acidic to neutral
pH levels (pH ~ 6.0) in order to maximize acetamiprid's adsorption
ability. Because of the electrostatic repulsion force between the acet-
amiprid molecules and the adsorbent, the extraction efficiency decreases
as the pH rises. In a highly acidic medium, the extraction efficiency of
the synthesized MOFs decreased due to their potentially hydrolytic na-
ture at a very low pH (pH = 2.0) [61]. Additionally, the charge of
thiacloprid was positive when pH was less than 4.0. In the present
investigation, we discovered that the adsorbent has a positive charge
when the pH is less than 4.8. Consequently, the electrostatic repulsion
leads to a reduction in extraction efficiencies. The extraction efficiencies
of the two analytes decrease as the pH value exceeds 8.0, as a result of
the increased interaction between the anionic OH- species in the sample
solution and the thiacloprid cationic-t bonding [62]. Consequently, the

two analytes demonstrate an optimal pH of 6.0.

3.4. Comparison of the extraction efficiency of different amounts of MOFs
in PSF beads

We synthesized polysulfone beads with varying percentages of MOFs
(pure PSF, PSF beads/NH-MIL-101(Cr) 13%, PSF beads/NH,-MIL-101
(Cr) 26%, and PSF beads/NH-MIL-101(Cr) 50%) to assess the impact of
MOF quantity on extraction efficacy. Subsequently, we packaged the
beads into pipette tips. The maximal peak area of each pesticide was
determined after extraction under identical conditions. The extraction
efficiencies of all examined pesticides were improved by PSF beads/
NH,-MIL-101(Cr) 50%, as illustrated in Fig. 4a. Especially at 50.0%, this
must indicate a greater availability of active adsorption sites and
improved pore accessibility within the polysulfone matrix. As the pro-
portion of MOF rises, the total surface area accessible to the analyte
expands, resulting in an increase in adsorption interactions (hydropho-
bic, n-r, or hydrogen bonding) [63]. Loading the MOF beyond 50%
wasn't done due to insufficient homogeneity of the composite. Increased
MOF concentrations resulted in irregular dispersion and particle
agglomeration, potentially compromising the structural integrity of the
composite and the consistency of the extraction performance.

3.5. Figures of merit

The performance metrics of PT-uSPE utilizing PSF beads/NHy-MIL-
101(Cr) as sorbent, including limit of detection (LOD), limit of quanti-
fication (LOQ), linearity range (L.R), relative recovery (RR), inter-day
and intra-day relative standard deviation (RSD%), and enrichment fac-
tor (EF), are presented in Table 1. The reproducibility of the suggested
approach for PSF beads/NHz-MIL-101(Cr)-PT-uSPE was assessed by five
duplicate experiments using water samples containing 66.0 pg/L of each
analyte. The inter-day accuracy of PSF beads/NH,-MIL-101(Cr) - PT-
USPE was assessed using three duplicate tests conducted over three days,
maintaining the sorbent unchanged [30]. Minimal RSD % percentages
were noted for the various pesticides (maximum 3.4%), indicating that
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Fig. 4. (a)Comparison of the extraction efficiency of different amounts of Cr-
MOF in PSF beads and (b): Extraction performance of the PSF beads/NH,-
MIL-101(Cr) adsorbent across 40 reuse cycles, evaluated using HPLC-PDA
detection of acetamiprid and thiacloprid.

the method's precision is suitable for the analysis of the pesticides
examined. Table 1 illustrates that the favored methodology demon-
strated a R? value of 0.99 and a linear range of 0.7-100.0 pg/L. By
analyzing chromatograms with a signal-to-noise ratio of three [64], the
LODs for the PT-uSPE method with respect to pesticides in water sam-
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sorbent following these cycles. Fig. 4b illustrates that the extractability
of acetamiprid and thiacloprid utilizing the beads, PSF beads/NH,-MIL-
101(Cr) remained mostly unchanged up to 30.0 cycles, followed by a
declining trend afterward, as determined by HPLC-PDA adsorption of
acetamiprid and thiacloprid. This demonstrates that the synthesized
adsorbent exhibits excellent stability under the optimized experimental
conditions.

3.7. Matrix effect

The matrix effect (ME%) was studied by comparison of analytical
signal obtained in spiked ultra-pure water and spiked samples. The
following equation then calculates the matrix effect (ME) [30]:

ME% = 25~ Al g0
Aw

whereas Ag, Ay and A, are the peak areas of analytes in the spiked
real sample, un-spiked real sample and spiked ultra-pure water,
respectively. As demonstrated in Table 2. The matrix did not signifi-
cantly influence the analysis of analytes in water and tea samples;
However, in more complex sample, such as honey, the matrix has a very
small effect (89-94%), which is within acceptable range. To assess the
method selectivity, potential interferences from chemicals that may
coexist with the analytes were examined in accordance with the
guidelines of the US Food & Drug Administration (FDA) Guidelines for
method validation [30]. Fig. 5 illustrates that no significant interfering
signal was detected in the chromatogram of the blank well water sample.
Exhibiting excellent selectivity and appropriate chromatographic sepa-
ration of NEOs (Fig. 5).

3.8. Real sample analysis

The current study was conducted to determine two pesticides in well

Table 2
Obtained tea, honey, and well water samples recoveries using a modified PT-
uSPE-HPLC-PDA technique.

ples were determined, resulting in values ranging from 0.2 to 0.3 ug/L. Water
LOQ (S/N = 10) [64] was 0.7-1.0 pg/L. The EFs were determined by Analytes Thiacloprid Acetamiprid
employmg.the. followm.g.equatlon,. where C,q represents the analyte Spiked (ng/L) o 3.0 100.0 o 3.0 100.0
concentration in the original solution and C, represents the analyte Founded (ug/L) 2.4 337 92.6 nd 325 98.8
concentration in the desorption solvent following PT-pSPE [65]. RR% - 94.8 92.6 - 98.5 98.8
ME% 98.0% 99.0%
EF = Corg Tea
Caq Spiked (pg/L) 0 33.0 100.0 0 33.0 100.0
Founded (pg/L) nd 30.7 94.6 nd 31.4 102.9
RR% - 93.0 94.6 - 95.2 102.0
3.6. Reusability ME% 94.0% 96.0%
Honey
. - Spiked (pg/L) 0 33.0 100.0 0 33.0 100.0
The synthesized PSF beads/NH2. MIL-101(Cr) s.tablhty was. e.valuated Founded (ug/L) nd 264 047 nd 308 9.0
throughout 40.0 cycles of extraction under optimum conditions. PT- RR% _ 80.2 94.7 _ 93.3 96.0
uSPE was employed with acetamiprid and thiacloprid concentrations of ME% 89.0% 94.0%
66.0 pg/L to assess the extraction. The performance of the reused
Table 1
Analytical performance of the two insecticides in the water sample obtained.
Analytes LOD(pg/L)" LOQ(pg/L)b L.R(pg/L)° RSD% (intraday)d RSD%(inters day)® R* EF®
Thiacloprid 0.3 1.0 (1.0-100.0) 3.4 5.7 0.99 210
Acetamiprid 0.2 0.7 (0.7-100.0) 2.5 3.8 0.99 200

# Limit of detection (S/N = 3) (pg/L).
b Limit of quantification(S/N = 10) (ug/L).
¢ Linear range (ug/L).

4 Relative standard deviation at a concentration of 66.0 pg/L for each analyte for intra-day (n = 5).
¢ Relative standard deviation at a concentration of 66.0 pg/L for each analyte for inter-day (n = 3).

f coefficient of determination.
8 Enrichment factor.
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Fig. 5. The PT-uSPE-HPLC-PDA chromatograms of pesticides in unspiked and spiked water were extracted by PSF beads/NH,-MIL-101(Cr). 1: acetamiprid. 2:

thiacloprid.

water, tea, and honey to estimate method capability for real sample
analysis. To assess the accuracy of the current method, the samples were
spiked with different quantities of the pesticides (33.0 and 100.0 pg/L)
and subjected to HPLC-PDA analysis. Table 2 provides a summary of the
analytical findings. The accuracy of the suggested approach for identi-
fying the pesticides in real samples was validated by the relative re-
coveries, which ranged from 93.0 to 102.0%. The chromatograms of
pesticides extracted by PSF/NH-MIL-101(Cr) beads from un-spiked and
spiked water samples are presented in Fig. 5. well water blank sample,
33.0 and 100 pg/L spiked well water samples chromatograms were
displayed in Fig. 5. Fig.S4 and Fig.S5 are for honey and tea, respectively.

4. Comparison study

Various techniques were reported for pesticide extraction. Table 3
contrasts the results of the extraction of pesticides using this stated
method with those of other popular methods. The accuracy of PT-puSPE-
HPLC-PDA utilizing PSF beads/NH,-MIL-101(Cr) as a sorbent was
equivalent to alternative approaches. However, the suggested approach
requires less extraction time and fewer organic solvents than other
methods. Thus, the current method is appropriate for assessing pesti-
cides in real samples. Table 3 shows the linearity range. The values
obtained through our analysis are either equivalent to or more effective
than those reported in prior research. Additionally, the current pro-
cedure provided a variety of benefits, such as the ability to re-use the
packed pipet tip and a decrease in backpressure. Additionally, the effi-
ciency of the proposed method is nearly equivalent to or superior to that
of other reported methods.

5. Conclusion

Up to our knowledge, PT-pSPE has fewer problems than other sample
preparation techniques, has numerous advantages, such as simplicity,
low solvent consumption, minimal adsorbent requirements, portability,
remarkable extraction efficiency, and very low cost. However, PT-uSPE
has significant drawbacks, such as difficulties in preparing pipette tips
when packing the sorbent in micro- and nano-scale particles, and pro-
duction of backpressure owing to the adsorbent properties. As a result, it
is vital to use support material to address this problem. Polysulfone
beads were used as support material and encapsulated in PT-pSPE.
Pesticide residues in well water, tea, and honey samples were measured
using packed polysulfone beads/NH,-MIL-101(Cr) in a pipette tip as a
sorbent. Polysulfone also promoted the adsorption of target analytes,
contradicting our earlier assumption and increasing adsorption and
extraction efficiency. RSM properly adjusted the pesticide adsorption
process variables to evaluate the effects of experimental parameters such
as pH, sample volume, desorption solvent type, and desorption solvent
volume. Two distinct pesticides were evaluated using the suggested
approach, and the results showed high reproducibility and low detection
limits. Furthermore, many more research might be conducted to inves-
tigate the influence of different polymers in conjunction with various
other nanomaterials as sorbents for packing pipette tips in the extraction
of diverse analytes. The structure of beads and their pores can have a
significant effect on the availability of nanomaterials and extraction
efficiency. Despite the several advantages of this method, several limi-
tations should be noted: the outer layer of the PSF beads containing the
MOF has much smaller and fewer pores than the inner part of the beads,

Table 3

Comparison of the current method with other reported methods for analyzing pesticides.

Method Sorbent Sample LOD (pg/L) RR RSD% L.R. (pg/ Extraction time Solvent Ref.
L) (min) (mL)
HPLC-DAD MI;;E\(AAD water 0.013-0.064 80-119 3.62-12.78 0.04-15.0 35 10 [62]
MSPE-GC-FPD G-Si02-Fe304 Water 16-33 89.3-117.2 0.4-10.0 50-5000 7 6 [66]
SPMEHPLC-DAD MOCP Honey 0.05-0.15 91.5-103.5 5.4-8.8 0.5-600 25.30 1 [67]1
SPE-HPLC-DAD  UNPS-NH2(CA)-ZIF- Agricultural 0.019-0.041 80-110 6.8-9.6 1-1000 20 2 [68]
8 samples

PT-puSPE-HPLC- PSF beads-NH,-MIL- Tea, water, and o This
DAD 101(Cr) Honey (0.2-8) 82.27-102.91 2.5-5.9% (0.7-200) 15.13 0.175 study

MOCP: metal-organic coordination polymer.
AuNPs: gold nanoparticles.
MMM: Mixed Matrix Membranes.
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as observed in SEM. This affected the extraction efficiency and reduced
the accessibility of the analytes to the MOF adsorbent. Solving this
problem could be the subject of further study.
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