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Determination of low-concentration pesticides in real samples requires a simple, rapid, low-solvent-consumption,
and high-efficiency extraction method before introduction into the chromatography system. In the present
research, the objectives mentioned were achieved by using the developed NH2-MIL-101(Cr)/SBA-15 nano-

Pesticides . . . . . . . . X . .

composite with high extraction efficiency as a sorbent in the syringe filter—solid-phase extraction (SPE) approach,
NH,-MIL-101(Cr)/SBA nanocomposite .p . 8 4 . YT ‘g P . . ( ) app .
HPLC-PDA which is easy to use and has low solvent consumption. In this study, for the first time, the metal-organic

framework NH2-MIL-101(Cr) was combined with Santa Barbara Amorphous-15 (SBA-15) and was used as sor-
bent in syringe filter-SPE for extracting some pesticides from environmental water samples. To verify the suc-
cessful formation of the nanocomposite, several characterization techniques including SEM, FTIR, XRD, TGA, and
BET were employed. Furthermore, the variables affecting the extraction efficiency of NH2-MIL-101(Cr)/SBA-
syringe - filter-SPE-HPLC, such as the sample volume, pH, volume of eluting solvent, and type of eluting sol-
vent were optimized by utilizing a response surface methodology (RSM) based on central composite design
(CCD). The results demonstrated that the NH>-MIL-101(Cr)/SBA-15 composite exhibited superior adsorption
performance and lower detection limits for the target pesticides compared to the unmodified NH2-MIL-101(Cr).
The method achieved detection limits ranging from 0.07 to 0.6 pg/L, with a linear response range of 0.25 to
800.0 pg/L. It also showed strong repeatability, with relative standard deviation (RSD) values between 2.8 % and
5.0 %, and excellent recovery rates of 90 % to 105 % at spiked concentrations from 2.0 to 40.0 pg/L.

1. Introduction congenital heart defects and autism spectrum disorders [3,5]. Several

studies have shown that bees, birds, and butterflies neonicotinoid may

Insecticides are highly essential pesticides that are commonly used to
protect crops, forests, and agricultural products from insects [1,2].
Neonicotinoids (NEOs) are a class of synthetic insecticides used to
control pests in agriculture, horticulture, and residential settings due to
their effectiveness against a wide range of insects.

According to a 2020 report, NEOs were the leading products in the
global insecticide market [3]. As a result, neonicotinoids have gained
significant popularity and now account for nearly one-third of the global
insecticide market [4]. The widespread use of pesticides has posed
serious risks to human health and the environment; some researches
have shown that NEOs can induce embryotoxicity, breast cancer,

be exposed to residual insecticides, which affect their behavior, nutrient
metabolism, and immune system and can significantly reduce the their
populations [4,6,7]. Carbendazim (CeHsNsO2; CBZ) is a benzimidazole
fungicide known for its cost-effectiveness and widespread use in con-
trolling various diseases in fruit and vegetable crops during both the pre-
harvest and post-harvest stages [8]. Nevertheless, CBZ has a half-life of
over 25 months under anaerobic conditions, highlighting its significant
persistence as a contaminant in the environment. This underscores the
need for developing sensitive and selective methods for detecting CBZ to
protect the environment and safeguard human health [9].

A major concern with pesticide use is their contamination of water

* Corresponding author at: Chemical anlysis research center, Scientific research center, University of Zakho, Zakho, Iraq.

E-mail address: soleiman_moinfar@yahoo.com (S. Moinfar).

https://doi.org/10.1016/j.microc.2025.115322

Received 20 July 2025; Received in revised form 11 September 2025; Accepted 12 September 2025

Available online 13 September 2025

0026-265X/© 2025 Elsevier B.V. All rights are reserved, including those for text and data mining, Al training, and similar technologies.


mailto:soleiman_moinfar@yahoo.com
www.sciencedirect.com/science/journal/0026265X
https://www.elsevier.com/locate/microc
https://doi.org/10.1016/j.microc.2025.115322
https://doi.org/10.1016/j.microc.2025.115322
http://crossmark.crossref.org/dialog/?doi=10.1016/j.microc.2025.115322&domain=pdf

S. Moinfar et al.

sources, including both surface and groundwater, which adversely af-
fects water quality and poses risks to human health. Pesticide-induced
water pollution results from agricultural activities, urban usage, and
pesticide manufacturing facilities [10]. To ensure human health safety,
it is necessary to regulate the water quality before consumption.
Consequently, the European Union has set maximum allowable con-
centrations for pesticides and their degradation products at 0.1 and 0.5
pg/L in surface and groundwater, respectively [11,12]. Due to the
extremely low maximum residue limit (MRL) values of pesticides in
environmental samples, and the potential for complex matrix interfer-
ence, extraction and preconcentration of the analytes are crucial before
analysis. Accurate and sensitive detection of target analytes requires a
sample preparation procedure with high preconcentration efficiency
[13-15].

Various preconcentration methods have been employed to increase
the concentration of pesticides before analysis, including solid-phase
extraction (SPE) [7], heat-induced homogeneous liquid-liquid micro-
extraction [16], solid-phase microextraction (SPME) [5], and QuECh-
ERS (quick, easy, inexpensive, effective, rugged, and safe) [17],
magnetic solid phase extraction (MSPE) [8], and dispersed liquid-liquid
microextraction (DLLME) [9]. The methods mentioned above, such as
DLLME with high enrichment factor and high speed, QUEChERS with
high extraction efficiency for food samples, SPME solventless con-
sumption and low detection limit, and SPE and MSPE with low solvent
consumption and high extraction efficiency, have been used many times
for the extraction and preconcentration of various analytes. However,
majority of these techniques methods, despite their numerous benefits,
are hindered by limitations like inadequate adsorbents stability,
elevated backpressure, slow diffusion and mass transfer rates, the need
for substantial amounts of desorbing solvent, and in some cases, small
sample volumes [18]. Traditional solid-phase extraction (SPE) remains a
widely adopted technique for sample pretreatment, but it, while simple,
suffers from several limitations that hinder its overall efficiency and
broader application. These include lengthy processing times, column
clogging and back pressure, complex cartridge preparation, and the
need for large volumes of solvent to elute analytes [19].

To overcome these challenges, our group developed the syringe
filter-SPE over the past two years. This approach significantly improves
upon traditional SPE by offering advantages such as rapid and
straightforward MOF-sorbent integration into syringe filter, shorter
extraction times, higher efficiency, reduced solvent usage, minimal
sorbent requirement, and the elimination of back pressure during sam-
ple flow [20,21]. Given the critical role of sorbents in enhancing the
extraction of target compounds, there has been growing interest in
developing novel, high-performance adsorbents for sample preparation
[22], and in this work, we attempted to enhance the extraction effi-
ciency by synthesis of a novel MOF-composite. One promising class of
materials is metal-organic frameworks (MOFs)—hybrid structures made
of metal ions or clusters linked by organic ligands, forming a highly
porous three-dimensional network. MOFs are widely used in analytical
applications due to their large surface area, tunable pore sizes, thermal
stability, and chemical adaptability [19,20]. Notably, MOFs have shown
excellent potential for pesticide residue extraction, outperforming many
conventional sorbents. Their effectiveness is largely due to strong
host-guest interactions that facilitate the retention of analytes, thereby
enabling high sample loading capacities even in complex matrices [19].

Previous work by our team demonstrated the use of a GNP/MIL-101
(Cr) composite in the same SPE format for extracting organophosphate
pesticides [20]. Additionally, the effectiveness of various
MOFs—including AlFu, IRMOF-3, NH.-MIL-101(Al), NH>-MIL-101(Cr),
and MIL-53(Al) was previously evaluated for the extraction of antibi-
otics using the syringe filter-SPE approach. Although syringe filter-SPE
offers several benefits, including low adsorbent and solvent consump-
tion, rapid adsorption and desorption steps, and the quick, cost-effective
preparation of filters containing the adsorbent, making it a practical and
efficient alternative to traditional SPE methods. However, the extraction
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efficiency and performance of the method depend on the sorbent
properties. Therefore, to further enhance the extraction performance,
new NH>-MIL-101(Cr)-based composites were synthesized and
employed as adsorbents in a syringe filter-SPE for the extraction and
preconcentration of pesticides from water samples. NH.-MIL-101(Cr)
was selected for this study due to its high adsorption capacity and its
ability to allow smooth passage of aqueous samples without generating
backpressure. For the first time, a novel composite incorporating Santa
Barbara Amorphous-15 (SBA-15)—designated as NH.-MIL-101(Cr)-
SBA-15—was developed. SBA-15 was chosen due to its high surface
area, excellent water stability, and strong affinity for organic com-
pounds, making it an ideal additive for improving both adsorption ca-
pacity and extraction efficiency. The new NH>-MIL-101(Cr)-SBA-15
composite was successfully synthesized and applied for the preconcen-
tration of imidacloprid, carbendazim, acetamiprid and thiacloprid from
contaminated water samples, followed by HPLC analysis. To determine
the optimal conditions for pesticide adsorption, Response Surface
Methodology (RSM) was used to systematically evaluate and optimize
the key influencing variables.

2. Experimental
2.1. Chemicals and reagents

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

2.2. Apparatus

High-performance liquid chromatography (HPLC) was used to
analyze the extracted pesticides, employing a Thermo Scientific C18
column (150 mm x 4.6 mm, 5 pm) maintained at 35 °C, and equipped
with a photodiode array detector (Flexar, Perkin Elmer, USA). Separa-
tion was achieved using a gradient elution with HPLC-grade water (A)
and acetonitrile (B) as the mobile phase components. The optimized
conditions were as follows: Initial conditions: 21 % B; 0-1.0 min, 27 % B;
1.0-4.5 min, 38 % B; 4.5-9.5 min, 22 % B; 9.5-16 min; followed by 1.0
min of equilibration to return to the initial conditions. The mobile phase
flow rate was maintained at 1.0 mL/min. A total of 20.0 pL of the sample
was injected. UV detection was performed at 244 nm for imidacloprid
and carbendazim, and at 280 nm for acetamiprid and thiacloprid.

Kindly see the supplemental information (ESI) for specific informa-
tion regarding the other Apparatus.

2.3. Synthesis

2.3.1. Synthesis of the NH,-MIL-101(Cr)/GO

To synthesize the NH2>-MIL-101(Cr)/GO nanocomposite, a modified
procedure based on the NH>-MIL-101(Cr) synthesis (Kindly see the
supplemental information (ESI) for specific information regarding the
synthesis of the NH2-MIL-101(Cr)) was followed. Initially, 0.15 g of
graphene oxide (GO) (United Nanotech Innovation Company, India) was
dispersed in 20 mL of deionized water and subjected to ultrasonic
treatment for one hour to promote partial exfoliation of the GO sheets.
This dispersion was then poured into a Teflon-lined autoclave, where 5
mmol of 2-aminoterephthalic acid (ABDC) and 5 mmol of chromium
nitrate nonahydrate [Cr(NOs)s-9H20] were added.

To initiate the reaction, 20 mL of 0.7 M sodium hydroxide solution
was gradually introduced while stirring the mixture at 500 rpm for 1 h,
ensuring thorough mixing and dispersion of all components. The auto-
clave was sealed and heated to 150 °C for 12 h to facilitate crystalliza-
tion, followed by natural cooling to room temperature. The resulting
solid was collected by centrifugation at 6000 rpm for 5 min, and the
product was then thoroughly washed multiple times with deionized
water, followed by DMF and methanol rinses to eliminate any unreacted
or loosely bound organic substances. The final material was dried at
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100 °C for 24 h in an oven, yielding the desired NH>-MIL-101(Cr)/GO
composite.

2.3.2. Synthesis of the NH,-MIL-101(Cr)/SBA-15

The same procedure described in Section 2.5.4 was utilized to syn-
thesize the NH2-MIL-101(Cr)/SBA Nano composite, with 0.15 g of SBA-
15 (Kindly see the supplemental information (ESI) for specific infor-
mation regarding the synthesis of the SBA-15) replacing the GO.

2.4. Preparation of syringe filter

Seven mg of each adsorbent (GO, SBA, NH,-MIL-101(Cr), NH>-MIL-
101(Cr)/GO and NH2-MIL-101(Cr)/SBA) were individually dispersed in
2 mL of ultrapure water using an ultrasonic bath for 20 s. The resulting
suspensions were then passed through Teflon syringe filters (0.45 pm
pore size) using 2 mL syringes, allowing for uniform distribution of the
MOF adsorbents and composites across the filter surface. To remove any
potential contaminants, each filter was preconditioned by sequentially
passing 4 mL of ultrapure water followed by 2 mL of acetonitrile. These
prepared filters were subsequently employed for the extraction of target
analytes from water samples.

2.5. Sample preparation

River water was collected from the Khabir River (Zakho) and well
water was collected from Zakho city. Then real samples were centri-
fuged for ten minutes (5000 rpm) in order to remove any sediments and
suspended particles. Initially, the pH of water samples were adjusted to
7.2 using 0.1 M HCl or 0.1 M NaOH solutions. Then, 35.0 mL of each
sample was passed through a syringe filter packed with the NH2-MIL-
101(Cr)/SBA as sorbent at a flow rate of 4 mL/min. Following sample
loading, the syringe filter was rinsed with 1 mL of ultrapure water. The
pesticides retained on the sorbent (NH2-MIL-101(Cr)/SBA) were sub-
sequently eluted using 0.22 mL of an elution solvent mixture (80 %
methanol and 20 % acetonitrile) applied via a 1-mL medical syringe at a
flow rate of 1.5 mL/min. Finally, 20.0 pL of the eluate was injected for
HPLC analysis.

2.6. Influencing factors and responses

Key variables influencing the efficiency of the syringe filter-SPE
procedure were identified based on an extensive review of relevant
literature [1-3]. Based on this, three continuous variables—sample so-
lution volume, desorption solvent volume, and pH—along with one
categorical variable—type of desorption solvent—were selected for
further optimization.

To explore the effects of these parameters and their interactions,
experiments were systematically planned using Design-Expert version
13.0. A Central Composite Design (CCD) approach was employed to
optimize the selected factors and maximize extraction performance. For
response evaluation, the combined peak areas of the four target com-
pounds, as measured by HPLC, were used as the experimental response
variable.

3. Results and discussion
3.1. Characterization

3.1.1. Evaluation and interpretation of FT-IR spectra

Fig. S1 presents the FT-IR spectra of Cr-MOF/GO, Cr-MOF/SBA-15,
pristine Cr-MOF, and GO. In the spectrum of Cr-MOF, characteristic
absorption bands appear at 3459 cm ™! and 3372 cm ™!, corresponding to
the N—H stretching vibrations of the amine group attached to the aro-
matic ring [23]. Peaks at 1576 em ! and 1116 ecm ™! are attributed to
C—C and C—H stretching within the benzene rings [24,25]. Addition-
ally, 0-C-O asymmetric stretching is observed at 1432 cm ™! and 1392
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cm™ !, while the bands at 1260 cm™! and 768 cm ™! are related to C—N
stretching and vibrations of di-substituted aromatic rings, respectively.
The band near 598 cm™! indicates Cr—O symmetric stretching, con-
firming the presence of metal-ligand coordination [26].

The absence of strong signals between 1680 and 1720 cm ™" suggests
that the carboxyl (-COOH) groups in 2-aminoterephthalic acid are
effectively coordinated with chromium ions, integrating into the MOF
framework. For Cr-MOF/SBA-15, the appearance of an additional band
at 1090 cm ! corresponds to the Si-O-Si stretching vibration, charac-
teristic of the silica structure [27].

In the GO spectrum, weak absorption bands at 1728 cm’l, 1634
em ™}, and 3435 cm ™! are attributed to C—=0 stretching, C—C vibrations
within the carbon framework, and -OH stretching from surface-
adsorbed water, respectively [28]. The FT-IR profile of Cr-MOF/GO
confirms successful nanocomposite formation, showing all the distinc-
tive peaks of Cr-MOF with overlapping features from GO, indicating
effective integration of the two components.

3.1.2. Brunauer-Emmett-teller (BET) analysis

The surface area, pore size distribution, porosity type, and total pore
volume of the synthesized MOF and its nanocomposites were charac-
terized by nitrogen adsorption—desorption isotherm measurements at
77 K. Before analysis, all samples were subjected to vacuum heating at
temperatures exceeding 200 °C for 6 h to eliminate any residual mole-
cules trapped inside the pores. The nitrogen adsorption-desorption
isotherms obtained (shown in Fig. S2) reveal that each sample exhibits a
type I isotherm, indicative of microporous materials [29].

Of particular interest, the isotherms for Cr-MOF show two distinct
secondary adsorption steps around relative pressures (P/Po) of 0.1 and
0.2, which are possibly related to micropore window effects. The BET
method was applied to quantify the specific surface areas and pore
features, with detailed results presented in Table S1. The calculated
average pore diameters confirm that both Cr-MOF and its nano-
composites have predominantly mesoporous structures [27].

It was observed that the Cr-MOF/GO and Cr-MOF/SBA composites
exhibit reduced surface areas and total pore volumes compared to the
original Cr-MOF. This decrease is likely due to the deposition of GO and
SBA nanostructures on and within the Cr-MOF framework, partially
blocking or filling some pores [25,30]. Despite this reduction, these
composites maintain sufficiently high surface areas, making them
promising candidates for the adsorption of organic contaminants.

3.1.3. XRD analysis

Fig. S3 shows the XRD spectra for Cr-MOF, GO, SBA, and their
nanocomposites across the 20 range of 5° to 50°. The Cr-MOF sample
displays characteristic diffraction peaks at 9.04°, 16.7°, 24.9°, and
42.31°, matching well with previously published data [29,31]. In the Cr-
MOF/SBA composite, besides the original Cr-MOF reflections, a distinct
peak appears at 24.5°, which corresponds to the (002) plane of SBA
[27]. Meanwhile, the Cr-MOF/GO nanocomposite exhibits an additional
peak at 10.3°, associated with the (001) plane of graphene oxide [32].
The lack of any other unexpected peaks in the patterns confirms that
both composites, Cr-MOF/SBA and Cr-MOF/GO, are free from signifi-
cant crystalline contaminants.

3.1.4. TGA analysis

The thermal stability of the synthesized Cr-MOF, Cr-MOF/GO, and
Cr-MOF/SBA Nano composites was investigated using TGA, with the
resulting thermograms shown in Fig. S4. For Cr-MOF, the thermograms
reveal an initial mass loss of 5.5 % between 30 and 175 °C, which is
attributed to the loss of free guest water. A subsequent mass loss of 15.2
% occurs between 175 and 285 °C due to the loss of —OH groups and
coordinated water molecules [33]. The most significant mass loss (about
51 %) occurs between 285 and 420 °C, which might be due to the
thermal decomposition of 2-aminoterephthalates. At 700 °C, the resid-
ual mass is 28.3 % of the original weight, corresponding to chromium
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Fig. 1. SEM images of a) Cr-MOF, b) Cr-MOF/GO and c) Cr-MOF/SBA.

oxide. The TGA curve of Cr-MOF/GO nanocomposite shows an addi-
tional thermal event [34]. In this cae, a 10.4 % weight loss is observed
between 420 and 700 °C, which is likely due to the gradual thermal
degradation of GO in the nanocomposite. The thermogram of the Cr-
MOF/SBA nanocomposite is similar to that of Cr-MOF, but with a
higher residual mass of 38.1 % at 700 °C. This increased residual mass
(9.8 % more than Cr-MOF) is attributed to the presence of stable SBA
nanostructures within the Cr-MOF/SBA mixture. Overall, the TGA
measurements indicate that the synthesized Cr-MOF and the produced
nanocomposites are thermally stable up to temperatures of 280 °C.
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3.1.5. SEM investigation

SEM was used to examine the morphology of the synthesized Cr-MOF
and nanocomposites. Fig. 1a shows the SEM image of Cr-MOF, revealing
quasi-spherical particles with diameters of approximately 30-80 nm,
which aggregate into clusters with diameters ranging from 100 to 400
nm. Fig. 1b shows the SEM image of Cr-MOF/GO nanocomposite, where
several GO sheets are distributed among the Cr-MOF crystals, indicating
the presence of GO layers within the composite.

In Fig. 1c, the SEM image of the Cr-MOF/SBA nanocomposite shows
Cr-MOF particles alongside SBA particles, which appear as intertwined
filamentous tubes. The MOF particles are observed on the surface of
these SBA structures.

3.2. Optimization by central composite design

A central composite design was employed for three numerical factors
and one categorical factor. The main advantages of a CCD are its ability
to efficiently fit a second-order polynomial model to capture nonlinear
relationships and curvature, its flexibility in accommodating different
numbers of factors, its efficiency in providing significant information on
main effects, interactions, and quadratic terms with fewer runs than a
full factorial design method. For the three numerical factors (extraction
volumes, sample volume and pH) five levels (+1, —1, center point,
~+alpha and —alpha) were used, resulting in a complete design with 20
experimental points. This design includes 2 (2% = 8) factor points, 2n (2
x 3 = 6) axial points, 6 center points (six replicates) to optimize the
values of these factors. The repetitions were done to minimize noise
during actual experiments. The categorical factor (solvent type) had
three levels (Methanol, Ethanol and ACN + Methanol). Incorporating
the categorical factor into the optimization, multiplied the existing runs,
leading to 60 runs. The selected parameter units and levels are shown in
Table S2 all experiments were randomized. The experimental conditions
and their outcomes are presented in Table S3. Analysis of variance
(ANOVA) was performed on all the responses in the design to evaluate
the statistical significance of the constructed models.

The results of the ANOVA for the developed models are presented in
Tables S3-S6. Table S4, shows the ANOVA results for the proposed
model for Imidacloprid (Rs1). The Model F-value of 623.45 indicates
that the model is significant. In this case extraction volumes, sample
volume, pH, type of solvent, and their interactions are significant model
terms. Conversely, values greater than 0.050 indicate that the model
terms are not significant. Additionally, the “Lack of Fit (LOF) F-value” of
2.1 shows that the LOF is not significant relative to the pure error.

For acetamiprid (Rs2), the variance analysis is shown in Table S5.
Similar to imidacloprid (Rs1), the fitted model for acetamiprid (Rs2) is
significance. The LOF F-value” of 1.38 indicates that the LOF is not
significant. In this case, nearly all input variables have an influence on
the acetamiprid response obtained by the regression model.

The variance analysis by ANOVA for carbendazim (Rs3) is shown in
Table S6. The results showed that the proposed model is significant, and
the LOF is not significant.

Table S7 presents the ANOVA results for the proposed model of
thiacloprid (Rs4). The analysis reveals that the model is significant, and
the LOF is not significant, suggesting a good fit to the data.

The most influential input variables in the regression model for
thiacloprid response are extraction volume, sample volume, pH, and
solvent type. This indicates that these variables significantly impact the
thiacloprid response. Table S8 presents the statistical parameters ob-
tained from ANOVA for the reduced models. In this case, both R? and
adjusted R? values are greater than 0.99, indicating a very high level of
model fit [35].

The adequate precision value measures the ‘signal (response) to
noise (deviation) ratio’, with a ratio greater than 4 being desirable. In
this study, the ratio ranged from 99.72 to 270.33, indicating strong
signal and confirming that the model is significant for the extraction
process.
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RI1:

Fig. 2. Three-dimensional (3D) response surface for Imidacloprid (Rs1), Acetamiprid (Rs2), Carbendazim (Rs3) and Thiacloprid (Rs4).
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Table 1.
The comparison of experimental and predictive of different objective functions under optimal conditions.
Optimum conditions Sample Volume (mL) Solvent Volume pH Solvent type Rs; Rsy Rs3 Rsy
(mL)
Desired value 34.7 0.22 7.25 ACN + Methanol
Experimental 478,762 1,074,826 3598 1,194,083
Predictive 472,438 1,059,261 3595 1,210,063
% error -1.3 -1.4 —0.08 1.3
800000
700000
600000 ® Imidacloprid
o 500000 = Acetamiprid
% 1 Carbendazim
b 400000 Thiacloprid
53
A4 300000
200000
100000 H I I
P [ l
GO SBA SBA/NH2-MIL 101 NH2-MIL101 GO/NH2-MIL 101

Fig. 3. Effects of adsorbent type on the extraction efficiencies of pesticides. Experimental condition: sample volume, 35.0 mL; flow rate of sample, 4.0 mL/min;

desorption solvent, 0.22 mL ACN + methanol.

3.2.1. Response surface methodology

Design of experiment was employed to maximize the response for
imidacloprid (Rsl), acetamiprid (Rs2), carbendazim (Rs3) and thiaclo-
prid (Rs4). This approach helps to visualize the relationship between the
responses and the experimental levels of each factor. The 3D response
surface plots provide insights into the interaction between variables and
their effect on the final model response. Fig. 2 displays the response
surface plots as functions of two factors at a time, with all other factors
held constant.

As shown in Fig. 2, the maximum extraction efficiency was achieved
at a pH of around 7.5 for all the studied pesticides. To further investigate
the effect of pH, the zeta potential of the synthesized adsorbents was
measured at different pH values, and the results are presented in Fig. S5.
As indicated, Cr-MOF and its nanocomposites exhibit a net positive
charge at pH values below 7.5, a net negative charge above pH 8, and
approximately zero net charge between 7.5 and 8. This behavior can be
attributed to the formation of carboxylates under alkaline conditions
and ammonium groups under acidic conditions in the linkers. Since the
analytes are nonionic compounds, neutral pH values result in better
extraction performance.

In addition, when the solvent volume was increased by 0.25 mL, a
slight increase in the peak areas of the extracted pesticides was
observed. However, further increases beyond 0.25 mL led to a decline in
peak areas, which can be attributed to the limited adsorption capacity of
the sorbent for each analyte. Consequently, additional solvent caused
dilution of the analytes, resulting in smaller peaks. Therefore, 0.25 mL
was selected as the optimal solvent volume for desorbing the target
analytes from NH2-MIL-101(Cr)-SBA. As shown in Fig. 2, increasing the
sample volume led to an increase in the peak areas of the extracted
pesticides. This is expected, as a larger sample volume provides a higher
amount of analyte available for adsorption or extraction.

The maximum responses were achieved with a sample volume of
34.7 mL, a solvent volume of 0.25 mL, a pH of 7.25 and a solvent mixture
of acetonitrile and methanol. The individual response values corre-
sponding to these optimized factors, for the four responses are presented
in Table 1. The desirability obtained from the fitting is highly accept-
able, given the simultaneous optimization of multiple responses. The
suggested values were experimentally validated, and the agreement

'S

w
n

mImidacloprid m Acetamiprid

%

= Carbendazim

NH2-MIL101

Thiacloprid

GO/NH2-MIL101

25

2
15
1
0.5
0

SBA/NH2-MIL101

Adsorption capacity (mg/g)

Fig. 4. Effect of adsorbent type on adsorbent capacity.

between experimental and predicted responses, including the percent-
age errors, is shown in Table 1. As can be seen, there is a good agreement
between the experimental and predicted responses.

3.3. Material selection

Adsorption and desorption phenomena are two main practical fac-
tors that can impact the extraction efficiency of sorbent in SPE. The
extraction efficiency of each of the synthesized composites and their
components (GO, SBA, NH,-MIL-101(Cr), NH2-MIL-101(Cr)/GO and
NH,-MIL-101(Cr)/SBA) for the target pesticides was evaluated and the
results are shown in Fig. 3. It was found that the extraction efficiency of
NH,-MIL101(Cr)-SBA was higher than that of NH»-MIL-101(Cr) and the
extraction efficiency of NH,-MIL-101(Cr) was also higher than that of
NH>-MIL-101(Cr)/GO. NH,-MIL-101(Cr) possesses valuable features
such as a stable chemical structure, uniformly distributed pores with
diameters greater than 4 nm, a remarkable surface area, and the pres-
ence of various functional groups, including carboxylate, phenyl, and
amine moieties in its linker. These characteristics enhance the adsorp-
tion of organic analytes containing electronegative heteroatoms and
aromatic rings. Therefore, when combined with other nanostructures
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Table 2.
Method analytical performance of the target pesticides for river water.c, d
Sample compounds LOD (pg/L) LOQ (pg/L) LR (pg/L) r? RSD%? intra-day ME%" EF
inter-day
Imidacloprid 0.15 0.5 0.5-400.0 0.995 3.6 4.3 98 73
River water Acetamiprid 0.07 0.25 0.25-300.0 0.995 2.8 3.7 100 129
Carbendazim 0.6 2.0 2.0-800.0 0.995 3.9 5.0 97 84
Thiacloprid 0.1 0.3 0.3-350.0 0.995 3.2 3.9 100 108

¢ RSDs, intra-day (n = 5) and inter-day within 3 days, 10.0 pg/L for water samples.

4 matrix effect = 10.0 ug/L for water samples.
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Fig. 5. HPLC-UV Chromatograms obtained in (A) river water (for detection
wavelength 240 nm), (B) river water (for detection wavelength 280 nm); blank,
0.5, 2.0, 10.0 and 25.0 pg/L spiked concentration. 1. Imidacloprid; 2. Acet-
amiprid; 3. Carbendazim; 4. Thiacloprid.

such as SBA, NH,-MIL-101(Cr) can provide improved adsorption per-
formance for such analytes.

Hence, adsorption capacities of synthesized MOF and their nano-
composites were investigated, and the results are presented in Fig. 4.
The obtained results demonstrated that SBA/MOF had a higher

Table 3

adsorption capacity than other adsorbents which was attributed to the
synergistic effect of n-n interactions (between the benzene rings inside
the pores of MOF and unsaturated bounds of pesticides), hydrogen
bonding (between surface hydroxyls of SBA as HB donor and pesticides
molecules as HB acceptor) and electrostatic attractions between nano-
composite and polar pesticides. The GO/MOF nanocomposite has a
fewer surface hydroxyls groups than SBA/MOF sorbent and conse-
quently has a lower adsorption capacity. But due to having flat benzene
rings in the flexible structure of GO, it has a higher adsorption capacity
than NH,-MIL-101(Cr) MOF (Fig. 3). Additionally, due to having planar
benzene rings in the flexible structure of GO and the formation of
stronger 7-n interactions, GO/MOF has a higher adsorption capacity
than NH»-MIL-101(Cr) MOF, but it has a lower desorption and conse-
quently lowest amount of extraction (Fig. 4).

3.4. Method validation

The effectiveness of the syringe filter-SPE approach, employing the
NH,-MIL-101(Cr)/SBA composite as the adsorbent, was systematically
assessed for the extraction of four pesticides: imidacloprid, acetamiprid,
carbendazim, and thiacloprid. Key analytical parameters such as
detection limits (LOD), quantification limits (LOQ), linear range, cor-
relation coefficients (Rz), matrix effect percentages (ME%), enrichment
factors (EFs), and precision expressed via relative standard deviations
(RSDs) within and across days were thoroughly evaluated (see Table 2).

The procedure exhibited broad calibration ranges, spanning from 0.5
to 400 pg/L for imidacloprid, 0.25 to 300 pg/L for acetamiprid, 2 to 800
ug/L for carbendazim, and 0.3 to 350 pg/L for thiacloprid. All analytes
showed excellent linearity with correlation coefficients nearing 0.995.
Limits of detection, defined by a signal-to-noise ratio of 3, were 0.15 pug/
L (imidacloprid), 0.07 pg/L (acetamiprid), 0.6 pg/L (carbendazim), and
0.1 pg/L (thiacloprid). Quantification thresholds, set at an S/N of 10,
were determined as 0.5, 0.25, 2.0, and 0.3 pg/L, respectively. The
method demonstrated robust repeatability, with intra-day RSDs ranging
between 2.8 % and 3.9 % (n = 5) and inter-day RSDs falling between 3.7
% and 5.0 % (n = 3). Enrichment factors, reflecting the concentration
amplification achieved by the sorbent relative to the original aqueous
sample, were calculated to be 73 for imidacloprid, 129 for acetamiprid,
84 for carbendazim, and 108 for thiacloprid.

Application of the nanocomposite as sorbent to determination of target pesticides in real samples.

River water

Imidacloprid Acetamiprid Carbendazim Thiacloprid
Added (pg/L) 0 2.0 6.0 40.0 0 2.0 6.0 40.0 0 2.0 6.0 40.0 0 2.0 6.0 40.0
Found (pg/L) - 1.9 5.8 41.0 - 2.1 6.0 40.4 - 1.8 5.7 39.0 - 2.0 5.9 39.7
RR% - 95.0 96.6 102.5 - 105.0 100.0 101.0 - 90.0 95.0 97.5 - 100.0 98.3 99.2
Well water
Added(pg/L) 0 2.0 6.0 40.0 0 2.0 6.0 40.0 0 2.0 6.0 40.0 0 2.0 6.0 40.0
Found (pg/L) - 1.9 5.9 40.6 - 2.1 6.1 39.5 - 1.8 5.8 39.7 - 1.9 6.0 40.0
RR% - 95.0 98.3 101.5 - 105.0 101.6 98.7 - 90.0 96.6 99.2 - 95.0 100.0 100.0
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Comparison of the current method with other reported techniques for pesticides analysis.

Method Adsorbent Analyte sample LOD R% LR RSD Solvent (mL) Ref
ng/L % ug/L %
SPE- (MIL-53(AD) Elljiz(r’:el::](ig::rf Szlothianidin environmental Acetonitrile
HPLC- @cellulose .. L L 1.0-1.6 81-114 3-500 3.6-5.6 [8]
imidacloprid, acetamiprid, and ~ water (1 mL)
DAD paper . .
thiacloprid
MSPE/ (Neonicotinoids) dinotefuran,
(HPLC- MOF-199/ thiamethoxam, clothianidin, Environmental 1.5to -
MS/ Fe304 acetamiprid, nitenpyram, water 0.3-1.5 88.010107.0  2-800 11.6 Acetone 135]
MS) imidacloprid and thiacloprid
DspE/ iﬂi:::iﬁ::;s Szlothianidin Environmental 2.4 and
(HPLC-  MOF- UIO-66 P S 0.02-0.4 73.7-119.0, 10-500 . Acetone [36]
acetamiprid, imidacloprid and water 17.1
MS . .
thiacloprid
SPE (Neonicotinoids)
i (ZIF-8) MOF thiamethoxam, clothianidin, River water and 0.019 to MeOH:H20
}Diilbc_ with AuNPs acetamiprid, imidacloprid and agave syrup 0.041 80 and 110 1-5000 <10 (60:40, v:v) 1371
thiacloprid
(UA-
MIL-101 (Cr)- T - . .
MSPE) NH2 (MGO/ (Neonlc'otmolds.) Acetamiprid Fruit and water 0.022-0.019 82.13 to 0.064-3500 3.93-8.50 ethylamine/ [38]
-HPLC- and Imidacloprid sample 102.27 ethanol
MIL)
DAD
MSPE- (Neonicotinoids) (acetamiprid,
mprc.  (MOPCZSMIS) i dacloprid, thiacloprid and  Water and peanut o, ) o 96.74-112.4  0.5-1000 5.2-7.4 acetonitrile [39]
sorbent . milk samples
uv thiamethoxam
SPE/ NH2-MIL101 (Neonicotinoids) acetamiprid, ggt\?anol: This
HPLC- . Imidacloprid, carbendazim and River water 0.07-0.15 90-105 0.25-800 2.8-5.0
(Cr)-SBA-15 . X (20:80) study
PDA thiacloprid 0.22

3.5. Selectivity and matrix effect

The selectivity of the proposed method was examined by evaluating
possible interference from substances likely to be present with the target
pesticides, following FDA validation guidelines [29]. As depicted in
Fig. 5, analysis of pesticide-free river water revealed no significant peaks
that could interfere, confirming excellent selectivity and clear chro-
matographic separation of the pesticides (Fig. 3B). In addition, the
impact of sample matrix on the analytical signal, known as the matrix
effect (ME%), was investigated by comparing measurements from
samples before and after spiking with analytes. The matrix effect was
calculated using the formula below [27]:

ME% = 452 % 100.

where As, An, and Aw correspond to the peak area of the analyte in
the spiked, non-spiked samples, and spiked ultra-pure water, respec-
tively. As shown in Table 2, the proposed method does not experience
significant matrix effects when analyzing the studied pesticides in real
samples.

3.6. Real sample analysis

The proposed method was applied to analyze four pesticides in two
different water samples, river water and well water, to evaluate its
effectiveness for real-world applications. The results are summarized in
Table 3. The real samples were spiked with target pesticides at con-
centration levels ranging from 1.0 to 40.0 pg/L and HPLC-PDA analysis
was conducted to examine the method accuracy. The recoveries, which
ranged from 95 % to 105 % confirms the method’s reliability for
pesticide detection in water samples (Table 2). The HPLC-PDA chro-
matograms obtained are displayed in Fig. 5.

4. Comparison study

Table 4 provides a comparative overview of the newly developed
syringe filter-SPE against various existing SPE techniques for extracting
and analyzing neonicotinoid insecticides. The new approach

demonstrated lower relative standard deviations (RSDs) than most other
methods, indicating enhanced precision. Additionally, its limits of
detection (LODs) were comparable with or better than those reported by
alternative procedures. These results suggest that the NH2-MIL101(Cr)-
SBA-15 sorbent-based syringe filter-SPE is a reliable, accurate, and
reproducible technique suitable for concentrating and measuring
neonicotinoid insecticides across different sample matrices.

5. Conclusion

This study presents the development and application of a novel
nanocomposite, SBA/NH.-MIL-101(Cr), as a high-performance metal-
organic framework for the selective extraction and quantification of four
pesticides from environmental water samples using a syringe filter-
based solid-phase extraction (SPE) approach. The NH.-MIL-101(Cr)
component exhibited excellent affinity for the target pesticides and
operated efficiently in the SPE setup without causing back pressure.
Incorporating SBA into the composite significantly enhanced its
adsorption capacity. Integrating the composite into a syringe filter de-
vice enabled rapid extractions and markedly lowered the limits of
quantification (LOQs), offering practical advantages for processing
larger sample volumes. The method demonstrated strong reproduc-
ibility and achieved low detection thresholds for all four analytes.
Furthermore, the use of SBA/NH2-MIL-101(Cr) minimized solvent con-
sumption while improving the extraction efficiency, especially for more
hydrophobic pesticides. However, one of the disadvantages that can be
mentioned in this work is that the volume of desorbtion solvent cannot
be reduced below the optimum volume (220 pL) due to the high volume
and surface of the commercially syringe filters. Whereas, if smaller fil-
ters are made, both solvent and adsorbent consumption can be reduced
and the enrichment factor can be increased. This work suggests that the
proposed technique holds significant promise for future trace-level
analysis of a broader range of pesticides and organic contaminants in
complex environmental matrices.
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