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Imidacloprid (IMI) is increasingly prevalent in different environmental segments and has emerged as
a possible threat to the ecosystem and human health. Therefore, a sustainable, effective, and eco-
friendly approach is necessary for IMI detection. This study reports a new Cr-MOF/polymer composite
for the detection of IMI in fish using the dispersive solid-phase microextraction method. This Cr-MOF/
polymer composite was synthesized by combining a Cr-MOF with functional monomers, including
acrylonitrile and vinyl acetate, to improve the selective absorption of IMI from complex fish sample
matrixes. The Cr-MOF/polymer composite was well characterized through SEM, BET analysis, FTIR
analysis, and TGA. Kinetics and isotherm analyses suggested that the sorbent's adsorption performance
was due to H-bonding. Adsorption data fitted well with the Freundlich model (R = 0.991), indicating
physisorption, following pseudo-first-order kinetics (x> = 1.86, R> = 0.996). The LOD and LOQ for IMI in
fish samples determined through HPLC were 0.004 and 0.012 pg g%, respectively. Reusability tests
confirmed that the Cr-MOF/polymer composite could be used for over six consecutive cycles. These
findings underscore the practical importance of the developed composite in environmental monitoring
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1. Introduction

Aquatic products, which are significant food sources, are gain-
ing increasing attention because of their positive health bene-
fits and ability to prevent chronic diseases." However, ensuring
hygienic safety remains challenging owing to risks of spoilage,
persistent pollutants, and lipid oxidation.>®* The world has
switched to natural alternatives, such as essential oils and plant
extracts, which can provide antioxidants and antimicrobial
agents and offer extended shelf life, thereby addressing safety
and health concerns in the aquatic food industry.** The global
popularity of fish as a vital component of a healthy diet has
surged in recent decades, even in regions where fish is not
traditionally consumed.® Seafood, rich in long-chain n-3 poly-
unsaturated fatty acids, iodine, selenium, and vitamins (A and
D), provides significant health benefits.” Numerous anthropo-
genic activities lead to the release of different contaminants
into aquatic ecosystems, endangering aquatic life, degrading
environmental quality, and making water bodies unfit for
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and enhancing food safety to safeguard public health.

human consumption.®*** However, persistent organic pollut-
ants, particularly pesticides in aquatic products, are threatening
to human and animal life."* These environmental residues can
potentially concentrate in fish muscle tissues and can cause
endocrine disruptions, neurotoxicity, and cancer.> Pesticides
are frequently utilized to control pests to increase crop yields,
but their unmanaged use may lead to contamination of the
ecosystem.” Runoff water from pesticide-treated crops
contaminates rivers and seas, contributing to the bio-
accumulation of harmful substances in aquatic organisms.™
Imidacloprid (IMI), a neonicotinoid insecticide, primarily
targets sucking insects, like aphids and whiteflies, by disrupting
their nervous systems through selective binding to nicotinic
acetylcholine receptors.” IMI can penetrate plant tissues and
potentially contaminate water systems through runoff, leading to
bioaccumulation in diverse aquatic organisms, including fish.*
Pesticides can accumulate in fish and then enter the food chain,
ultimately causing severe health impacts in humans. For
instance, exposure to pesticides has been associated with endo-
crine disruption, obesity, cancer, and other illnesses in humans."”
Currently, diverse instrumental approaches, including high
performance liquid chromatography (HPLC),”® tandem tech-
niques, such as HPLC-tandem mass spectrometry (HPLC-MS/
MS),* and gas chromatography-tandem mass spectrometry (GC-
MS/MS)* have been reported* for the investigation of IMI in
various matrixes. However, the fate of IMI analysis heavily relies
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on the extraction and preconcentration of IMI residues in highly
complex matrixes, such as fruits, vegetables, and the tissues of
animals.”> To improve the selectivity and accuracy of these
chromatographic techniques, the extraction and preconcentra-
tion of targets are usually executed through physical adsorption
owing to its several attributes in terms of simplicity and conve-
nience,.” This flexible method allows for quick separation with
little sample preparation, making the overall process more effi-
cient. Also, the ability to reuse adsorbent materials helps with
sustainability, and its scalability ensures that it can be deployed
for different analytical needs.** The extraction of IMI residues
directly from fish parts is difficult because of its complex matrix
effect and low concentration. Consequently, an accurate and
reliable method for the preparation of samples could assist in
resolving the aforementioned issues. Various methods, including
solid-phase extraction (SPE), solid-phase microextraction (SPME),
magnetic solid-phase extraction (MSPE), and Quick, Easy, Cheap,
Effective, Rugged, Safe (QUEChERS) have been deployed for IMI
preconcentration and its subsequent analytical detection.**>®
Dispersive solid-phase microextraction (DSPME) has gained
much attention due to its several benefits, including easy to
operate, no restriction on adsorbent conditioning, and enhanced
target adsorption on the sorbent surface. In recent years, for the
adsorption of IMI residues, a wide range of synthetic and/or
commercial adsorbents have been proposed, including resor-
cinol formaldehyde carbon cryogel,” multi-walled carbon nano-
tubes,”® polymers,” magnetic nanoparticles,*® agro-waste bio-
sorbents,* and magnetic three dimensional graphene,* as well
as metal-organic frameworks (MOFs).** Among these sorbents,
MOFs have gained significant interest owing to their large surface
area, porous structure, tunability, easy modification, and excep-
tional mechanical and thermal stability.** The solvothermal
approach is preferred in MOF synthesis due to the fact that the
reactions are conducted in sealed vessels at higher temperatures
and pressures, resulting in a better solubility of the reactants and
the formation of homogenous MOF crystals with large surface
areas and porosity.

However, the combination of MOFs with appropriate
imprinting polymers can further enhance these properties by
improving the material's interaction with specific target mole-
cules, thereby optimizing separation processes and increasing
the overall efficiency.*®

This study was focused on developing a chromium (Cr)-
MOF/polymer composite for the detection of IMI in fish using
DSPME. To the best of our knowledge, no such study has been
previously reported. DSPME was selected based on its notable
extraction efficiency and minimal sample solution consump-
tion. The Cr-MOF/polymer composite was characterized using
numerous well-known analytical techniques, including Fourier
transform infrared spectroscopy (FTIR), thermogravimetric
analysis (TGA), Brunauer-Emmett-Teller (BET), scanning elec-
tron microscopy (SEM) and energy-dispersive X-ray spectros-
copy (EDX). Comprehensive optimization of various
experimental variables, such as the concentration of IMI, pH,
time of contact, and dose of sorbent, was achieved through
batch adsorption studies, ensuring the effectiveness of the
suggested approach for IMI estimation in fish. This study aimed
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to help improve the quality control and quality assurance
management of food to ensure high-quality food standards
through the efficient detection of IMI in food samples.

2. Materials and methods

2.1. Chemicals and reagents

Acetonitrile (99.9%) was obtained from Riedel-deHaén (Ger-
many). The monomer vinyl acetate (99.9%) and initiator
benzoyl peroxide (99%) were purchased from Daejung (Korea).
Ethylene glycol methacrylate (>98%) and acrylonitrile (>99.5%)
were obtained from Merck (Germany). Terephthalic acid (98%)
and chromium nitrate (98%) were purchased from Duksan
(Korea).

2.2. Synthesis of Cr-MOF

Cr-MOF was synthesized using the solvothermal method.*® In
brief, a mixture of chromium nitrate (12.03 g) and terephthalic
acid (4.92 g) was combined with DMF (20 mL) in a glass beaker.
The mixture was sonicated for 20 min, then transferred into an
autoclave and placed in a furnace at 150 °C for 18 h. After that,
the mixture was allowed to cool at room temperature, and light
greenish precipitates were obtained after centrifuging at
4000 rpm for 15 min. The obtained product was then washed
with DMF through sonication for 10 min. Finally, the material
was dried to yield a greenish powder.

2.3. Synthesis of the Cr-MOF/polymer composite

The Cr-MOF/polymer composite was prepared using a thermal
polymerization method. Briefly, acrylonitrile (0.53 mL) and
vinyl acetate (0.83 mL) were mixed with 1.69 mL of the cross-
linker ethylene glycol dimethacrylate (EGDMA) and 90 mg of the
previously prepared Cr-MOF. This mixture was dissolved in
20 mL acetonitrile in a flask and subsequently 0.10 g of the
initiator benzoyl peroxide was added. The resulting mixture was
then sonicated for 5 min in a water bath while nitrogen gas was
continuously purged for an additional 15 min. After sealing the
flask tightly, the solution mixture was heated at 80 °C for 1 day,
resulting in the formation of a cloudy solid polymer. After the
complete reaction, the polymer product was washed with
deionized H,O and then dried in an oven at 100 °C for 1 h.

2.4. Characterization of the Cr-MOF/polymer composite

FTIR spectra of the Cr-MOF and Cr-MOF/polymer composite
were measured in the scanning range of 4000-500 cm ™' using
a Bruker Alpha II FTIR spectrometer (IFS 125HR FTIR, Ger-
many) equipped with a single reflection diamond automated
refractometer (ATR) module. The IMI concentration was
assessed by measuring its absorbance at 270 nm with a Shi-
madzu UV-800ENG240V SOFT spectrophotometer. The surface
morphology of the samples was observed using scanning elec-
tron microscopy (JEOL, JSM 5910 Japan), while energy-
dispersive X-ray spectroscopy (EDX) was used to examine the
sample's elemental composition. For sample preparation, gold
sputtering was performed under vacuum (~10"° Torr) using
a JEOL JFC-1000E ion sputter coater. The samples (Cr-MOF and

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Cr-MOF/polymer composite) were coated at 15 kv for 200 s to
provide a conductive layer suitable for EDX analysis. The
thermal stability of both samples was evaluated under a N,
environment using a TGA unit (STA 8000, PerkinElmer, USA).
For chromatographic analysis, an Agilent 1100 liquid chro-
matograph, fitted with a heated column compartment, a diode
array detector, and a workstation from LC, was used. Brunauer—
Emmett-Teller (BET) surface area analysis and nitrogen
adsorption—-desorption isotherms were obtained using
a Quanta-chrome Instruments 2000-12 system, version 5.1, in
the pressure range of 0.0658629-0.466542, at 77.3 K to examine
the surface area and pore distribution. For all the analyses,
50 mg of each dried Cr-MOF and Cr-MOF/polymer composite
sample was degassed under a nitrogen flow prior to
measurement.

2.5. Determination of the point of zero charge (pHpzc)

The point of zero charge (pHpzc) refers to the pH at which the
surface of an adsorbent carries no net electrical charge,
meaning the number of positive and negative charges on the
surface are equal. To determine the pHpzc of the Cr-MOF/
polymer composite, the mass titration method was employed.
In the analysis, 13 separate flasks, each containing 50 mL of
0.5 M NacCl solution, were used. To each flask, 40 mg of the Cr-
MOF/polymer composite was added. The pH of these suspen-
sions was carefully adjusted to values ranging from 1 to 13 using
0.1 M solutions of NaOH and HCI. The samples were then
shaken continuously on an orbital shaker for 24 h to attain
equilibrium.

After equilibration, the suspensions were filtered, and the
final pH of each filtrate was measured using a benchtop pH
meter (HI-2211, Hanna Instruments, UK). A graph of the initial
pH versus final pH was plotted to find out the pHpzc, which was
the point at which the initial pH and ApH overlapped each
other and the adsorbent must be neutral at this pH.%’

2.6. Batch adsorption studies

The IMI sample's absorbance was measured using a Shimadzu
UV-800ENG240V SOFT spectrophotometer between 200 and
400 nm, with the maximum absorbance at 270 nm for deter-
mining the IMI concentration. In the adsorption experiments,
50 mg of Cr-MOF/polymer composite was added in to 50 mL IMI
standard solution (50 mg L") in test tubes, followed by soni-
cation for 10 min. Aliquots were taken at varying time intervals
(5-40 min) in order to calculate the binding capacity. Addi-
tionally, a series of standard IMI solutions were prepared that
ranged in concentration from 10 to 100 mg L™, and adsorption
was performed at room temperature. After agitation for 30 min,
the solutions were filtered and analyzed using a UV-vis spec-
trophotometer, and their absorbance was noted. The binding
capacity was calculated using eqn (1).

(-

v 1)

qe =

where ¢g. is the binding capacity, C; and C; are the IMI's
respective initial and final concentrations in solution, V is the

© 2025 The Author(s). Published by the Royal Society of Chemistry

View Article Online

RSC Advances

solution volume, and M is the mass of the Cr-MOF/polymer
composite.

In the next step, 50 mg L™ " IMI solutions were prepared in
flasks with the pH value adjusted in the range from 3 to 10 using
0.1 M solutions of HCI and NaOH. Then, 50 mg Cr-MOF/
polymer composite was added to 10 mL IMI solution and
shaken on an orbital shaker for 20 min. Afterwards, the absor-
bance of the IMI solutions at different pH levels was measured
at 270 nm.

2.7. Performance of the Cr-MOF/polymer composite for the
adsorptive removal of imidacloprid from fish samples

Five samples of Rohu fish (Labeo rohita) of varying sizes with
lengths ranging from 44 to 58 cm and weights between 1.2 and
2.0 kg were bought from a local market in the vicinity of Multan
district, Punjab, Pakistan. The heads and tails were carefully
removed, and all the other parts of the fish were properly
cleaned. These cleaned fish were then minced into a uniform
mixture. The whole fish, excluding the heads, central bones,
and tails, were blended for 10 min in a Braun blender FP3010,
ensuring the sample was thoroughly homogenized. Next, 5.0 g
of the blended fish samples were weighed and transferred to
centrifuge tubes, which were then spiked at three distinct
concentrations: 1, 3, and 5 pg L™ " with standard IMI solutions.
The solution mixtures were then sonicated for 10 min followed
by centrifugation. The supernatant was collected, and subse-
quently, 50 mg Cr-MOF/polymer composite was added into each
one. The mixtures were allowed to stir for 30 min to facilitate
adsorption and then centrifuged for 3 min at 6000 rpm, to
separate the adsorbent from the rest of the solution.*®

To desorb the adsorbed IMI on the Cr-MOF/polymer
composite, 5 mL ethanol was introduced to the sorbent,
which was then agitated for 20 min. The desorbed IMI was then
analyzed using HPLC-DAD. The stationary phase of a Cig
column (5 pm, 250 x 4.6 mm, Agilent, USA) was utilized, while
the mobile phase consisted of a mixture of ACN and HPLC-
grade H,O (50:50 (v/v)), which was employed at a 0.8
mL min~" constant flow rate. The mobile phase pH was care-
fully shifted to 7.0 £ 0.2 using dilute 0.1 M solutions of HCI and
NaOH to ensure optimal separation and the accurate quantifi-
cation of IMIL.

The percentage recovery of the spiked samples was deter-
mined using eqn (2).

(Cfound - Creal)

% Recovery = Coora
aade:

x 100 2)

The % recovery indicates the efficiency of the Cr-MOF/
polymer composite in adsorbing imidacloprid (IMI) by
comparing the amount of IMI recovered after the adsorption
process to the amount that was initially added. In eqn (2), Ctound
refers to the concentration of IMI found in the sample after the
adsorption, Cie, is the real concentration of IMI originally
present in the sample, and C,qqeq is the amount of IMI that was
added for the recovery test. The difference between Cgoyng and
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Creal represents the amount of IMI successfully adsorbed by the
MOF-based sorbent.*®

2.8. Regeneration studies

A sorbent's cost-effectiveness is determined by its ability to be
reused in multiple extraction cycles without sacrificing its effi-
ciency.*” Regeneration experiments were performed to assess
the reusability of the Cr-MOF/polymer composite. For the first
cycle, 50 mg of the composite was dispersed into 35 mL IMI
standard solution (50 mg L™') at ambient temperature. The
resulting solution was agitated for 30 min at 100 rpm, and after
that the target pesticide concentration in the filtrate was
determined utilizing a UV-vis spectrophotometer. IMI was
quantified at its maximum absorption wavelength of 270 nm.
After adsorption, the Cr-MOF/polymer composite was recovered
through centrifugation, ensuring minimal sorbent loss, then
rinsed multiple times with ethanol and allowed to dry in an
oven at 70 °C. The obtained regenerated composite was reused
in each subsequent cycle. Six adsorption-desorption cycles were
performed to assess the composite's stability and efficiency
across multiple uses. In a similar manner, the regeneration
analyses were performed on fish samples following the proce-
dure outlined in Section 2.6, with an additional spiking step
using a 50 mg L™ solution.

3. Results and discussion

3.1. Adsorption mechanism

The effectiveness of adsorption techniques is strongly depen-
dent on the extent of the analyte-composite interaction. This
interaction is crucial for effectively separating and keeping the

NR
. a \
A:h'& % S >
é; .c’: ;‘:n ® Acrylonitrile
Ry oy, IEEEE——
. s L %‘. o
w;, & J\
oy S /\0
MOF Vinylacetate

Cr-MOF/polymer composite

Imidacloprid adsorbed on Cr-MOF/polymer composite ):)/\ /

View Article Online

Paper

target analytes from the highly challenging sample matrixes.**
In the present work, we successfully synthesized a Cr-MOF/
polymer composite with remarkable porosity and a high
specific surface area. Since the adsorption process involves the
interactions between the target pesticide and an adsorbent, this
necessitates by the presence of a certain functionality on an
adsorbent surface. To this end, the currently developed Cr-
MOF/polymer composite comprised functional monomers
that included acrylonitrile, vinyl acetate, and a crosslinking
agent (EGDMA).

The Cr-MOF with vinyl acetate contributes ester groups that
can form hydrogen bonds with the amino groups on IMI (Fig. 1),
additionally, the composite's high porosity and specific surface
areas provide ample sites for the physical adsorption of IMI
molecules.”

3.2. Characterization

3.2.1. FTIR analysis. FTIR spectra (Fig. 2) of both Cr-MOF
and Cr-MOF/polymer composite were acquired in the 4000-
500 cm ™' range. The FTIR analysis revealed distinct peaks
confirming the presence of various functional groups. The
prominent absorption peak at 1737 cm™ " confirmed the pres-
ence of the carbonyl group (C=O0), while the small peak at
3616 cm~ ' was assigned to the hydroxyl group. The peak at
1160 cm ™" was attributed to the CN group, while peaks for the
C-H stretching vibrations of CH; and unsaturated systems (sp>
hybridization) appeared at 2970 and 3041 cm ™', respectively. A
peak for stretching vibration due to the metal-oxygen bond
could be observed at 570 cm ™ 1.*** The peak at 2833 cm ™ * was
assigned to C-O, while the weak peak at 869 cm ™" represented
the vinyl group. The presence of these functional groups in the

Fig. 1 Schematic of the synthesis of Cr-MOF/polymer composite, and its interaction with IMI.
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Fig. 2 FTIR spectra of Cr-MOF and Cr-MOF/polymer composite.

Cr-MOF/polymer composite could facilitate IMI adsorption on
its surface.

3.2.2. SEM analysis. The Cr-MOF and Cr-MOF/polymer
composite morphologies were analyzed using SEM. The SEM
images (Fig. 3(a) and (b)) of Cr-MOF displayed irregular bead-
like structures clustered together, whereas the Cr-MOF/
polymer composite (Fig. 3(c) and (d)) consisted of spherical

8887 18 km CRL UOF
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particles with enhanced particle interactions toward the target
analyte due to the presence of surface functionalization in the
monomers.

3.2.3. EDX analysis. The EDX spectra of Cr-MOF and the Cr-
MOF/polymer composite (Fig. 4(a) and (b)) showed character-
istic peaks for carbon, oxygen, and chromium. The EDX spectra
of Cr-MOF displayed 53.81% carbon compared to the Cr-MOF/
polymer composite with 81.52%. The carbon content was
increased in the Cr-MOF/polymer composite due to the pres-
ence of acrylonitrile and vinyl acetate, confirming their
successful incorporation. Both oxygen and chromium were
detected in the Cr-MOF and the Cr-MOF/polymer composite,
indicating that these elements were integral components of
both materials.

3.2.4. Thermogravimetric analysis. The thermal sustain-
ability of the synthesized Cr-MOF and Cr-MOF/polymer
composite were evaluated using TGA under a nitrogen atmo-
sphere (Fig. 5(a) and (b)). The TGA of Cr-MOF showed a multi-
step weight loss, starting below 100 °C due to the removal of
adsorbed water followed by DMF release between 150 and 330 °©
C. Major degradation occurred from 330 to 450 °C with
decomposition of the organic linker (terephthalic acid), leading
to the framework collapse and leaving chromium oxide residue
above 450 °C. In contrast, the Cr-MOF/polymer composite
exhibited a single-step weight loss of about 73% between 400
and 450 °C, corresponding to degradation of the organic
components (acrylonitrile, vinyl acetate, and EGDMA). Unlike

CRL UOF

5 rhr

Ko, B88

Fig. 3 SEM images of Cr Cr-MOF (a) and (b) and Cr-MOF/polymer composite (c) and (d).
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Fig. 5 Thermal stabilities of Cr-MOF (a) and Cr-MOF/polymer composite (b).

Cr-MOF, the composite lacked early solvent loss stages, showing
a polymer-dominated thermal decomposition. This highlights
that Cr-MOF degraded gradually with ultimate framework
collapse, while the Cr-MOF/polymer composite underwent
a sharp, polymer-related weight loss at higher temperatures.
3.2.5. Nitrogen adsorption/desorption. An adsorbent's
surface area and pore size are crucial for its ability to retain
analytes. Fig. 6(a) and (b) show the N, adsorption-desorption
isotherms of Cr-MOF and the Cr-MOF/polymer composite,
indicating that the composite exhibited a large pore size and
volume relative to the pristine Cr-MOF. This increase may
possibly have occurred due to the presence of the polymeric part
in the composite, whose functional groups increased the
distance between the metal nodes and promoted a more open
framework, contributing to pore enlargement and an increased
pore volume.** The Cr-MOF surface area was 101.70 m”> g~ " with
a pore volume of 0.312 cc g~ . Relative to Cr-MOF, the Cr-MOF/

21042 | RSC Adv, 2025, 15, 21037-21050

polymer composite had a greater surface area of 191.2 m”> g~*
with a mean pore volume of 0.495 cc g~ .

3.3. pHpzc of the Cr-MOF/polymer composite

The pHpzc of the Cr-MOF/polymer composite was determined to
be 6.9, as depicted in Fig. 7, which indicates that the Cr-MOF/
polymer composite had zero-charge density on its surface at pH
6.9. Alkaline pH will impart negative charge on the Cr-MOF/
polymer composite surface whereas pH below 6.9 will develop
positive charge. Functional groups such as the carboxyl, nitrile,
and ester groups in the Cr-MOF/polymer composite will be
protonated below the pHpzc offering strong attractions for anionic
analytes, while a pH level above the pHpzc will deprotonate the Cr-
MOF/polymer composite, yielding strong interactions for cationic
targets. Further, the presence of the above-mentioned functional
groups in the Cr-MOF/polymer composite matrix strongly influ-
enced the composite's surface acidity/basicity, causing the pHpzc
to shift within the pH range of 1-13.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 Nitrogen adsorption/desorption study of Cr-MOF (a) and Cr-MOF/polymer composite (b).

3.4. Optimization of parameters

The optimization of the DSPME process for IMI using the Cr-
MOF/polymer composite was evaluated across several parame-
ters (Fig. 8(a)-(d)). The highest recovery of 97.52% occurred at
a neutral pH of 7, where the optimal interaction between IMI
and the sorbent was achieved. Lower pH decreased the
adsorption due to the competition from H' ions, while higher
pH led to a reduced efficiency, despite attracting positively
charged IMI molecules.** The optimal extraction time was
30 min, yielding a recovery of 96.5%. The ideal IMI concentra-
tion was 50 mg L™, with a recovery of 96.4%, and the optimal
sorbent dose was 40 mg g~ ', providing a recovery of 97.2%.
These parameters indicate the high recovery and efficient
performance of the DSPME process for IMI.

3.5. Kinetic modeling

A crucial step in developing adsorption systems includes
assessing the adsorption rate of a newly synthesized sorbent.*®

Change (pH)
o

0 2 4 6 8 10 12 14
Initial (pH)
Fig. 7 pHpzc of Cr-MOF/polymer composite.

© 2025 The Author(s). Published by the Royal Society of Chemistry

Adsorption isotherms, which provide vital information, can be
utilized to predict the equilibrium concentration of an adsor-
bate molecule between the solid and liquid phases.*” This helps
predict the equilibrium behavior and interaction between the
adsorbate and adsorbent. The present study focused on
removing IMI using Cr-MOF/polymer composite, with a thor-
ough analysis of the associated kinetics carried out through
PFO, PSO, Elovich and intraparticle diffusion models. The
primary objective was to unveil the fundamental mechanisms
governing the adsorption phenomena.*®

Various kinetic models, both linear and nonlinear, are
commonly used in adsorption studies. Nonlinear modeling is
preferred over linear regression as it provides more realistic
kinetic parameters.* In this study, the adsorption kinetics of
IMI on the Cr-MOF/polymer composite were evaluated using
nonlinear models, including PFO, PSO, Elovich, and intra-
particle diffusion, as shown in Fig. 9(a). Three important
factors, namely R?, q. value, and x?, were employed to assess the
degree of fit of the models.>* The PFO model provided the best
fit with a low x> value of 1.86, high R* (0.996) value, and close
agreement between the ge(exp) (55.16 mg g~ ') and ge(cay) (55.2 mg
g~ 1) values, suggesting that the adsorption followed first-order
kinetics, as described in Table 1.

The adsorption rate was primarily controlled by the
concentration of IMI and the available adsorption sites. The
PSO model, which assumes second-order kinetics, also showed
a good fit (R* = 0.988), but the ¢. (62.63 mg g~ ') value was much
higher than ge(p), indicating a less accurate fit than the PFO
model.”

The intraparticle diffusion model, which considers the
penetration of adsorbate molecules into the adsorbent, showed
a low R* (0.866) value, indicating that diffusion was not the
limiting step in this case. The Elovich model, which accounts
for both chemisorption and physisorption, also showed
a comparable R value of 0.98 but a high x” value (9.7), indi-
cating it was less suitable than the PFO model for describing the
adsorption process. These findings suggest that the binding
sites of the Cr-MOF/polymer composite were occupied by IMI
through a physio-sorption mechanism involving physical

RSC Adv, 2025, 15, 21037-21050 | 21043
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interactions, such as hydrogen bonding between the composite
and the target pesticide functional groups.

3.6. Adsorption equilibrium

Isotherm analysis was conducted on the equilibrium adsorp-
tion data. This represents a crucial tool for optimizing the
adsorption processes and also understanding the adsorbate
and adsorbent (Cr-MOF/polymer composite) interaction.*
Langmuir and Freundlich models were employed, utilizing
their nonlinear forms, as shown in Fig. 9(b).>® While impressive
R* values (0.98, 0.99) were obtained for the Langmuir and
Freundlich isotherms regarding IMI, it is important to note that
the determination of the optimal isotherm model requires close

21044 | RSC Adv, 2025, 15, 21037-21050

alignment of gecqr and Geexp data along with higher R?values, as
shown in Table 2.>* In the case of IMI, the Langmuir isotherm's
calculated g. value was 66.91 mg g~ !, while the experimental g.
value was 55.7 mg g~ '. These values are not in close agreement,
indicating that the Langmuir model was less suitable for
describing the adsorption of IMI. In contrast, the Freundlich
isotherm provided a better fit, demonstrating a high R value
and a more favorable match between the experimental and
calculated g, values. The high K¢ value in the Freundlich model
suggested the strong adsorption capacity of the composite.
Furthermore, the 1/n value, which falls between 0 and 1, also
supports physisorption as the dominant mechanism for IMI
adsorption. The constant ‘n’ exceeding unity, due to the 1/n

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Langmuir models (b) for the adsorption of IMI on Cr-MOF/polymer composite.

Table 1 Kinetic variables obtained using the pseudo-first-order,
pseudo-second-order, Elovich and intraparticle diffusion models for
IMI on Cr-MOF/polymer composite

Adsorption kinetic

Model parameter Value
Pseudo-first-order kinetic R 0.996
K; (min™1) 0.218
ge (mg g™") 55.2
¥ 1.86
Pseudo-second-order kinetic R 0.988
K, (g mg " min™") x 1072 0.005
ge (mgg™) 62.63
¥ 5.048
Elovich R 0.98
o (mg g ' min ) 93.27
B (gmg™) 0.094
XZ 9.7
Intraparticle diffusion R* 0.866
Kaigr (mg g~ * min"/?) 10.05
C(mgg™ 8.53
S 64.84
Experimental ¢, (mg g™ ") 55.16

value being less than 1, further confirmed the sorbent's effec-
tiveness, highlighting its suitability for IMI adsorption.”® The
adsorption capacity of the Cr-MOF/polymer composite (g. =
55.16 mg g ') was compared with other reported adsorbents,
such as cetyltrimethyl ammonium-modified bentonite (g. =
3.33 mg g~ '), sodium alginate combined with peanut husk (g. =

14.9 mg g~ '), and silver@graphene oxide nanocomposite (g. =
25.7 mg g~ ').****5” Based on these comparisons, it could be
concluded that the Cr-MOF/polymer composite demonstrated
a significantly higher adsorption capacity and showed it could
serve as a suitable adsorbent for the removal of IMI from fish
samples.

3.7. Reuse of the Cr-MOF/polymer composite

This study assessed the regeneration efficiency of the Cr-MOF/
polymer composite for IMI through multiple adsorptions-
desorption cycles using eqn (3).

Regeneration efficiency (%) =

amount of the analyte desorbed during desorption

— 100
initial amount of analyte adsorbed X

(3)

Initially, the regeneration efficiency for IMI was high at
98.6%, but it gradually decreased, stabilizing at 86.9% after six
cycles, as shown in Fig. 10(a). When applied to fish, the initial
regeneration efficiency for IMI was 65.4%, which dropped to
42.5% after six cycles. These results highlight the sorbent's
durability and its potential for practical applications, due to its
stable structural properties and effective surface functionality
that support efficient adsorption and desorption processes, as
shown in Fig. 10(b). These results highlight the durability of the
Cr-MOF/polymer composite, as its remarkable stability and

Table 2 Adsorption variables obtained using the Freundlich and Langmuir models for IMI on the Cr-MOF/polymer composite

Langmuir

gm (mgg™) Freundlich
Nonlinear modeling Cal. Exp. Ky, R* K 1/n R? Ge(cal)
Imidacloprid 66.91 55.16 0.004 0.987 2.05 0.8453 0.991 56

© 2025 The Author(s). Published by the Royal Society of Chemistry
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(a) Regeneration efficiency of the Cr-MOF/polymer composite for spiked samples in water. (b) Stripping efficiency calculated using

standard solutions of IMI in water. (c) Regeneration efficiency of the Cr-MOF/polymer composite for spiked samples in fish. (d) Stripping effi-
ciency of the Cr-MOF/polymer composite for six continuous cycles for IMI in fish.

efficiency make it highly sustainable for practical usage in
various analytical settings.*® Similarly, the Cr-MOF/polymer
composite stripping efficiencies for IMI highlight the effec-
tiveness of the stripping processes in desorbing the target
analyte (IMI) from the surface of the Cr-MOF/polymer
composite. The stripping efficiency was calculated using eqn

(4)-
Stripping efficiency (%) =

amount of the analyte stripped from the adsorbent
total amount of the analyte desorbed after adsorption step

x 100

4)

In the next step, 50 mg L' IMI solutions were prepared in
flasks with pH values ranging from 3 to 10, adjusted using 0.1 M
HCI and NaOH solutions. Then, 10 mL IMI solution was thor-
oughly mixed with 50 mg Cr-MOF/polymer composite and
shaken on an orbital shaker for 20 min. Afterwards, the absor-
bance of the IMI solutions at different pH levels was measured
at 270 nm. The desorption percentages for IMI ranged from
1.4% to 13.1%, with lower desorption efficiencies (e.g., 1.4%)

21046 | RSC Adv, 2025, 15, 21037-21050

suggesting stronger binding between the sorbent and analyte,
while higher efficiencies (e.g., 13.1%) indicated more efficient
desorption, as shown in Fig. 10(c). The desorption rates for IMI
varied from 42.5% to 65.4%, with lower efficiencies indicating
challenges in pesticide removal, and higher efficiencies point-
ing towards effective desorption due to weak interactions or
favorable conditions. These findings reinforce the Cr-MOF/
polymer composite's reusability and efficiency, making it
useful for various applications, as illustrated in Fig. 10(d).

3.8. Method validation

In the present research, we investigated the adsorption of IMI
on a Cr-MOF/polymer composite and thoroughly evaluated the
analytical execution of the developed method. HPLC was
utilized to authenticate the adsorption of IMI on the sorbent
and also to determine the limit of detection and as well as the
limit of quantification for the target pesticide. These values
were calculated based on the signal-to-noise ratio from the
HPLC data, with the LOD found to be 0.004 pug g~ * and the LOQ
0.012 pg g '. The method's linear range, determined using
concentration levels from 0.0014 to 5 ug mL™", was 0.0014-5 g
mL~'. The method's precision was rigorously evaluated through
intraday and interday analyses, yielding relative standard

© 2025 The Author(s). Published by the Royal Society of Chemistry
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deviation (RSD) values of 3.29% (n = 7), 3.36% (n = 7), and
3.48% (n = 7), indicating excellent precision. These RSD values
were determined at concentrations of 0.01, 0.05, 0.1, 1, and 10
pg mL ™Y, confirming the reliability of the method. To assess the
method's applicability in practical scenarios, fish samples
spiked with IMI at concentrations of 1, 5, and 25 pg L™ " were
tested, resulting in high recovery percentages of 98.6% + 3.78%
(n = 5) for IMI. The chromatogram showed a prominent peak at
1.5 min corresponding to the retention time of IMI, as illus-
trated in Fig. 11. Initially, the pesticide was not detected in the
non-spiked real sample. The HPLC chromatogram in Fig. 11(a)
displays the chromatogram of the fish sample spiked with the
standard IMI. The MOF composite was then used to adsorb the
pesticide from the spiked sample (according to the procedure
described in Section 2.7). The desorption of IMI from the Cr-
MOF/polymer composite is shown in the HPLC chromatogram
in Fig. 11(b). Comparison of both chromatograms revealed that
the pesticide was effectively adsorbed from the spiked fish
samples, allowing easy determination. Furthermore, an
enrichment of the pesticide was also observed, as could be
noticed from the peak height of IMI in both chromatograms.
The performance of the Cr-MOF/polymer composite developed

View Article Online
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in this study was also compared with other sorbents reported in
the literature (Table 3), demonstrating superior percentage
recoveries for IMI (98.6%).

3.9. Comparative study

A comprehensive literature review was performed to compare
the efficacy of the Cr-MOF/polymer composite with conven-
tional methods for removing IMI in different matrixes (Table 3).
Among the various sorbents evaluated, such as UiO-66-NH,,
C,g, activated charcoal, primary and secondary amines, poly-
vinyl poly pyrrolidone, molecularly imprinted polymer, and
covalent organic frameworks, the Cr-MOF/polymer composite
demonstrated exceptional efficiency for IMI removal, present-
ing a sustainable solution for target pesticide management.
With good versatility for capturing active compounds, the Cr-
MOF/polymer composite exhibited a low LOQ (0.012 pug g~ )
for IMI compared to other sorbents like activated charcoal, Cyg,
primary secondary amine, and a covalent organic framework,
which had values of 0.05 mg kg~ ' and 0.018 mg kg™, 33 g
kg™ ', 17 ng mL™" and respectively. Furthermore, the developed
Cr-MOF/polymer composite displayed superior percentage
recoveries for IMI (98.6%) compared to UiO-66-NH,, activated
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Fig. 11
desorption of IMI from Cr-MOF/polymer composite after DSPME.
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(a) Chromatogram of the fish sample spiked with the standard IMI. The chromatogram presented in (b) was obtained following the
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Table 3 Comparison of the performance of various sorbents and the Cr-MOF/polymer composite in this work for determining imidacloprid®

LOQ RSD
No. Sample matrix Analyte Sorbent Method (ugkg™) (n=5) Recovery%  Ref.
1 Strawberry IMI UiO-66-NH, 7.7 87 59
2 Cucumber IMI C18 QuEChERS 18 =9 98.12 60
3 Tomato IMI Activated charcoal Ultrasound-assisted MSPD 50 =20 55-140 51
4 Tea IMI Primary secondary amine Modified QUEChERS 0.36 7.4 93.5 61
5 Tea IMI Polyvinyl polypyrrolidone DSPE 0.47 5.7 86 62
6 Pistachio IMI Primary secondary amine Modified QUEChERS-LC-MS/MS 5.0 3.1- 97-108 63
6.4
7 Pistachio IMI Primary secondary amine QuEChERS-HPLC-UV 33 <12 70.37- 64
89.80
8 Rice IMI Molecularly imprinted polymer MIP-MSPD-LC-MS/MS 8 4.5- 85.2-91.5 65
5.9
9 Fruit juice IMI Covalent organic framework FPSE-HPLC-MS-MS 17 4.3 57 66
10  Fish IMI Cr-MOF/polymer composite DSPME 12 3.78 98.6 Current
study

“ MSPD = matrix solid-phase dispersion, DSPE = modified dispersive solid-phase extraction, DSPME = dispersive solid-phase microextraction,
QUuEChERS = quick, easy, cheap, effective, rugged, and safe. FPSE = fabric phase sorptive extraction.

charcoal, primary secondary amine, polyvinyl poly pyrrolidone,
molecularly imprinted polymer and covalent organic frame-
work, further emphasizing its potential as a promising adsor-
bent for IMI and effective management, presenting enhanced
performance for food safety maintenance.

3.10. Conclusion

In conclusion, this study successfully developed and validated
a Cr-MOF/polymer composite for the efficient removal and
detection of imidacloprid (IMI) in fish samples. The synthesized
Cr-MOF/polymer composite consists of a Cr-MOF with a func-
tional monomer having a high absorption selectivity toward IMI
in the fish sample matrix. FTIR analysis confirmed the
successful formation of the Cr-MOF/polymer composite
through the presence of characteristic functional groups, such
as nitrile, ester, and ether groups, in the composite's spectrum.
SEM images revealed a spherical morphology, with the
elemental composition dominated by carbon, followed by
oxygen and chromium. HPLC confirmed the sorbent's excellent
ability to adsorb IMI, with LOD and LOQ values of 0.004 pug g "
and 0.012 pg g~ ', respectively. The method also achieved a high
recovery rate of 98.6% =+ 3.78% across a wide linear range of
0.0014-5 pg mL ™", reinforcing the reliability and effectiveness
of the approach.

The Cr-MOF/polymer composite's exceptional adsorption
capacity can be attributed to hydrogen bonding interactions
with the target analyte. These findings were supported by the
Freundlich isotherm model and PFO kinetics, which describe
the adsorption process well. Additionally, the Cr-MOF/polymer
composite showed consistent performance across multiple
adsorption cycles, highlighting its potential as a sustainable
and effective solution for removing IMI in food safety applica-
tions. This work not only advances the field of analytical
chemistry but can also contribute to improving food safety by

21048 | RSC Adv, 2025, 15, 21037-21050

providing a reliable method for detecting and adsorbing pesti-
cide contamination from food products.
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