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plication of polyoxometalate ionic
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extraction of tetracycline residues in food and
environmental samples
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Monitoring of antibiotic residues in foodstuffs is essential to ensure consumer safety. Among these

antibiotics, tetracyclines (TCs) are the most widely used veterinary drugs, and their residues pose serious

health risks. A novel sorbent material consisting of zinc oxide modified with a polyoxometalate-based

ionic liquid (POM-IL@ZnO) was applied in dispersive micro-solid phase extraction (D-mSPE) coupled with

high-performance liquid chromatography-ultraviolet detection (HPLC-UV) for the determination of

tetracyclines, namely oxytetracycline (OTC), tetracycline (TC), and chlortetracycline (CTC), in complex

food and water samples. The morphology, crystallinity, thermal stability, and structural characteristics of

POM-IL@ZnO were characterized using scanning electron microscopy (SEM), powder X-ray diffraction

(PXRD), thermogravimetric analysis (TGA), and Fourier-transform infrared spectroscopy (FTIR). Systematic

optimization was performed by evaluating key extraction parameters, including sorbent recyclability,

eluent type and volume, extraction time, pH, and adsorbent amount. The developed method achieved

maximum recoveries of 99.8%, low limits of detection (0.026–0.067 mg mL−1) and quantification

(0.080–0.210 mg mL−1), excellent linearity (R2 $ 0.998), a linear range of 10–1000 mg mL−1, and relative

standard deviation (RSD) values ranging from 1.8% to 6.0%. The POM-IL@ZnO sorbent-based D-mSPE

method demonstrates strong potential for routine food safety analysis as a rapid, sensitive, and

environmentally friendly approach for determining tetracycline residues. The performance of the

developed method was compared with previously reported SPE-based methods.
1. Introduction

The presence of pharmaceutical residues in foodstuffs and
environmental samples has become a global concern due to
their potential impacts on ecological stability and human
health. Tetracyclines (TCs), including oxytetracycline (OTC),
tetracycline (TC), and chlortetracycline (CTC), are widely used
antimicrobials in both human and veterinary medicine.1

However, their extensive and oen uncontrolled use has led to
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frequent detection in milk, honey, and wastewater as environ-
mental contaminants.2 The environmental persistence of TCs
disrupts microbial ecology and promotes the emergence of
antibiotic-resistant bacteria, posing serious risks to global
public health. Despite these hazards, regulatory limits for
acceptable concentrations of TCs in environmental matrices
remain inadequately dened. In animal-derived food products,
TC residues may cause allergic reactions, gastrointestinal
disturbances, immunological imbalances, and potential carci-
nogenic effects.3 The European Union has established
maximum residue limits (MRLs) of 100 mg kg−1 for TCs in
foodstuffs.4 The analysis of TC residues in animal-derived food
products requires an effective analytical method for food safety
assessment. TCs have been determined using various analytical
techniques, including spectrophotometry,5 uorescence detec-
tion, chromatographic,6 and electrochemical methods.7 Due to
their trace concentrations and high polarity in complex
matrices, appropriate sample preparation procedures, particu-
larly extraction techniques, are necessary before instrumental
analysis.8 These pre-treatment methods enable analyte
RSC Adv., 2026, 16, 17063–17073 | 17063
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enrichment and minimize matrix interference,9 especially in
complex samples such as milk and honey. High-performance
liquid chromatography (HPLC) is a widely used separation
technique for the analysis of compounds with diverse physico-
chemical properties and is commonly applied for the detection
of TCs in environmental and food samples.10 TCs have been
separated and preconcentrated using conventional techniques
such as liquid–liquid extraction (LLE),11 solid-phase extraction
(SPE),12 solid-phase microextraction (SPME),13 single-drop
microextraction (SDME),14 and dispersive liquid–liquid micro-
extraction (DLLME). Dispersive solid-phase extraction (D-SPE)
is a versatile modication of SPE that offers a simple, rapid,
and efficient extraction procedure. Various sorbent materials
have been developed for the extraction of TCs. These include
conventional adsorbents such as molecularly imprinted poly-
mers,15 nano-bers,16 nanotubes,17 graphene oxide, and metal–
organic frameworks (MOFs).18 Despite their high surface area
and tunable interactions, these materials still present limita-
tions related to cost, reusability, and selectivity. Poly-
oxometalates (POMs) are nanoscale clusters of inorganic
transition metal–oxide units that have attracted considerable
attention due to their structural, catalytic, electrochemical, and
biological properties.19 Research on POMs has advanced rapidly
since Pope and Müller reported the remarkable properties and
potential applications of these metal–oxide complexes in the
early 1990s.20 In recent years, POMs have been extensively
utilized in the development of functional materials and nano-
systems for biomedical applications and electrocatalysis.21

Polyoxometalate-based ionic liquids (POM-ILs), in which
bulky organic cations (e.g., ammonium or phosphonium
cations) are combined with molecular metal–oxide anions, are
commonly used to form room-temperature ionic liquids.22 The
physical, rheological, and chemical properties of POM-ILs can
be tuned through chemical design, enabling their application
in light-driven water oxidation,23,24 large-scale petroleum
desulfurization,25 and other technological elds. The synergistic
combination of nanomaterials (NMs) and ionic liquids for
enhanced extraction efficiency has attracted increasing research
interest. Zinc oxide nanoparticles (ZnO NPs) have received
considerable attention due to their low toxicity, environmental
sustainability, large surface area, and biocompatibility for
contaminant detection and analysis,26 as well as their enhanced
stability, simple preparation, and low cost.27 POM-ILs are ther-
mostable and nonvolatile salts composed of various anions and
organic cations with favorable solvation properties that align
with green chemistry principles.28 The combination of POM-ILs
with nanomaterials provides higher sorption capacity,
improved extraction efficiency, and enhanced sustainability.
The extraction performance is signicantly improved due to the
synergistic effect arising from the material properties.29

In this study, a polyoxometalate-based ionic liquid (POM-IL)
was synthesized by combining hexadecyltributylphosphonium
bromide with the Keplerate-type [Mo132] polyoxometalate and
subsequently immobilized onto ZnO nanostructures to fabri-
cate a novel POM-IL@ZnO composite. Although nanoparticle–
ionic liquid composites have been widely reported, the inte-
gration of a redox-active [Mo132]-based POM-IL with ZnO
17064 | RSC Adv., 2026, 16, 17063–17073
nanostructures for dispersive micro-solid phase extraction (D-
mSPE) of tetracyclines has not been previously reported to the
best of our knowledge. This design combines the high surface
area and structural stability of ZnO with the tunable charge
density and amphiphilic properties of the POM-IL, resulting in
a multifunctional sorbent. The synergistic architecture facili-
tates multiple interaction mechanisms, including electrostatic
attraction, hydrogen bonding, and p–p interactions, thereby
improving analyte–sorbent affinity. The developed D-mSPE
method provides a rapid and environmentally friendly
approach for tetracycline determination in water, honey, and
milk samples. Overall, this work advances the rational design of
POM-IL-based nanocomposites as multifunctional sorbents for
antibiotic residue analysis.
2. Materials and methods
2.1. Reagents and materials

Analytical-grade reagents included oxytetracycline (OT, 99%),
chlortetracycline (CT, 98.0%), tetracycline (TC, 98.0%), hexa-
decyltributylphosphonium bromide, zinc nitrate hexahydrate
(Zn(NO3)2$6H2O), hydrazine sulfate (N2H6SO4), ammonium
acetate (CH3COONH4), and ammonium heptamolybdate tetra-
hydrate ((NH4)6Mo7O24$4H2O), purchased from Sigma-Aldrich
and Merck Life Science Pty Ltd, Bayswater. Stock solutions of
OT, TC, and CT were prepared individually in methanol to
a nal concentration of 1000 mg L−1. Other reagents were
stored at 4 °C, while stock standard solutions were stored at
−18 °C. Working standard solutions were prepared by appro-
priate dilution with water before HPLC analysis. All experiments
were performed in triplicate unless otherwise stated. Results are
presented as mean ± standard deviation (SD). Error bars shown
in gures represent the standard deviation of three indepen-
dent measurements (n = 3). Data analysis and plotting were
performed using Origin soware (Origin Lab, USA).
2.2. Instrumentation

The morphology of the synthesized nanoparticles and composite
was examined using a FEI Helios Nanolab G3 CX Dual Beam FIB-
SEM (Thermo Fisher Scientic, USA). Crystalline structure was
determined using an X-ray diffractometer (D8 Advance, Bruker,
Germany). Infrared spectra were recorded using a Fourier-
transform infrared (FTIR) spectrometer (Agilent Cary 630, Agi-
lent Technologies, USA) equipped with an attenuated total
reectance (ATR) accessory over the range of 400–4000 cm−1.
Thermogravimetric analysis (TGA) was performed using a Q600
analyzer (TA Instruments, USA) by heating 10 mg of sample from
30 to 600 °C at a rate of 10 °Cmin−1 under a nitrogen atmosphere.
Chromatographic separation was carried out using a high-
performance liquid chromatography system (Shimadzu Corpora-
tion, Japan) equipped with a C18 column (4.6 mm, 5 mm; Waters
Corporation, USA), an SPD-10A UV detector, and LC-10AT pumps
with a CBM-102 system controller and CTO-10A column oven. The
mobile phase was delivered at a ow rate of 1.0mLmin−1, and the
total run time was 15 min. A 20 mL sample was injected for
chromatographic analysis.
© 2026 The Author(s). Published by the Royal Society of Chemistry
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2.3. Chromatographic conditions

Tetracycline antibiotics were separated chromatographically
using an isocratic mobile phase consisting of 0.01 M oxalic acid
in a 70 : 30 (v/v) methanol–water mixture. Separation was per-
formed at a constant ow rate of 1.0 mL min−1 on a C18
reversed-phase column (150 mm × 4.6 mm, 5 mm particle size).
Detection was carried out using a UV detector set at 360 nm,
corresponding to the maximum absorbance of all three tetra-
cycline compounds. The injection volume was 20 mL, and the
column temperature was maintained at 30 °C throughout the
analysis. Themobile phase was ltered through a 0.22 mmnylon
membrane, and all drug samples were ltered using syringe
lters before chromatographic analysis.
2.4. Synthesis of Mo132 POM

Mo132 polyoxometalate (POM) was synthesized using the proce-
dure. Briey, 5.6 g of (NH4)6Mo7O24$4H2O and 12.5 g of ammo-
nium acetate (CH3COONH4) were dissolved in 150 mL of
deionized (DI) water, followed by the addition of 1 g of hydrazine
sulfate (N2H6SO4). Aer 10 min of stirring, the solution turned
blue-green. Subsequently, 80 mL of 50% (v/v) acetic acid (CH3-
COOH) was added dropwise until the solution turned green. The
reaction mixture was le uncovered, and its color gradually
changed to brown. Aer standing for four days, the dark brown
mixture was vacuum-ltered. The obtained crystals were washed
with ethanol and three times with an ethanol–diethyl ether
mixture, followed by vacuum drying to obtain 3.0 g of pureMo132.
2.5. Synthesis of POM-IL

For the preparation of POM-IL, 2.5 g of Mo132 was dissolved in
50 mL of water and heated to 50 °C. In parallel, hexadecyl tributyl
phosphonium bromide was dissolved in 80 mL of toluene. The
two solutions were combined and vigorously shaken for 24 h to
facilitate ion exchange. The resulting dual-phase mixture was
allowed to separate, and the organic phase was collected. The
solvent was removed under reduced pressure to obtain POM-IL
(2.02 g) as a highly viscous liquid. The crude product was puri-
ed by washing three times with chloroform and once with
toluene to remove unreacted species and residual impurities.
2.6. Synthesis of ZnO NFs

Zinc oxide nanoowers (ZnO NFs) were prepared using a typical
wet chemical reduction method.30 Briey, 4.0 g of zinc nitrate
hexahydrate [Zn(NO3)2$6H2O] was dissolved in 400 mL of
deionized (DI) water in a round-bottom ask and stirred at 50 °
C for 10 min to ensure complete dissolution. Subsequently,
3 mL of ammonia solution was added dropwise to initiate
crystal formation. The reactionmixture was maintained at 50 °C
and allowed to swirl for 24 h. The gradual change of the solution
to a milky white color indicated the formation of ZnO nano-
structures. The suspension was centrifuged at 6000 rpm for
10 min, and the precipitate was washed with ethanol and DI
water to remove residual ions and impurities. The product was
then dried at 60 °C in an oven for 12 h. The obtained ZnO was
collected as a white powder and stored in a desiccator.
© 2026 The Author(s). Published by the Royal Society of Chemistry
2.7. Synthesis of POM-IL@ZnO

The POM-IL@ZnO composite was prepared by dispersing the
synthesized ZnO NFs in an acetonitrile solution of POM-IL. To
promote surface interaction and coating, the mixture was vor-
texed for 10 min. The POM-IL-coated ZnO particles were sepa-
rated by centrifugation and washed repeatedly with deionized
water to remove unattached species. The nal product was
vacuum-dried at 60 °C for 12 h. The resulting POM-IL-modied
nanomaterial was used as the sorbent in the dispersive micro
solid-phase extraction (D-mSPE) procedure.
2.8. Real sample preparation

Milk, eggs, and honey samples were purchased from a local
supermarket. For milk sample preparation, 2 mL of acetonitrile
was added to deproteinize the sample, followed by vortex mix-
ing for 3 min. The mixture was centrifuged at 4000 rpm for
5 min, and the supernatant was collected and ltered through
a 0.22 mm syringe lter. The ltrate was diluted with 30 mL of
deionized (DI) water before analysis. For honey sample prepa-
ration, 4 g of honey was dissolved in 30 mL of deionized water
and centrifuged for 2 min. The resulting solution was ltered
and used for analysis.
2.9. Spiked samples preparation

Commercially obtained tetracycline standards (TC, OTC, and
CTC) were prepared as stock solutions in methanol. The stock
solutions were stored in glass vials at 4 °C. Working standard
solutions at different concentrations were prepared by serial
dilution of the stock solutions with deionized water. For
method validation, milk, honey, and water samples were spiked
with tetracyclines at concentrations of 5, 15, and 20 mg mL−1.
The spiked samples were thoroughly mixed and stored over-
night at 4 °C. These samples were then subjected to the
dispersive micro solid-phase extraction (D-mSPE) procedure.
2.10. Dispersive micro-solid phase extraction (D-mSPE)

The synthesized POM-IL@ZnO nanocomposite was employed
as the adsorbent in D-mSPE under optimized conditions. A
10 mL aliquot of the tetracycline-spiked sample extract was
transferred into a 15 mL centrifuge tube, followed by the
addition of 10 mg of POM-IL@ZnO. The mixture was vortexed at
5000 rpm for 5 min to ensure efficient dispersion and interac-
tion between the sorbent and analytes. Aer removal of the
supernatant, 1 mL of methanol was added for the desorption of
the retained tetracyclines, and the mixture was sonicated for
2 min. The suspension was centrifuged again, and the resulting
supernatant was ltered through a 0.22 mm membrane before
analysis. The nal extract was analyzed using high-performance
liquid chromatography with UV detection (HPLC-UV). The
synthesis of the ionic liquid composite and the D-mSPE proce-
dure is illustrated in Fig. 1.
RSC Adv., 2026, 16, 17063–17073 | 17065
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Fig. 1 Schematic depiction of POM-IL@ZnO synthesis and D-mSPE procedures.
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3. Results and discussion
3.1. Characterization of POM-IL@ZnO

The structural properties of ZnO, Mo132 polyoxometalate-based
ionic liquid (POM-IL), and the POM-IL@ZnO composite were
investigated using Fourier-transform infrared (FTIR) spectros-
copy (Fig. 2). In the ZnO spectrum, a broad absorption band at
3380 cm−1 corresponds to O–H stretching vibrations of adsor-
bed water molecules,31 while the band at 885 cm−1 is attributed
to Zn–O stretching vibrations. The POM-IL exhibited charac-
teristic Mo–O vibrational bands at 957, 810, and 707 cm−1,
along with C–H stretching bands at 3035 and 2928 cm−1. The
band observed at 1470 cm−1 is assigned to quaternary ammo-
nium bending vibrations. A band at approximately 1643 cm−1

corresponds to H–O–H bending vibrations of residual water
molecules associated with ZnO nanoparticles. The POM-
IL@ZnO composite demonstrated successful interaction
between ZnO and the ionic liquid, as evidenced by the retention
17066 | RSC Adv., 2026, 16, 17063–17073
of characteristic bands from both components, a shied Zn–O
band at 867 cm−1, C–H stretching bands at 2920 and 2870 cm−1,
and an O–H stretching band at 3360 cm−1. The persistence of
Mo–O vibrational bands near 803 cm−1 conrms the structural
stability of Mo132 following composite formation. These results
verify the successful integration of ZnO and Mo132-based POM-
IL into a stable hybrid structure. FTIR analysis conrms strong
interactions among ZnO, the polyoxometalate (POM), and the
ionic liquid within the POM-IL@ZnO composite. The slight
shi of the Mo]O and Mo–O–Mo stretching bands of Mo132,
along with changes in the Zn–O vibration region, suggests
coordination and hydrogen bonding between surface hydroxyl
groups of ZnO and oxygen atoms of the POM framework.

The appearance of C–H stretching bands indicates that the
ionic liquid interacts with both the negatively charged POM and
the ZnO surface through electrostatic interactions and van der
Waals forces. These combined effects create a stable and
synergistic interface that enhances electron transfer, dispersion
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 FTIR spectra of ZnO, POM, POM-IL, and POM-IL@ZnO.
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stability, and adsorption efficiency of the composite. Scanning
electron microscopy (SEM) was used to examine the
morphology of ZnO nanoowers (NFs) and to verify successful
immobilization of the POM-IL coating. The synthesized ZnO
NFs exhibited uniformly distributed ower-like structures
composed of needle-like multi-branch architectures. Field-
emission SEM images (Fig. 3a and b) show that pristine ZnO
nanostructures form highly uniform ower-like assemblies
consisting of radially oriented nanosheets with dense surface
Fig. 3 SEM images of the ZnO nanoflowers (a and b), POM-IL@ZnO (c

© 2026 The Author(s). Published by the Royal Society of Chemistry
coverage. Aer functionalization with the ionic liquid (Fig. 3c
and d), the hierarchical morphology remained intact; however,
smoothing of the surface texture and rounding of nanosheet
edges were observed, indicating successful deposition of the
ionic liquid layer. It should be noted that POM-IL is a viscous
ionic liquid and does not possess a well-dened solid-state
morphology suitable for SEM analysis. Therefore, SEM charac-
terization was performed only for ZnO nanoowers and the
POM-IL@ZnO composite to evaluate morphological features
and surface modications following immobilization.

The crystalline structure of ZnO NFs and IL-modied ZnO
NFs was identied using a typical PXRD pattern (Fig. 4). All of
the different peaks in the ZnO NFs' XRD spectra, which were
evaluated using the standard card JCPDS-36-1451, were hexag-
onal, lamentous ZnO crystals.32 The PXRD pattern of POM-
IL@ZnO closely resembles that of pristine ZnO NFs, indi-
cating that the crystalline structure of ZnO was preserved aer
ionic liquid modication. These ndings conrm the success-
ful synthesis of the POM-IL-functionalized ZnO composite.
Retention of the hexagonal ZnO crystal structure aer ionic
liquid modication indicates that structural integrity and
surface stability were maintained, which is essential for
preserving adsorption sites during the dispersive micro solid-
phase extraction (D-mSPE) process. Although PXRD conrms
the crystalline nature of the composite, the material consists of
nanostructured polycrystalline domains rather than well-
dened single crystals. Therefore, single-crystal X-ray diffrac-
tion (SCXRD) analysis was not feasible, and crystallographic
features were appropriately evaluated using PXRD. It should be
noted that POM-IL, as an ionic liquid, does not exhibit long-
range crystalline order; therefore, no crystalline PXRD
and d).

RSC Adv., 2026, 16, 17063–17073 | 17067
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Fig. 4 PXRD patterns of (a) ZnO and (b) POM-IL@ZnO composite
indicating crystallinity and composite formation.
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reference pattern is expected or available for this component.
The absence of POM-derived crystalline peaks in the composite
pattern conrms that POM-IL is incorporated as a disordered
ionic phase rather than a phase-separated crystalline solid,
which is consistent with its ionic liquid nature. The successful
incorporation of POM-IL is instead conrmed by FTIR (char-
acteristic Mo–O bands).

The thermal stability of ZnO, POM-IL, and the POM-IL@ZnO
composite was evaluated by thermogravimetric analysis (TGA)
(Fig. 5). Pure ZnO exhibited negligible weight loss over the
investigated temperature range, conrming its inorganic nature
and high thermal stability. In contrast, POM-IL displayed
a distinct multi-step decomposition prole. The initial weight
loss below 150 °C is attributed to the removal of adsorbed
Fig. 5 TGA profiles of ZnO, POM-IL, and POM-IL@ZnO. The
composite displays delayed degradation and higher thermal residue
compared to the individual components, showing enhanced stability
resulting from POM-IL immobilization on the ZnO framework.

17068 | RSC Adv., 2026, 16, 17063–17073
moisture and residual solvent. Signicant decomposition
occurred in the range of 200–450 °C, corresponding to degra-
dation of the Mo132 polyoxometalate framework and oxidative
decomposition of the hexadecyl tributyl phosphonium cation.33

In this temperature region, the long alkyl chains of the phos-
phonium cation undergo oxidative degradation accompanied
by cleavage of C–N bonds.34 The thermal behaviour of the POM-
IL@ZnO composite reects contributions from both constitu-
ents. A moderate initial mass loss below 150 °C is associated
with moisture removal, similar to that observed for POM-IL.
Pronounced mass loss between 200 and 450 °C indicates
decomposition of both the POM anion and the organic phos-
phonium cation. Compared with pure POM-IL, the composite
exhibited slightly delayed decomposition and a higher residual
mass, demonstrating that immobilization of POM-IL on ZnO
enhances thermal stability.

The TGA curve becomes stable above 450 °C due to the
presence of thermally stable ZnO and residual metal oxide
species.35 Although the overall decomposition proles of POM-
IL and POM-IL@ZnO share similar temperature windows, the
composite exhibits a notably higher residual mass, a marginal
shi toward higher decomposition onset temperature, and
a reduced rate of mass loss in the critical 200–450 °C region.
These differences collectively indicate that the thermal degra-
dation pathway is altered upon immobilization, consistent with
strong interfacial interaction between POM-IL and the ZnO
framework. The thermally stable ZnO component contributes
directly to the improved thermal resilience of the composite,
supporting its structural integrity during repeated extraction
and regeneration cycles. These results conrm that coating ZnO
with POM-IL improves overall thermal resistance, which is
essential for maintaining structural integrity during extraction
and regeneration processes. The high residual mass of POM-
IL@ZnO further supports its robustness and suitability for
repeated analytical applications.
3.2. Optimization conditions of D-mSPE

The current study thoroughly considered a number of factors
that could affect the performance of adsorbents to create an
efficient D-mSPE strategy to extract TCs. These were the amount
of adsorbent, vortex time, volume of solvent discharged, nature
of discharged solvent, pH, and reusability.

3.2.1. Effect of adsorbent amount. In adsorbent-based
extraction methods, analytes are separated through adsorp-
tion onto active sites of the sorbent material.36 Increasing the
sorbent dosage increases the number of available active sites;
therefore, optimization of the adsorbent amount is essential to
achieve maximum extraction efficiency. The effect of POM-
IL@ZnO dosage was investigated in the range of 2–20 mg. As
the sorbent dosage increased, the number of available adsorp-
tion sites and effective surface area increased, resulting in
enhanced extraction efficiency (Fig. 6a). However, the extraction
efficiency reached a plateau at 10 mg, indicating that sufficient
active sites were available for analyte binding. Therefore, 10 mg
was selected as the optimal adsorbent amount for subsequent
experiments.
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 Effect of the adsorbent amount (a), vortex time (b), pH (c), eluting solvent (d), eluting solvent volume (e), sonication time (f), and number of
reuse cycles (g), on the D-mSPE-based extraction efficiency of TCs.
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3.2.2. Effect of time. The short diffusion path of nano-
particles enables rapid mass transfer and efficient extraction.
Vortex mixing enhances mass transfer during the extraction
© 2026 The Author(s). Published by the Royal Society of Chemistry
process.37 The effect of vortex time on tetracycline adsorption
was evaluated in the range of 1–10 min (Fig. 6b). Extraction
efficiency increased with vortex time up to 5 min and remained
RSC Adv., 2026, 16, 17063–17073 | 17069
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constant thereaer. Accordingly, 5 min was selected as the
optimal vortex time.

3.2.3. Effect of sample pH. The effect of solution pH on
adsorption performance is shown in Fig. 6c. Tetracycline
adsorption onto Mo132 polyoxometalate ionic liquid-
functionalized ZnO nanoparticles is strongly pH-dependent
due to changes in tetracycline speciation and adsorbent
surface charge. Maximum adsorption was observed at pH 6.0,
where tetracycline predominantly exists in its zwitterionic form,
enabling strong electrostatic interactions, hydrogen bonding,
and p–p interactions with the POM-IL@ZnO surface. Under
these conditions, the ionic liquid enhances surface function-
ality, reduces nanoparticle aggregation, and maintains a high
density of active sites. At low pH, surface protonation weakens
electrostatic interactions, whereas near-neutral conditions favor
effective interaction between the adsorbent and tetracycline
species. These ndings demonstrate the effectiveness of ionic
liquid-functionalized ZnO nanoparticles for antibiotic extrac-
tion and highlight the critical role of pH in adsorption
performance.38

3.2.4. The effect of desorption conditions. The efficiency of
analyte desorption directly inuences the overall extraction
efficiency of the sorbent; therefore, optimization of desorption
parameters is critical. As shown in Fig. 6d, methanol was more
effective than other solvents for eluting tetracyclines from the
POM-IL@ZnO sorbent. Selection of the appropriate desorption
Table 1 Analytical performance of the developed method for antibi-
otics analysis, representing the LOD, LOQ, and linear ranges

Analyte R2
Linear range
(mg mL−1)

LOD
(mg mL−1)

LOQ
(mg mL−1)

OT 0.995 10–1000 0.030 0.10
TC 0.991 10–1000 0.026 0.08
CT 0.998 10–1000 0.067 0.21

Table 2 Precision (% RSD) and recovery (% mean ± SD, n = 3) for ta
adsorbents

Adsorbent Analyte
Spiked level
(mg mL−1)

Int
(%

ZnO OT 5 4.1
15 3.6
20 3.9

ZnO TC 5 3.5
15 4.2
20 4.6

ZnO CT 5 4.3
15 4.8
20 3.9

POM-IL@ZnO OT 5 2.5
15 1.9
20 2.6

POM-IL@ZnO TC 5 1.8
15 2.1
20 1.5

POM-IL@ZnO CT 5 1.4

17070 | RSC Adv., 2026, 16, 17063–17073
solvent and volume is essential for the complete recovery of
preconcentrated analytes. The desorption performance of
ethanol, methanol, acetone, and acetonitrile was evaluated.
Methanol exhibited the highest efficiency due to its ability to
solubilize tetracyclines and form strong hydrogen bonds with
the target molecules. Subsequently, different methanol volumes
(0.5–2 mL) were tested, and 1 mL was identied as the optimal
volume, yielding the highest recovery efficiency (Fig. 6e). The
effect of sonication time on desorption was also investigated. A
short sonication duration of 0.5 min resulted in low extraction
efficiency, indicating incomplete desorption (Fig. 6f).
Increasing the sonication time to 2 min signicantly improved
recovery. Longer sonication durations led to a slight decrease in
efficiency, likely due to adsorption of the analytes onto the
centrifuge tube walls.39 Therefore, 2 min was selected as the
optimal sonication time for effective desorption.

3.2.5. Reusability of sorbent. Affordability and accessibility
of an adsorbent are closely related to its reusability. The reus-
ability of the POM-IL@ZnO sorbent was evaluated through
repeated regeneration cycles. Aer each extraction run, the
sorbent was rinsed three times with methanol and water, fol-
lowed by sonication. For the dispersive micro solid-phase
extraction (D-mSPE) process, the regenerated sorbent was
dried at 60 °C for 1 h before reuse. The sorbent maintained
effective extraction of tetracyclines (TCs) over eight consecutive
cycles, aer which a gradual decline in efficiency was observed
(Fig. 6g).

3.2.6. Interaction mechanism. The enhanced extraction
performance of the POM-IL@ZnO composite can be attributed
to the synergistic interaction mechanisms between the sorbent
and tetracycline molecules. Tetracyclines possess multiple
functional groups, including phenolic hydroxyl, amide, and
aromatic rings, which enable diverse interaction pathways.
Electrostatic attraction plays a signicant role due to the
tunable surface charge of the POM-IL component, facilitating
interaction with oppositely charged sites of the analytes
rget analytes at different spiking levels using ZnO and POM-IL@ZnO

raday
RSD)

Interday
(% RSD)

% recovery
(mean � SD) Sample

4.9 52 � 2.1 Honey
4.3 60 � 2.6 Milk
4.5 55 � 2.5 Water
4.8 60 � 2.4 Honey
4.1 51 � 2.1 Milk
3.3 57 � 2.3 Water
4.2 56 � 2.3 Honey
3.1 58 � 2.4 Milk
3.7 43 � 1.9 Water
1.3 96.6 � 1.8 Honey
2.8 98.2 � 1.6 Milk
1.6 99.8 � 1.5 Water
1.4 94.7 � 1.9 Honey
2.2 97.9 � 1.7 Milk
2.7 97.3 � 1.8 Water
2.1 98.7 � 1.6 Honey

© 2026 The Author(s). Published by the Royal Society of Chemistry
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depending on the solution pH. In addition, hydrogen bonding
interactions may occur between the oxygen-containing func-
tional groups of tetracyclines and the oxygen atoms present in
the polyoxometalate framework and ZnO surface. Furthermore,
p–p interactions between the aromatic rings of tetracyclines
and the hydrophobic alkyl chains of the ionic liquid contribute
to enhanced adsorption. Importantly, ZnO does not merely
serve as a passive support; its surface hydroxyl groups and Lewis
acidic Zn2+ sites can provide additional adsorption interactions,
thereby strengthening analyte binding. The integration of ZnO
nanostructures increases accessible surface area, enhances
mass transfer, improves dispersion of the ionic liquid phase,
and prevents aggregation or leaching of POM-IL. The combined
effects of these mechanisms lead to improved analyte–sorbent
affinity and extraction efficiency.40

3.2.7. Analytical performance of D-mSPE. The performance
of the proposed method was evaluated in terms of relative
recoveries, limits of detection (LOD), and limits of quantica-
tion (LOQ). The LOD and LOQ values were determined based on
the signal-to-noise (S/N) criterion, where LOD = 3 × (S/N) and
LOQ = 10 × (S/N), using low-concentration standard solutions
near the lower limit of the calibration range. Excellent linearity
was obtained for the three studies over the concentration range
of 10–1000 mg mL−1, with coefficients of determination (R2) of
0.995, 0.991, and 0.998, respectively. At a signal-to-noise ratio of
3, the calculated LOD values ranged from 0.02 to 0.06 mg mL−1,
as summarized in Table 1. Method precision was evaluated
using relative standard deviation (RSD), yielding values between
1.8% and 6.0%. The obtained LOD and LOQ values demonstrate
the high sensitivity of the proposed D-mSPE-HPLC method,
which can be attributed to the enhanced extraction perfor-
mance of the POM-IL@ZnO composite.

The D-mSPE validation data for TCs from water, milk, and
honey samples are displayed in Table 2. It demonstrates that
Fig. 7 Comparative HPLC chromatograms of spiked milk (a), honey
(b), and water (c) samples extracted using ZnO and POM-IL@ZnO
adsorbents. Peaks correspond to (i) oxytetracycline (OT), (ii) tetracy-
cline (TC), and (iii) chlortetracycline (CT). T
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good relative recoveries between 60% and 99% were achieved
using ZnO and POM-IL@ZnO composite. According to the
ndings, D-mSPE extraction is a successful method to extract
drugs from food and water matrices. The HPLC chromatograms
of the OTC, TC, and CT in samples of milk, water, and honey are
displayed in Fig. 7. Since the synthesized POM-IL is liquid at
room temperature, it is not suitable for direct use in D-mSPE,
which requires a solid sorbent material. Therefore, ZnO nano-
structures were employed as a solid support to immobilize the
POM-IL and enable its practical application in extraction.
Consequently, ZnO and POM-IL@ZnO were selected for
comparative evaluation to assess the contribution of POM-IL
functionalization to the overall extraction performance.
3.3. Comparison with reported studies

This study presents a novel dispersive micro solid-phase
extraction (D-mSPE) method for the determination of tetracy-
clines (TCs) in food and water samples using ionic liquid (IL)-
functionalized ZnO nanoowers (NFs). The method was
compared with previously reported techniques, as summarized
in Table 3, encompassing key analytical parameters including
extraction sorbent, sample matrix, analyte type, detection
method, analysis method, linear range, LOD, recovery (%), to
provide a comprehensive and balanced evaluation. To the best
of our knowledge, this is the rst application of D-mSPE using
a POM-IL@ZnO composite for the analysis of TCs in milk,
honey, and water. The use of a novel POM-IL@ZnO composite
sorbent not previously applied in D-mSPE of tetracyclines; (ii)
simple, rapid, and reagent-efficient extraction procedure; (iii)
applicability without specialized instrumentation; and (iv) cost-
effective and reusable sorbent. Conventional solid-phase
extraction (SPE) procedures oen require large volumes of
organic solvents and sorbents, making them expensive, labor-
intensive, and time-consuming.41 In contrast, the D-mSPE
method is more efficient, requiring smaller volumes of solvents
and sorbent material for each analysis. Moreover, it is cost-
effective, simple, and suitable for routine applications, as it
only requires basic laboratory equipment, such as a centrifuge
and sonicator. Functionalization of nanoparticles with ionic
liquids further enhances the method's advantages by improving
environmental compatibility, owing to their low toxicity and
eco-friendliness.42
4. Conclusion

This study presents a practical analytical method for the
determination of three tetracyclines (TCs) in food and water
samples using a polyoxometalate ionic liquid-functionalized
zinc oxide composite (POM-IL@ZnO) as a sorbent in disper-
sive micro-solid phase extraction (D-mSPE). Key parameters
affecting adsorption and desorption were systematically opti-
mized to achieve reliable analytical performance. The developed
method demonstrated satisfactory sensitivity, precision, and
applicability for the analysis of complex sample matrices. The
enhanced extraction performance can be attributed to the
synergistic integration of ZnO nanostructures with the
17072 | RSC Adv., 2026, 16, 17063–17073
polyoxometalate-based ionic liquid, which strengthens analyte–
sorbent interactions. Moreover, the POM-IL@ZnO composite
was easy to synthesize, cost-effective, and reusable with good
stability, supporting its practical applicability. Despite these
promising results, the present study was limited to selected
tetracyclines and specic sample matrices. Further investiga-
tion is required to evaluate the applicability of the composite
toward a broader range of antibiotics and emerging contami-
nants, as well as to assess long-term stability under varied
environmental conditions. Future studies may also explore
surface modication strategies, deeper mechanistic investiga-
tions, and scale-up approaches to enhance practical imple-
mentation. Overall, this work provides a foundation for the
rational design of POM-IL-based nanocomposites as multi-
functional sorbents for advanced analytical applications.
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