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A novel layered double hydroxide/polyethylene glycol (LDH/PEG) nanocomposite was 

synthesized via a co-precipitation method and evaluated for the first time as a headspace 

solid-phase microextraction (HS-SPME) fiber coating for the simultaneous 

determination of thirteen multiclass pesticides (diazinon, fenitrothion, malathion, 

chlorpyrifos, penconazole, profenofos, cyproconazole, diniconazole, propiconazole, 

tebuconazole, fenpropathrin, phenothrin, and phosalone) in cucumber and tomato 

samples. The morphology and structure of the prepared SPME fiber were characterized 

by X-ray diffraction (XRD), Fourier-transform infrared spectroscopy (FT-IR), 

thermogravimetric analysis (TGA), and scanning electron microscopy (SEM). Key 

extraction parameters including extraction temperature, sample pH, and extraction time 

were systematically optimized. Under the optimal conditions, the method showed linear 

ranges of 0.1–1000 μg L⁻¹ for chlorpyrifos and cyproconazole, and 1–1000 μg L⁻¹ for 

the other analytes, with coefficients of determination (R²) between 0.985 and 0.998. 

Limits of detection (LODs) ranged from 0.05 to 0.50 μg L⁻¹, and relative standard 

deviations (RSDs) at 1000 μg L⁻¹ were 3.9–8.9% (n = 3). The proposed HS-SPME 

method using the LDH/PEG nanocomposite fiber exhibited good analytical performance 

with LODs and RSDs comparable or superior to those reported in previous studies. The 

developed method was successfully applied to real cucumber and tomato samples with 

satisfactory relative recoveries. 
 

1. INTRODUCTION 

The steady growth of the global population and the 

consequent increase in food demand have intensified 

public and scientific concern about pesticide residues in 

food [1, 2]. Pesticides, while beneficial for crop protection, 

can cause adverse effects on the environment and pose 

potential health risks to organisms [3-5]. The need to 

monitor pesticide levels in food has driven the 

development of various analytical methods [6-9]. among 

which solid‑phase microextraction (SPME) has gained 

considerable attention[10, 11]. SPME, first introduced in 

1990 [12], enables simultaneous extraction and 

preconcentration of analytes in a single step. The 

headspace mode (HS‑SPME) was later developed to 

eliminate matrix effects: the fiber is placed in the 

headspace above the sample, and the analytes partition 

among the three phases (sample, headspace, and fiber 

coating) [13-17]. 

Layered double hydroxides (LDHs) are a class of 

natural or synthetic anionic clays consisting of positively 

charged brucite‑like layers and exchangeable interlayer 

anions. Hydrotalcite, [Mg₆Al₂(OH)₁₆]CO₃·4H₂O, is the 

most well‑known representative[18-22] The general 

formula of LDHs is [Mᴵᴵ₁₋ₓMᴵᴵᴵₓ(OH)₂][Aⁿ⁻ₓ/ₙ·mH₂O], 

where Mᴵᴵ and Mᴵᴵᴵ are divalent and trivalent metal cations, 

respectively, and Aⁿ⁻ is the interlayer anion [23, 24]. 

Owing to their two‑dimensional structure, large surface 

area, ion‑exchange capacity, and thermal stability, LDHs 

are increasingly used as adsorbents in analytical chemistry, 

including in solid‑phase extraction[25, 26]. Common 

synthesis methods include co‑precipitation, ion exchange, 

hydrothermal treatment, and calcination [27, 28]. LDH 

nanostructures modified with polyethylene glycol (PEG) 

can increase the LDH adsorption capacity.[29, 30].  
 Recent studies have shown that modification of LDHs 

with polyethylene glycol (PEG) reduces particle 

agglomeration and increases the number of accessible 
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active sites, thereby significantly enhancing the adsorption 

capacity toward organic pollutants [31, 32]. Inspired by 

these findings, in the present work an LDH/PEG 

nanocomposite was prepared and, for the first time, 

applied as an HS-SPME fiber coating for the extraction 

and determination of a wide range of pesticides 

(organophosphates, triazoles, and pyrethroids) in 

cucumber and tomato samples. After thorough 

characterization, the effects of the main extraction 

parameters were optimized, and the analytical 

performance of the method was evaluated and compared 

with that of previously reported techniques. 

2. EXPERIMENTAL 

2.1. Materials  

The studied pesticides (diazinon, fenitrothion, malathion, 

chlorpyrifos, penconazole, profenofos, cyproconazole, 

diniconazole, propiconazole, tebuconazole, fenpropathrin, 

phenothrin, and phosalone) were purchased from Arya 

Company, Iran. A stock solution (1000 mg L⁻¹) of the 

pesticide mixture was prepared in methanol and stored at 

4 °C. Standard working solutions at different 

concentrations were obtained by diluting the stock solution 

with distilled water. 
Al(NO₃)₃·9H₂O, Mg(NO₃)₂·6H₂O, NaNO₃, NaOH, 

dichloromethane, polyethylene glycol 6000, 

chlorosulfonic acid, ethanol, hydrochloric acid, 

phosphoric acid, ammonia, and sodium chloride (all of 

analytical grade) were purchased from Merck and Fluka. 

Stainless steel wires (diameter 200 µm) obtained from the 

core of spinal needles (B. Braun) were used as fiber 

substrates. 

2.2. Apparatus 

Gas chromatographic analysis was performed on an 

Agilent 7890B GC (USA) equipped with a flame 

ionization detector (FID) and a split/splitless injector. 

Separation was carried out on an HP‑5 capillary column 

(30 m × 0.25 mm i.d., 0.25 µm film thickness). Hydrogen 

was supplied by a HyGen 200 hydrogen generator 

(England). The column oven was initially held at 70 °C for 

2 min, then ramped to 300 °C at 8 °C min⁻¹ and held for 

5 min. The injector temperature was 275 °C, and all 

injections were performed in splitless mode for 2 min. 
X‑ray diffraction patterns were recorded on a Bruker D8 

Advance diffractometer (Germany) using Cu Kα radiation 

(λ = 1.5406 Å) in the 2θ range of 3–80°. The morphology 

of the synthesized fiber was examined with a Phenom 

ProX scanning electron microscope (Phenom Co., the 

Netherlands). FT‑IR spectra were acquired on a Bruker 

VECTOR22 spectrophotometer (Germany). 

Thermogravimetric analysis was conducted on a Mettler 

Toledo TGA/SDTA 851 instrument (Switzerland). A 

custom‑made SPME holder was used to handle the fiber. 

2.3. The Real Samples 

Cucumber and tomato samples were collected from Gog 

Tappeh village, Miandoab, Urmia, Iran. The samples were 

grated and centrifuged at 15,000 rpm for 15 min to remove 

solid debris. The supernatants were filtered and 

centrifuged again at 4,000 rpm for 10 min. The pH of the 

final extracts was adjusted to 7 before analysis. 

2.4. Synthesis of LDH/PEG Nanocomposite Fiber 

Synthesis of LDH :Mg(NO₃)₂·6H₂O (10.25 g), 

Al(NO₃)₃·9H₂O (7.50 g), and NaNO₃ (2.83 g) were 

dissolved in 186.6 mL of distilled water in a round-bottom 

flask. The pH of the solution was adjusted to 9.5 using 6% 

ammonia solution under stirring. The mixture was then 

stirred at 65 °C for 2 h under a nitrogen atmosphere. The 

resulting precipitate was collected by filtration, washed 

thoroughly with distilled water, and dried at 70 °C, 

yielding the LDH powder. The yield of this synthesis was 

86% (based on the theoretical mass calculated from the 

metal precursors). 
Synthesis of PEG sulfonate (PEGs):Sulfonated 

polyethylene glycol (PEGs) was prepared according to a 

modified literature procedure [31, 35]. Polyethylene glycol 

6000 (2 g) was dissolved in 20 mL of anhydrous 

dichloromethane in a round-bottom flask under nitrogen 

atmosphere. The solution was cooled to 0 °C using an ice 

bath. Chlorosulfonic acid (1.5 mL) was added dropwise 

over 30 min with continuous stirring. The reaction mixture 

was stirred at 0 °C for 1 h and then at room temperature 

for an additional 4 h. After completion of the reaction, the 

excess dichloromethane was removed under reduced 

pressure. The residue was slowly poured into 50 mL of ice-

cold distilled water under vigorous stirring. The pH of the 

resulting solution was carefully adjusted to 7–8 by gradual 

addition of 10% NaOH solution. The product was 

precipitated by adding excess ethanol, collected by 

filtration, washed several times with ethanol, and dried 

under vacuum at 60 °C for 24 h. The yield of the sulfonated 

PEG (PEGs) was 82%. 
Preparation of LDH/PEG nanocomposite:A dispersion 

of PEGs in distilled water (100 mL) and a suspension of 

LDH powder in distilled water (100 mL) were prepared 

separately and then mixed together. The mixture was 

stirred under a nitrogen atmosphere at 65 °C for 4 days. 

The solid product was separated by filtration, washed 

sequentially with water and ethanol, and dried at 60 °C, 

yielding the LDH/PEG nanocomposite as a white powder. 

The yield of the LDH/PEG nanocomposite was 81%. 
Fiber coating:A small amount of the synthesized 

LDH/PEG powder was spread into a thin layer on a glass 

plate. A stainless-steel spinal needle (200 µm diameter) 

was dipped into a silicone-based glue and then gently 

rolled over the powder to coat the surface with the 

nanocomposite. The coated fiber was dried in an oven at 

60 °C for 24 h. Before first use, the fiber was conditioned 

in the GC injector at 275 °C for 1 h under a stream of 

carrier gas. 

2.5. HS-SPME Extraction Process 

An aliquot (5 mL) of the aqueous sample containing the 

target analytes and 1 g of NaCl (20% w/v) was placed in a 

15 mL glass vial equipped with a magnetic stir bar. The 

vial was sealed and placed on a stirrer at a controlled 

temperature. The fiber was exposed to the headspace for a 

fixed contact time, during which equilibration of the 

volatile analytes between the sample, headspace, and fiber 
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coating was established. After extraction, the fiber was 

immediately transferred to the injection port of the GC, 

where thermal desorption of the analytes occurred at 

275 °C. All experiments were performed in triplicate. 

3. RESULT AND DISCUSSION 

3.1. LDH/PEGs Nanocomposites as an SPME 

Fiber Coating 

Layered double hydroxides (LDHs) are widely used in 

various fields due to their unique properties, including 

high anion exchange capacity, large specific surface area, 

tunable chemical composition, and excellent thermal 

stability. The adsorption performance of LDHs is strongly 

influenced by their morphology, surface area, and degree 

of particle agglomeration. 
Previous studies have demonstrated that modification 

of LDHs with polyethylene glycol (PEG) significantly 

enhances their adsorption capacity toward organic 

pollutants. Mandal et al. (2019) reported that incorporation 

of PEG into LDHs effectively reduces particle 

agglomeration, leading to better dispersion and an 

increased number of accessible active sites for adsorption 

[24]. This improved dispersibility and higher surface 

availability result in superior adsorption performance 

compared to unmodified LDHs. 
Inspired by these findings, in the present work, an 

LDH/PEG nanocomposite was synthesized and applied, 

for the first time, as a novel coating for headspace solid-

phase microextraction (HS-SPME) of thirteen multiclass 

pesticides (including organophosphates, triazoles, and 

pyrethroids) in cucumber and tomato samples. Although 

PEG-modified LDHs have been previously investigated 

for the removal of dyes and organic pollutants from 

aqueous solutions [31, 32], there is no report on their 

application as a coating material in solid-phase 

microextraction. Most previous studies using LDH-based 

materials in microextraction have focused on single-class 

analytes or simpler sample matrices. The present study 

introduces, for the first time, the use of LDH/PEG 

nanocomposite as an HS-SPME fiber coating for the 

simultaneous extraction of a wide range of multiclass 

pesticides (including organophosphates, triazoles, and 

pyrethroids) from complex vegetable matrices such as 

cucumber and tomato. This work aims to fill this research 

gap by combining the high surface area and thermal 

stability of LDH with the improved dispersibility and 

compatibility offered by PEG.The morphology and 

structural properties of the prepared fiber coating were 

systematically characterized using X-ray diffraction 

(XRD), Fourier-transform infrared spectroscopy (FT-IR), 

scanning electron microscopy (SEM), and 

thermogravimetric analysis (TGA). 
To achieve maximum extraction efficiency, key 

operational parameters affecting the HS-SPME procedure-

including extraction temperature, sample pH, and 

extraction time-were optimized. The analytical 

performance of the developed method (linearity, limit of 

detection, limit of quantification, and repeatability) was 

evaluated under the optimized conditions. 

3.2. XRD Study 

The crystal structure of the synthesized LDH/PEGs was 

investigated by X-ray diffraction (XRD) analysis over the 

2θ range of 5–80°. The resulting XRD pattern is shown in 

Figure 1a. Indexed diffraction peaks were observed at 

2θ = 10.8°, 21.6°, 34.8°, 37.6°, 45.7°, 61.1° and 62.2°, 

confirming the successful formation of the LDH/PEG 

structure [31]. These peak positions are in excellent 

agreement with the data reported by Yan [33]. 

Furthermore, the absence of any extraneous reflections 

demonstrates that the synthesized product is phase pure 

and free of crystalline impurities. 

3.3. FT-IR Analysis 

The chemical structure and functional groups of the 

synthesized LDH/PEGs were examined by 

Fourier‑transform infrared (FT‑IR) spectroscopy. The 

recorded spectrum is displayed in Figure 1b. The broad 

and intense absorption band centered at approximately 

3419 cm⁻¹ and the band observed at 1634 cm⁻¹ are assigned 

to the stretching and bending vibrations of metal‑bound 

hydroxyl groups and interlayer water molecules, 

respectively [34]. The peak around 1356 cm⁻¹ is attributed 

to the stretching vibrations of nitrate (N–O) and carbonate 

(C–O) ions. The absorption bands in the region of 450–

700 cm⁻¹ are related to the stretching and bending 

vibrations of Al–OH and Mg–OH groups. Furthermore, 

the characteristic peaks at 1110, 1185, and 2900 cm⁻¹ 

correspond, respectively, to the bending vibrations of C–

O–H bonds and the stretching vibrations of C–H bonds of 

the PEG component, confirming the successful 

incorporation of PEG into the LDH structure.[31, 35]. 

 
Fig. 1. (a) The XRD pattern, (b) FT-IR spectra of LDH / PEG  
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3.4. Scanning Electron Microscopy (SEM) 

The surface morphology of the LDH/PEG nanocomposite 

was investigated using scanning electron microscopy 

(SEM). As shown in Figure 2a, the nanocomposite exhibits 

a platelet-like layered structure characteristic of LDHs, 

with particles appearing as irregular aggregates. Some 

degree of agglomeration is observed, which is common in 

LDH-based materials due to strong interlayer hydrogen 

bonding and van der Waals interactions. However, the 

incorporation of PEG appears to reduce the compactness 

of the aggregates compared to unmodified LDHs, leading 

to a more open and rough surface morphology. This rough 

and less agglomerated structure is beneficial for SPME 

applications as it increases the available surface area and 

facilitates analyte diffusion and adsorption. The particle 

size distribution was roughly estimated to be in the range 

of 50–300 nm. 
The observed morphology confirms the successful 

formation of the LDH/PEG nanocomposite and supports 

the improved adsorption capacity expected from PEG 

modification, which acts as a spacer and dispersant 

between the LDH layers. 

3.5. Thermogravimetric Analysis (TGA) 

The thermal stability of the synthesized LDH/PEG fiber 

was evaluated by thermogravimetric analysis (TGA). The 

resulting thermogram is presented in Figure 2b. According 

to the TGA curve, the degradation of the fiber proceeds in 

four distinct stages. The first stage, observed up to 

approximately 110 °C, corresponds to a mass loss of about 

7.14 %, attributable to the removal of physically adsorbed 

water. In the second stage, between 110 °C and 280 °C, a 

mass loss of about 9.21 % occurs due to the elimination of 

interlayer hydroxyl and carbonate groups within the LDH 

structure. The third stage, extending up to around 550 °C, 

involves a more substantial mass reduction of 

approximately 17.41 %, which can be assigned to the 

decomposition of residual anions in the LDH layers, the 

collapse of the layered structure, and the degradation of 

free PEG within the fiber. Finally, above 550 °C, a gradual 

mass loss of about 3.5 % takes place, corresponding to the 

complete structural breakdown of the LDH/PEG 

composite[31]. 

 

 
Fig. 2. (a) The SEM image and (b) TGA analysis of LDH / PEG 

3.6. Optimization of SPME Procedure 

Parameters such as temperature, pH and contact time that 

affected the extraction of analytes to the head-space and 

adsorption on the fiber were investigated. 

3.6.1. Optimization of Extraction Temperature 

In HS-SPME, temperature has a dual effect: it enhances 

the mass transfer of analytes into the headspace by 

increasing their vapor pressure, while simultaneously 

decreasing the distribution coefficient between the 

headspace and the fiber coating due to the exothermic 

nature of adsorption. To find the optimal temperature, the 

effect of this parameter was studied in the range of 75–95 

°C. As shown in Figure 3a, the peak areas of most analytes 

increased with temperature up to 85 °C. Although no sharp 

decline was observed at higher temperatures, a plateau or 

slight decrease was noted for some compounds. Therefore, 

85 °C was selected as the optimal extraction temperature, 

providing the highest overall efficiency while maintaining 

good precision and protecting both the analytes and the 

fiber coating. 

3.6.2. Effect of pH 

In the HS‑SPME technique, the extraction fiber is not 

immersed in the sample solution; therefore, pH does not 

directly affect the fiber coating. However, the pH of the 

sample is a critical parameter that influences the 

distribution constant, hydrolysis, and chemical form of the 

analytes in the solution. Since only the neutral (molecular) 

form of the analytes can volatilize into the headspace, 

maintaining the appropriate pH is essential. The target 

analytes in this study are pH‑sensitive and tend to undergo 

hydrolysis in strongly acidic or alkaline environments. For 

this reason, the effect of pH was not investigated under 

extreme pH conditions; instead, the extraction was 

evaluated over a moderate pH range of 4 to 8. As presented 

in Figure 3b, the maximum peak area and thus the highest 

extraction efficiency was obtained at pH 7. 

3.6.3. Effect of Extraction Time 

HS‑SPME is an equilibrium‑based microextraction 

technique; therefore, the amount of analyte extracted is 

directly related to the extraction time, making contact time 

a critical parameter influencing method efficiency. While 

the sorption of analytes onto the fiber coating increases 
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with time, shorter analysis times are preferred for higher 

sample throughput. To establish the optimal balance 

between extraction efficiency and analysis duration, 

extraction (contact) times ranging from 30 to 60 min were 

evaluated. The results, presented in Figure 3c, show that 

the analyte peak areas increased progressively with 

extraction time up to 50 min, after which the responses 

remained essentially constant. This plateau indicates that 

the fiber surface became saturated (i.e., extraction 

equilibrium was attained) at 50 min, and further extension 

of the extraction time did not improve the efficiency. 

Accordingly, an extraction time of 50 min was chosen as 

optimal for subsequent analyses. Extraction time was 

optimized in the range of 30–60 min based on preliminary 

studies. The observed rapid increase in extraction 

efficiency up to 50 min followed by a plateau indicates that 

equilibrium was reached, consistent with typical liquid-

phase microextraction kinetics. 

 
Fig. 3. The effect of (a) temperature, (b) pH and (c) contact time on the HS-SPME  

3.7. Calibration Curves 

Calibration curves were constructed for each analyte under 

the optimized conditions. The linearity ranges of the 

HS-SPME method for all target analytes are summarized 

in Table 1. The coefficients of determination ( R² ) 

obtained from the calibration curves confirmed a good 

linear relationship between the analytical signal (peak 

area) and the analyte concentration. 

Table 1 

Analytical parameters obtained by HS-SPME with LDH/PEGs nanocomposite fiber for determination of studied pesticides 

Pesticide Linearity range (µg L⁻¹) R² LOD (µg L⁻¹) RSD (%) 

Diazinon 1–1000 0.995 0.3 7.8 

Fenitrothion 1–1000 0.998 0.1 5.7 

Malathion 1–1000 0.996 0.1 7.6 

Chlorpyrifos 0.1–1000 0.997 0.05 4.5 

Penconazole 1–1000 0.998 0.1 8.1 

Profenofos 1–1000 0.997 0.15 8.9 

Cyproconazole 0.1–1000 0.994 0.07 8.5 

Diniconazole 1–1000 0.991 0.1 5.5 

Propiconazole 1–1000 0.985 0.1 6.4 

Tebuconazole 1–1000 0.985 0.5 6.6 

Fenpropathrin 1–1000 0.980 0.1 5.3 

Phenothrin 1–1000 0.996 0.5 3.9 

Phosalone 1–1000 0.987 0.1 8.6 
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3.8. Limit of Detection (LOD) and Limit of 

Quantification (LOQ) 

In chromatographic methods, LOD and LOQ are 

commonly determined based on the signal-to-noise (S/N) 

ratio. The LOD corresponds to the lowest detectable 

analyte concentration yielding a signal equal to three times 

the noise level (S/N = 3). The LOQ is the minimum 

concentration that can be quantified with acceptable 

accuracy and precision, typically at an S/N ratio of 10 

(S/N = 10). The LOD values of the method were calculated 

for each pesticide according to these definitions and are 

presented in Table 1. 

3.9. Method Repeatability 

The intra-day repeatability of the method was evaluated by 

performing three replicate extractions using the 

synthesized fiber under optimal conditions with 

independently prepared sample solutions. The 

repeatability is expressed as the relative standard deviation 

(RSD) for each analyte and is reported in Table 1. 

3.10. Comparison with Previous Studies 

The RSD and LOD obtained with the present method were 

compared with those reported in earlier studies that 

extracted and measured similar pesticides. A summary of 

this comparison is given in Table 2. The LOD and RSD 

values achieved in this study are either lower than or 

comparable to those of the previously reported methods, 

demonstrating the favorable performance of the proposed 

technique. To better position the current work, a critical 

comparison with recently reported methods for the 

extraction of similar pesticides is presented in Table 2. 

While several nanomaterial-based coatings (e.g., Nafion-

SBA-15, Fe₃O₄@SiO₂@C8, and PDMS-based fibers) have 

been successfully used, most of them are either limited to 

fewer analytes, applied to simpler matrices (water or fruit 

juice), or require more complex and costly preparation 

procedures. Moreover, the application of LDH-based 

composites in HS-SPME remains very scarce. The 

proposed LDH/PEG nanocomposite offers distinct 

advantages including facile and low-cost synthesis, good 

thermal stability, high reusability (>50 cycles), and 

suitable performance for multiclass pesticides in real 

vegetable samples. These features, combined with 

comparable or better LODs and precision, highlight the 

added value of the present contribution to the field of 

microextraction. 

Table 2 

Comparison of the analytical performance of the proposed method with other reported methods for the determination of pesticides. 

Analyte(s) Real sample LOD (µg L⁻¹) RSD (%) Method Extraction Phase Ref. 

Penconazole, 
Diniconazole, 
Tebuconazole 

Water 0.05, 0.02, 
0.08 4.3–6.9 HS-SPME-

GC-FID 
Nafion-SBA-15 

nanomaterial [28] 

Diazinon, Fenitrothion Water 0.01–0.03, 
0.025–0.04 4–10 HS-SPME-

GC-MS 
PDMS 100 µm & 

PA 85 µm [29] 

Diazinon, Chlorpyrifos Fruit 0.48, 0.45 0.3–7.4 HS-SPME-
GC-ECD 

PDMS–
2OHMe18C6 [30] 

Diazinon, Chlorpyrifos, 
Penconazole 

Water & 
Wastewater 

0.53, 1.32, 
1.56 2.2–3.9 

SBSE-
DLLME-GC-

FID 

Octadecylsilane / 
tetrachloroethane [31] 

Diazinon, Chlorpyrifos, 
Penconazole, 
Diniconazole, 
Tebuconazole 

Fruit & 
Vegetable 0.03–0.09 3–6 

SBSE-
DLLME-GC-

FID 

Fe₃O₄@SiO₂@C8 
nanoparticles [32] 

Diazinon, Malathion, 
Chlorpyrifos, Profenofos 

Strawberries 
& Cucumbers 0.02–0.2 1.3–5.71 HS-SDME-

GC-ECD PDMS 100 µm [33] 

Fenitrothion, Chlorpyrifos Milk 4.5–4.8 - HS-SPME-
GC-MS 

PDMS-DVB, 65 
µm [34] 

Studied pesticides (13 
compounds) 

Cucumber & 
Tomato 0.05–0.50 3.9–8.9 HS-SPME-

GC-FID 
LDH/PEG 

nanocomposite 
This 
work 

Footnote: HS-SPME: Headspace solid-phase microextraction; GC-FID: Gas chromatography-flame ionization detection; GC-MS: Gas 

chromatography-mass spectrometry; GC-ECD: Gas chromatography-electron capture detection; SBSE: Stir bar sorptive extraction; DLLME: 
Dispersive liquid-liquid microextraction; PDMS: Polydimethylsiloxane; DVB: Divinylbenzene; PA: Polyacrylate. 
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3.11.Real Sample Analysis and Matrix Effect 

To evaluate the applicability of the method, the HS-SPME 

procedure with the LDH/PEG fiber was applied to the 

analysis of tomato and cucumber samples under optimal 

conditions. The resulting gas chromatograms did not show 

detectable levels of the target pesticides in the blank 

samples. To investigate matrix effects, the samples were 

spiked with a known amount of the pesticide mixture to 

obtain a final concentration of 10 µg L⁻¹. Figure 4 displays 

a representative chromatogram of a spiked tomato sample. 

Table 3 summarizes the analytical results for the spiked 

cucumber and tomato samples obtained using the proposed 

method under optimized conditions. 

 
Fig. 4. The chromatogram of extracted pesticides spiked at 10 

µg L⁻¹ in tomato sample using HS-SPME with LDH/PEG fiber 

(1-diazinon, 2-fenitrothion, 3-malathion, 4-chlorpyrifos, 5-

penconazole, 6-profenofos, 7-cyproconazole, 8-diniconazole, 9-

propiconazole, 10-tebuconazole, 11-fenpropathrin, 12-

phenothrin, 13-phosalone). 

Table 3 

Obtained results for the analysis of spiked real samples (10 µgL-

1) byHS-SPME with LDH/PEGs nanocomposite as extraction 

fiber. 

 Concentration(µgL-1) 

Analyte Tomatoes Cucumbers 

Diazinon 10±0.5 10±0.6 

Fenitrothion 10±0.2 10±0.4 

Malathion 10±0.7 10±0.6 

Chlorpyrifos 10±0.6 10±0.7 

Penconazole 10±0.7 10±0.8 

Profenofos 10±0.2 10±0.8 

Cyproconazole 10±0.3 10±0.5 

Diniconazole 10±0.4 10±0.2 

Propiconazole 10±0.5 10±0.6 

Tebuconazole 10±0.4 10±0.5 

Fenpropathrin 10±0.6 10±0.8 

Phenothrin 10±0.2 10±0.6 

Phosalone 10±0.3 10±0.9 

3.12. Reusability and Stability of the LDH/PEG 

Fiber 

The reusability and long-term stability of the SPME fiber 

are critical factors for its practical application. To evaluate 

the stability of the LDH/PEG nanocomposite coating, the 

same fiber was repeatedly used for extraction/desorption 

cycles under the optimized conditions. After each 

extraction, the fiber was thermally desorbed at 275 °C for 

2 min in the GC injector and then reused for the next cycle. 

The peak areas of all thirteen pesticides were monitored. 

 
Fig. 5. Reusability of the LDH/PEG nanocomposite fiber over 

50 extraction/desorption cycles. Conditions: spiked 

concentration 100 μg L⁻¹, extraction temperature 85 °C, 

extraction time 50 min, pH 7. Error bars represent standard 

deviations (n = 3). 

As shown in Figure 5, the LDH/PEG fiber maintained 

more than 92% of its initial extraction efficiency even after 

50 consecutive extraction/desorption cycles. No 

significant decline in performance or physical damage to 

the coating was observed. This excellent reusability can be 

attributed to the high thermal and mechanical stability of 

the LDH/PEG nanocomposite, as confirmed by TGA 

analysis. These results demonstrate that the prepared fiber 

is highly durable and cost-effective for routine laboratory 

use. 

4. CONCLUSION 

In this study, a novel layered double 

hydroxide/polyethylene glycol (LDH/PEG) 

nanocomposite was successfully synthesized via co-

precipitation method and applied as a new fiber coating for 

headspace solid-phase microextraction (HS-SPME) 

coupled with gas chromatography-flame ionization 

detection (GC-FID). The structural, morphological, and 

thermal properties of the LDH/PEG coating were 

thoroughly characterized by XRD, FT-IR, SEM, and TGA, 

which confirmed the successful intercalation of PEG into 

the LDH interlayers and the formation of a stable, uniform 

nanocomposite film on the fiber surface. 
The fabricated fiber showed excellent mechanical stability 

and could be reused for more than 50 extraction/desorption 

cycles without significant loss of extraction efficiency. 

Under the optimized conditions (extraction temperature: 

85 °C, pH: 7, extraction time: 50 min), the proposed HS-

SPME-GC-FID method enabled the simultaneous 

determination of thirteen pesticides (diazinon, 

fenitrothion, malathion, chlorpyrifos, penconazole, 
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profenofos, cyproconazole, diniconazole, propiconazole, 

tebuconazole, fenpropathrin, phenothrin, and phosalone) 

in cucumber and tomato samples. The method exhibited 

linear ranges of 0.1–1000 μg L⁻¹ for chlorpyrifos and 

cyproconazole and 1–1000 μg L⁻¹ for the other analytes, 

low limits of detection (0.05–0.50 μg L⁻¹), and satisfactory 

precision (RSDs ranging from 3.9% to 8.9%). Real sample 

analysis demonstrated good relative recoveries and 

negligible matrix effects, confirming the reliability and 

applicability of the method for the determination of 

pesticide residues in complex vegetable matrices. 

Compared with commercially available SPME fibers, the 

prepared LDH/PEG nanocomposite offers simple and low-

cost preparation, high extraction efficiency, long 

operational lifetime, and good reusability. These results 

indicate that the LDH/PEG nanocomposite is a promising 

and effective sorbent for HS-SPME and has considerable 

potential for monitoring pesticide residues in food 

samples. 

REFERENCES 

[1] IUPAC A. Chemistry International. 2012. 
[2] Aulakh J, Malik A, Kaur V, Schmitt-Kopplin P. 

Critical Reviews in Analytical Chemistry. 

2005;35:71-85. 
[3] Araoud M, Douki W, Rhim A, Najjar M, Gazzah N. 

Journal of Environmental Science and Health Part B. 

2007;42:179-187. 
[4] Kin CM, Huat TG. Food Chemistry. 2010;123:760-

764. 
[5] Lambropoulou DA, Albanis TA. Journal of 

Biochemical and Biophysical Methods. 2007;70:195-

228. 
[6] Dallüge J, van Rijn M, Beens J, Vreuls RJJ, Brinkman 

UAT. Journal of Chromatography A. 2002;965:207-

217. 
[7] Garrido Frenich A, Martínez Salvador I, Martínez 

Vidal JL, López-López T. Analytical and 

Bioanalytical Chemistry. 2005;383:1106-1118. 
[8] Guo H, Chen A, Zhou J, Li Y, He X, Chen L, Zhang 

Y. Journal of Chromatography A. 2022;1664:462799. 
[9] Jing X, Wu J, Wang H, Guo L, Zheng X, Wang X, 

Wang S. Food Chemistry. 2022;370:131360. 
[10] Li W-k, Xue Y-j, Fu X-y, Ma Z-q, Feng J-t. Food 

Control. 2022;133:108587. 
[11] Khodayari A, Sohrabnezhad S, Moinfar S, 

Pourahmad A. Microchimica Acta. 2022;189:45. 
[12] Arthur CL, Pawliszyn J. Analytical Chemistry. 

1990;62:2145-2148. 
[13] Kaykhaii M, Saffari F. Journal of Sciences, Islamic 

Republic of Iran. 2008;19:111-117. 

[14] Zhang Z, Pawliszyn J. Analytical Chemistry. 

1993;65:1843-1852. 
[15] Al-Hammashi F, Deiminiat B, Rounaghi GH. 

Microchemical Journal. 2025;208:112340. 
[16] Poojary H, Selvamuthukumar K, Parveen R, Illanad 

G, Mandal D, Koo S, Ghosh C. Green Chemistry 

Letters and Reviews. 2025;18:2486135. 
[17] Wang S, Yu J, Chen Y, Li N, Han J, Yu Y, Shi Y, 

Chen G, Qiu J, Zhu F. TrAC Trends in Analytical 

Chemistry. 2025:118372. 
[18] Evans DG, Slade RC. Structural aspects of layered 

double hydroxides. In: Layered double hydroxides. 

Springer; 2006. p. 1-87. 
[19] Biglari N, Ghomi M, Zare EN, Mahmoudi E, Shen J, 

Makvandi P. Bioactive Materials. 2026;55:602-622. 
[20] Gao D, Zhang W, Dong H, Yu Y, Liu W, Luo H, Jing 

Z, Liang B, Peng L, Wu B. Environmental 

Technology & Innovation. 2025;37:104003. 
[21] Devaraj M, Zhou X. Coordination Chemistry 

Reviews. 2025;532:216509. 
[22] Li M, Ma D, Feng X, Zhi C, Jia Y, Zhang J, Zhang Y, 

Chen Y, Shi L, Shi JW. Small. 2025;21:2412576. 
[23] Abolghasemi MM, Yousefi V, Piryaei M. Journal of 

Separation Science. 2015;38:1344-1350. 
[24] Piryaei M. Natural Product Research. 2018;32:243-

245. 
[25] Duan X, Evans DG. Layered Double Hydroxides. 

Springer; 2006. 
[26] Tang S, Yao Y, Chen T, Kong D, Shen W, Lee HK. 

Analytica Chimica Acta. 2020;1103:32-48. 
[27] Abdolmohammad-Zadeh H, Morshedzadeh F, 

Rahimpour E. Journal of Pharmaceutical Analysis. 

2014;4:331-338. 
[28] Abdolmohammad-Zadeh H, Rezvani Z, Sadeghi G, 

Zorufi E. Analytica Chimica Acta. 2011;685:212-219. 
[29] Yu J, Wang Q, O'Hare D, Sun L. Chemical Society 

Reviews. 2017;46:5950-5974. 
[30] Tonelli D, Scavetta E, Giorgetti M. Analytical and 

Bioanalytical Chemistry. 2013;405:603-614. 
[31] Mandal S, Kalaivanan S, Mandal AB. ACS Omega. 

2019;4:3745-3754. 
[32] Brahma D, Barman MP, Basak D, Saikia H. 

Environmental Science: Water Research & 

Technology. 2025;11:830-875. 
[33] Yan Z, Zhu B, Yu J, Xu Z. RSC Advances. 

2016;6:50128-50137. 
[34] Chiang M-F, Wu T-M. Applied Clay Science. 

2011;51:330-334. 
[35] Wang C, Zhang X, Xu Z, Sun X, Ma Y. ACS Applied 

Materials & Interfaces. 2015;7:19601-19610.

 


