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Background: With the growing use of nitrogen-containing pesticides in agriculture, their residues in the environment have raised significant public health concerns.
Objective: This study aimed to develop a novel PPy-DBSA/IT-SPME coating to enhance the detection efficiency of polar nitrogen-containing pesticides in water matrices.
Methods: The preparation conditions were optimized, including pyrrole concentration at 7.0 mol/L, DBSA concentration at 0.014 mol/L, oxidant concentration at 0.35 mol/L, and a coating cycle repeated 10 times. High-performance liquid chromatography-tandem mass spectrometry (HPLC-MS/MS) was employed for detection.
Results: The novel coating effectively adsorbed 19 different categories of polar nitrogen-containing pesticides, including sulfonylureas, triazolopyrimidines, diphenyl ether herbicides, benzoylurea insecticides, and phenylurea herbicides, with unadsorbed rates below 10%. The analytical method achieved an average recovery rate of 61.92% to 115.21%, with an RSD below 5.0%. Detection and quantification limits ranged from 0.012 to 0.524 μg/L and 0.127 to 5.243 μg/L, respectively.
Conclusion: The developed method is green, efficient, simple, and cost-effective. It offers an environmentally friendly and user-friendly approach for the detection of polar nitrogen-containing pesticide residues, demonstrating good recovery and precision. This method holds potential for wide application in environmental monitoring and food safety.
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INTRODUCTION
Polar nitrogen-containing pesticides are widely used in modern agricultural production due to their high efficiency, low toxicity, and broad application range. These pesticides, including various chemical categories such as triazine, neonicotinoid, and sulfonylurea, play a crucial role in pest and weed control. However, their extensive use also poses potential environmental risks as they can enter water bodies through surface runoff, infiltration, and other pathways, threatening aquatic ecosystems and human health. Therefore, monitoring and assessing the residual levels of these pesticides in the environment are of paramount importance (Chow et al., 2020; Berni et al., 2021; Gormez et al., 2022).
The extraction, preconcentration, and detection of pesticides from various samples pose significant challenges due to the complexity of the analyzed samples and the low concentrations of the target analytes (Guo et al., 2020; Bagheri et al., 2022). The primary objectives of sample preparation are to remove interferences and preconcentrate the target analytes. Liquid-liquid extraction (LLE) is a popular sample pretreatment method for pesticide preconcentration, known for its simplicity and direct application (Yuan et al., 2020; Hammad et al., 2022; Lemos et al., 2022). However, traditional sample pretreatment methods like LLE often involve the use of large amounts of organic solvents, are labor-intensive, and lack efficiency (Al Shirity et al., 2023). These limitations have led researchers to seek more efficient and environmentally friendly alternative techniques (Khalil, 2020; Moreno et al., 2020; Saini et al., 2021).
Solid-phase microextraction (SPME) technology, characterized by its miniaturization, solvent-free nature, automation, and high sensitivity, has emerged as a powerful tool for sample pretreatment (Manousi et al., 2020; Kim and Karthikraj, 2021; Dugheri et al., 2022). In particular, in-tube SPME (IT-SPME) has been widely applied in the analysis of pollutants in environmental, food, and biological samples due to its simplicity and excellent extraction performance (Kataoka, 2021; Badawy et al., 2022). The key to the success of IT-SPME lies in the proper selection of the coating material, as the concentration equilibrium between the target analytes and the adsorbent occurs on the coating (Lasarte-Aragonés et al., 2020; Peng and Cao, 2021; Agatonovic-Kustrin et al., 2023). Common coating materials for IT-SPME are porous polydivinylbenzene (Supel-Q), TRB-5 (95% dimethyl/5% diphenyl polysiloxane), carboxylic molecular sieves, polydimethylsiloxane, and polyethylene glycol (Sun et al., 2022). However, commercial IT-SPME coatings are not only expensive but also impractical for many applications (Asiabi et al., 2018; Wang et al., 2019). Moreover, these commercial coatings exhibit poor selectivity toward target analytes. Therefore, the development of new selective materials to enhance extraction selectivity is necessary (Chu et al., 2021).
Polypyrrole (PPy), as a conductive polymer, has shown great potential in the field of SPME due to its unique electronic structure and adsorption properties (Du et al., 2021; Ma et al., 2021). The adsorption capacity of PPy can be significantly enhanced by introducing dopants (Khan et al., 2021; Pal et al., 2023; Yu et al., 2024). In particular, dodecylbenzene sulfonic acid (DBSA), as a surfactant, not only improves the thermal and mechanical stability of PPy upon doping but also provides additional adsorption sites through its sulfonic acid group, benzene ring, and long alkyl chain, thereby enhancing its adsorption capacity for polar nitrogen-containing pesticides. In the fields of sensors and electrocatalysis, PPy, with its conjugated double bond structure, can generate π-π interactions, dipole-dipole interactions, electrostatic interactions, and hydrophobic effects, making it an ideal adsorbent for polar and ionic compounds (Hussain et al., 2021; Du et al., 2023). However, pure PPy exhibits low thermal stability (thermal decomposition temperature of approximately 230°C) and a small surface area, limiting its application in extraction performance (Ju et al., 2022; Wu et al., 2022). To overcome these limitations, doping with other materials has become an effective strategy to improve PPy’s performance (Yin et al., 2022; Zhang et al., 2022; Özuğur Uysal et al., 2022). For example, surfactant-doped polypyrroles not only improve their thermal and mechanical stability but also greatly enhance the performance of the adsorbent through the functional groups such as sulfonic acid, benzene ring, and long alkyl chain in their molecular structure (Begum et al., 2021; Jain et al., 2023). Studies have shown that compared to PPy coatings doped with sodium p-toluenesulfonate, sodium tetrafluoroborate, and sodium perchlorate, PPy coatings doped with tetrakis (4-sulfonate phenyl)porphyrin nickel (II) salt (NiPcTs) exhibit up to a fivefold higher extraction efficiency for benzene derivatives, owing to the presence of the benzene moiety in NiPcTs, which increases the π-π interaction between benzene derivatives and the coating (Mahato et al., 2020; Ke et al., 2022; Geng et al., 2023). These findings confirm the tremendous potential of doped polypyrroles as adsorbents in improving extraction efficiency.
In summary, we prepared dodecylbenzene sulfonic acid-doped polypyrrole in-tube solid-phase microextraction coating (PPy-DBSA/IT-SPME) using chemical oxidation on a polytetrafluoroethylene tube (PFA) supported material and used it for the adsorption of 19 nitrogen-containing pesticides in environmental water. The extraction length of this method employing PPy-DBSA is 15 cm with an inner diameter of 0.75 mm, making it a compact and portable extraction device. In comparison to extraction methods such as vortexing, centrifugation, nitrogen blow, and heating, this approach facilitates on-site trace extraction, eliminating the need for sample preservation, transport, and other processes, thus being more environmentally friendly, cost-effective, and green. In this study, we prepared DBSA-doped PPy coating on a polytetrafluoroethylene tube (PFA) through chemical oxidation and extensively characterized it. By adjusting the pyrrole concentration, dopant concentration, oxidant concentration, and the number of coating cycles, we optimized the adsorption performance of the coating to achieve efficient extraction of 19 different nitrogen-containing pesticides in environmental water samples. The results of this study not only provide new insights into the design and application of PPy-based SPME coatings but also offer a new and efficient sample pretreatment strategy for environmental monitoring and food safety analysis.
MATERIALS AND METHODS
Reagents
Pyrrole (99% purity), dodecylbenzene sulfonic acid (90% purity), and ammonium persulfate (98% superior purity) were purchased from Shanghai Aladdin (China). Isopropanol (chromatographic grade), methanol (chromatographic grade), and acetone (chromatographic grade) were purchased from Fisher Scientific (United States). Formic acid (88% analytical purity) and chloric acid (superior purity) were purchased from China National Pharmaceutical Group Chemical Reagent Co., Ltd. (Shanghai, China). Ultrapure water was purchased from Zhejiang Hangzhou Wahaha Co., Ltd. (China).
Nineteen types of nitrogen-containing pesticides, including Imidacloprid (96.0%), Acetamiprid (99.0%), Atrazine (97.0%), Simazine (100.0%), Daimuron (99.0%), Monolinuron (99.0%), Metsulfuron-methyl (98.0%), Pyrazosulfuron-ethyl (99.0%), Alachlor (97.0%), Butachlor (95.0%), Pirimicarb (99.0%), Propamocarb (99.0%), Diflubenzuron (97.0%), Hexaflumuron (99.0%), Triadimefon (99.8%), Fipronil (98.0%), and Fomesafen (99.5%), were purchased from Shanghai Aladdin (China) and Bioline Science & Technology Co., Ltd. Florasulam (99.8%) was purchased from Alta Scientific Co., Ltd., and Penoxsulam (99.0%) was purchased from Shanghai Aladdin Biochemical Technology Co., Ltd.
Standard solutions of 19 nitrogen-containing pesticides (each at a concentration of 100 μg/L) were prepared using HPLC-grade methanol and stored at 4°C. A soluble polytetrafluoroethylene (PFA) column with an inner diameter of 0.75 mm was purchased from Valco Instruments Company Inc. (Houston, United States). Details about its basic properties are provided in Supplementary Table S1.
Instrumentation and conditions
The Shimadzu 30AD/8030 LC-MS/MS system (R < 0.7 FWHM) provided by Shimadzu Corporation (Tokyo, Japan) was equipped with an Agilent POROSHELL 120 EC-C18 liquid chromatography column. Chromatographic conditions were as follows: the column used was an Agilent POROSHELL 120 EC-C18 with dimensions of 2.1 × 50 mm and particle size of 2.7 μm. The injection volume was 2.0 μL, and the flow rate was set at 0.2 mL/min. The mobile phase consisted of 0.1% formic acid in water as phase A and methanol as phase B. A gradient elution program was employed: 0.00–0.50 min, 10% methanol; 0.50–4.50 min, 50% methanol; 4.50–8.50 min, 70% methanol; 8.50–10.05 min, 90% methanol; 10.05–12.00 min, 10% methanol. Mass spectrometry conditions were set as follows: the scan mode was selected as multiple reaction monitoring (MRM), the desolvation line temperature was set at 250°C, the heating temperature was 400°C, the interface voltage was 4.5 kV, the collision-induced dissociation (CID) gas pressure was 230 kPa, the drying gas flow rate was 15.0 L/min, and the nebulizer gas flow rate was 3.0 L/min. Retention times, qualitative ions, collision energy, and other mass spectrometry parameters for the 19 nitrogen-containing pesticides are detailed in Supplementary Table S2. SEM scanning electron microscope was obtained from Carl Zeiss AG (Jena, Germany), model Sigma 500. FTIR Fourier-transform infrared spectroscopy equipment was obtained from Thermo Fisher Scientific (Shanghai, China).
Preparation of PPy-DBSA/IT-SPME column
In this study, we prepared a poly pyrrole (PPy) film on the inner surface of a 0.75 mm inner diameter, 15 cm long PFA capillary using the chemical oxidation polymerization method. The preparation process involved several steps. Firstly, the capillary was cleaned using acetone to remove surface impurities. Next, concentrated perchloric acid was used to etch the inner surface, enhancing the adhesion for subsequent coatings, followed by drying with nitrogen gas. Then, a 0.5 mL solution of pyrrole monomer and the dopant DBSA in isopropanol was injected into the capillary, forming a pre-coat layer. Subsequently, a 0.5 mL solution of ammonium persulfate (APS) oxidizer was injected to initiate the polymerization reaction, resulting in the formation of the PPy film. The polymerization reaction caused a color change on the inner surface of the capillary from yellow to black, indicating the successful formation of PPy. Finally, the polymerized capillary was washed with 2.0 mL of methanol to remove unreacted monomers and by-products and dried with nitrogen gas.
To optimize the preparation conditions of the PPy-DBSA/IT-SPME column, we varied the concentrations of pyrrole and DBSA, the concentration of APS, and the number of coating cycles. The specific experimental conditions were as follows: pyrrole concentrations were set at 1, 3, 5, 7, and 9 mol/L, with a fixed DBSA concentration of 0.05 mol/L, an APS concentration of 0.35 mol/L, and 10 coating cycles. DBSA concentrations were adjusted to 0.007, 0.014, 0.07, 0.14, and 0.35 mol/L while maintaining a pyrrole concentration of 7 mol/L, an APS concentration of 0.35 mol/L, and 10 coating cycles. APS concentrations were 0.10, 0.15, 0.25, 0.35, 0.45, and 0.55 mol/L, with pyrrole and DBSA concentrations at 7 mol/L and 0.014 mol/L, respectively, and 10 coating cycles. The number of coating cycles varied between 4, 6, 8, 10, and 12, while the pyrrole and DBSA concentrations were 7.0 mol/L and 0.014 mol/L, and the APS concentration was 0.35 mol/L.
Solid-phase microextraction process within the column
In this study, a PPy-DBSA/IT-SPME capillary column was employed for the direct extraction of a nitrogen-containing pesticide standard mixture solution with 19 concentration of 100 μg/L. Methanol was used as the desorption solvent, followed by analysis using HPLC-MS. Prior to the extraction process, the PPy-DBSA/IT-SPME column was activated sequentially using 1 mL of methanol and 1 mL of deionized water. Subsequently, a nitrogen-containing pesticide mixed with an aqueous solution of 100 μL was extracted at a flow rate of 1 drop per second through the column and transferred into a new sample vial. This extraction and transfer process was repeated five times, which constituted one cycle. After completing five cycles, the liquid inside the column was collected in the sample vial for further analysis. Then, a wash step was performed by eluting five times with 100 μL of methanol, with the eluate also collected in the same sample vial. The obtained samples were directly analyzed using the Shimadzu 30AD/8030 LC-MS/MS system. After the analysis, the PPy-DBSA/IT-SPME column was washed with 2.0 mL of methanol and dried with nitrogen gas for subsequent use.
RESULTS AND DISCUSSION
Characterization of PPy-DBSA/IT-SPME coating
The structure of the polythiophene (PPy) coating doped with dodecylbenzene sulfonic acid (DBSA) was extensively characterized using Fourier-transform infrared spectroscopy (FT-IR) and scanning electron microscopy (SEM). The study also investigated the effect of different preparation conditions on the adsorption properties of the coating.
FT-IR spectroscopy analysis (Figure 1) revealed absorption peaks near 1540 cm−1 and 1450 cm−1, corresponding to the asymmetric and symmetric stretching vibrations of the PPy rings, respectively. This suggests that the structure of the PPy rings remains unchanged during the DBSA doping process. Peaks at 1260 cm−1 (C-N absorption), 2,922 cm−1 (DBSA aliphatic C-H symmetric stretching vibration), and 1038 cm−1 (-SO3− group absorption) indicate the successful introduction of the sulfonic acid group into the polymer framework. The presence of S-O and C-S stretching vibration peaks in the 700–500 cm−1 range further confirms the introduction of the sulfonic acid group. Moreover, the absence of the N-H vibration peak of the pyrrole ring at 3,400 cm−1 in the spectrum indicates that changes in experimental conditions do not affect the composition of the polymer chains. The absence of the N-H vibration peak at 3,400 cm−1 suggests that when DBSA is bound to the main chain of PPy, the doping position is at the N atom of the main chain. The relatively stable position of functional groups in the polymer chain is further supported by the insignificant effect of changes in experimental conditions on the peak positions observed in the FT-IR spectrum.
[image: Figure 1]FIGURE 1 | Infrared spectra of PPy-DBSA under different experimental conditions. Note: (A) Pyrrole concentration (a. 1.0 M, b. 3.0 M, c. 5.0 M, d. 7.0 M, e. 9.0 M); (B) DBSA concentration (a. 0.007, b. 0.014, c. 0.07, d. 0.14, e. 0.35); (C) APS concentration (a. 0.10 M, b. 0.15 M, c. 0.25 M, d. 0.35 M, e. 0.45 M, f. 0.55 M); (D) Coating cycles (a. 4, b. 6, c. 8, d. 10, e. 12).
Next, we characterized the morphology of PPy prepared by chemical oxidative polymerization. DBSA, as a doping ion, follows the protonic acid doping mechanism during the polymerization process. The nitrogen atoms in the polythiophene chain acquire positive charges in an acidic environment, and to maintain charge neutrality, DBSA− ions dissolved in the solution, with larger size or electron clouds, have the opportunity to adsorb onto the polymer surface and embed into its matrix by electrostatic interaction. Firstly, the effect of pyrrole concentration on the thickness and surface morphology of the PPy coating was investigated. With increasing pyrrole concentration, the coating thickness decreased from 300 nm to 170 nm, and the surface transformed from smooth to porous, which significantly improved the adsorption capability of the coating. Particularly at a pyrrole concentration of 7.0 mol/L, the coating exhibited the optimal adsorption performance for 19 different pesticides (Figure 2A). Subsequently, the effect of DBSA concentration on the particle size and surface morphology of PPy was elucidated. At DBSA concentration of less than 0.014 mol/L, PPy particles showed smaller average diameters (100–130 nm) and regular shapes, which contributed to the formation of porous coating structures, thereby enhancing adsorption capability (Figure 2B). However, an increase in DBSA concentration led to the disorderly deposition of particles due to hydrophobic interactions, reducing the effective surface area and resulting in decreased adsorption capability (Figure 2B). Furthermore, the influence of oxidant concentration on the thickness and adsorption performance of the PPy coating was explored. Low oxidant concentration (0.1 mol/L) resulted in thin coatings that made it difficult to form stable films. As the oxidant concentration increased, the coating thickness and particle abundance increased, leading to improved adsorption capability. However, at excessively high oxidant concentrations (0.35 mol/L), further increase in coating thickness did not enhance adsorption capability and may hinder the interaction between the analyte and the coating (Figure 2C). Finally, the impact of coating cycles on the thickness and adsorption performance of the coating was considered. The thickness of the coating increased with the number of coating cycles, but at 10 cycles, the thickness decreased to approximately 170 nm, which resulted in the optimal adsorption capacity for nitrogen-containing pesticides (Figure 2D). This indicates that an appropriate thickness and porous structure of the coating contribute to enhanced adsorption performance.
[image: Figure 2]FIGURE 2 | SEM images of PPy-DBSA coating under different pyrrole concentrations. Note: (A) Effect of pyrrole concentration on the surface morphology of PPy coating. Pyrrole concentrations: a. 1.0 M, b. 3.0 M, c. 5.0 M, d. 7.0 M, e. 9.0 M. (B) Effect of DBSA concentration on the particle size and surface morphology of PPy coating. DBSA concentrations: a. 0.007 M, b. 0.014 M, c. 0.07 M, d. 0.14 M, e. 0.35 M. (C) Effect of oxidant concentration on the coating thickness and adsorption performance of PPy. Oxdidant concentrations: a. 0.15 M, b. 0.25 M, c. 0.35 M, d. 0.45 M, e. 0.55 M. (D) Effect of coating cycles on the coating thickness and adsorption performance. Coating cycles: a. 4 times, b. 6 times, c. 8 times, d. 10 times, e. 12 times.
In summary, by fine-tuning the structure of the PPy-DBSA coating, we successfully prepared a solid-phase microextraction coating with excellent adsorption capabilities. The coating, with a thickness range of 150–200 nm and an average particle size of approximately 100–130 nm, exhibits a regular particle morphology and provides abundant effective adsorption sites for polar nitrogen-containing pesticides. This is attributed to the role of the coating thickness as the substrate carrying the surface structure that truly functions. The rich three-dimensional structure formed by the well-ordered deposition of PPy particles on the substrate surface is a key factor influencing the adsorption capability of the coating. The porous surface and non-adhesive nature of the PPy particles increase the effective surface area and provide more adsorption sites, resulting in improved adsorption capability.
Effect of polypyrrole concentration on pesticide adsorption
In order to investigate the impact of preparation conditions on the extraction efficiency of the coating, a total of 19 nitrogen-containing pesticides were selected for the experiment. These included nicotine derivatives, triazines, sulfonylureas, triazoles, diphenyl ethers, substituted ureas, benzoic ureas, aminomethyl esters, amides, triazoles, and phenylpyrazoles. The performance of the PPy-dodecylbenzene sulfonic acid (PPy-DBSA) coating with integrated IT-SPME was evaluated based on the unadsorbed rate and desorption rate of the 19 polar nitrogen-containing pesticides. A lower unadsorbed rate indicated stronger adsorption capacity of the coating, and a combined desorption rate and unadsorbed rate closer to 100.0% indicated better coating performance. Using these criteria, the influence of PPy concentration on the adsorption capacity of the coating was investigated.
The concentration of PPy is a key factor affecting the extraction efficiency. On the one hand, increasing the PPy concentration could lead to an increase in the degree of polymerization and thickness of the coating, providing more adsorption sites and enhanced loading capacity, which is consistent with our electron microscopy characterization results. On the other hand, an increase in PPy concentration allows for a higher density of π electrons and N-H bonds, resulting in more π-π and hydrogen bonding interactions, thereby achieving greater adsorption activity. However, when the PPy concentration is below 1.0 mol/L, the coating becomes too thin to form an effective layer. When the concentration exceeds 9.0 mol/L, it can lead to column blockage. Therefore, the coating can only function within a certain range of PPy concentrations. The results of the study demonstrated that as the PPy concentration increased from 1.0 mol/L to 7.0 mol/L, the unadsorbed rate of the PPy-DBSA/IT-SPME coating for 16 nitrogen-containing pesticides, excluding Alachlor, Pirimicarb, and Propamocarb, significantly decreased. When the PPy concentration reached 7.0 mol/L, the PPy-DBSA/IT-SPME coating exhibited the highest adsorption capacity for most of the pesticides (Figure 3). Therefore, a concentration of 7.0 mol/L was selected as the optimal concentration for all subsequent experiments.
[image: Figure 3]FIGURE 3 | Influence of pyrrole concentration on the adsorption of polar nitrogen-containing pesticides by PPy-DBSA/IT-SPME coating. Note: DBSA concentration: 0.050 mol/L, APS concentration: 0.35 mol/L, coating cycles: 10.
DBSA concentration and adsorption capacity
The following investigation examines the influence of DBSA concentration on the adsorption capacity of the coating. It has been reported in the literature that the dopant DBSA plays a crucial role in the adsorption process. On the one hand, this could be attributed to the long alkyl chains of DBSA acting as flexible spacers between PPy chains, preventing the polymeric chains from tightly stacking together. This promotes the formation of a looser, more porous structure in the polypyrrole, leading to an increased effective specific surface area. This finding is in line with the SEM results obtained. On the other hand, the benzene rings and long alkyl chains in DBSA molecules act as active binding sites, allowing for multiple types of interactions with target analytes. The results indicated that the coating exhibited strong interactions with Metsulfuron-methyl, Pyrazosulfuron-ethyl, Florasulam, Penoxsulam, Fomesafen, Daimuron, Diflubenzuron, and Hexaflumuron, while being minimally affected by increasing concentrations of DBSA. The coating demonstrated an increased non-adsorption rate for Atrazine, Simazine, Imidacloprid, Acetamiprid, and Monolinuron with increasing DBSA concentration. Conversely, the non-adsorption rate of Propamocarb, Pirimicarb, Alachlor, Butachlor, Triadimefon, and Fipronil decreased with increasing DBSA concentration, suggesting a strong interaction between these pesticides and DBSA. Furthermore, the varying molecular structures of different pesticides also influenced their interaction with DBSA, highlighting the potential of PPy-DBSA coatings for extracting pesticides with diverse molecular structures (Figure 4). Therefore, a DBSA concentration of 0.14 mol/L was determined as the optimal condition for extracting Propamocarb, Pirimicarb, Alachlor, Butachlor, Triadimefon, and Fipronil. In order to ensure the extraction efficiency of the coating for most polar nitrogen-containing pesticides, a DBSA concentration of 0.014 mol/L was selected as the optimal condition for all subsequent experiments.
[image: Figure 4]FIGURE 4 | Influence of DBSA concentration on the adsorption of polar nitrogen-containing pesticides by PPy-DBSA/IT-SPME coating. Note: Pyrrole concentration: 7.0 mol/L, APS concentration: 0.35 mol/L, coating cycles: 10.
Oxidant concentration and adsorption performance
It is well-known that the concentration of oxidants affects the rate and extent of pyrrole polymerization, with higher oxidant concentrations resulting in higher polymer yields. Therefore, we explored the influence of oxidant concentration on the adsorption capacity of the coatings. Figure 5 illustrates the impact of oxidant concentration on the adsorption of 19 pesticides. As the APS concentration increased from 1.0 mol/L to 0.35 mol/L, the unadsorbed rate of the coatings towards the 19 pesticides gradually decreased. Electron microscopy characterization revealed that with the increase in oxidant concentration, the reaction became more intense and thorough, leading to a significant accumulation of PPy particles on the surface of the coatings and thus increasing the effective specific surface area, consequently enhancing the adsorption capacity. However, further increasing the oxidant concentration did not show a substantial improvement in the adsorption capacity of the PPy-DBSA/IT-SPME coatings; in fact, it resulted in the waste of reagents due to excessive oxidation. Moreover, the influence of varying the oxidant concentration on the adsorption capacity of the 19 pesticides exhibited similar patterns. Therefore, the correlation between oxidant concentration and the adsorption selectivity of the coatings towards the 19 pesticides was relatively weak. Apart from the fungicide Propamocarb, the remaining 18 nitrogen-containing pesticides achieved desirable adsorption capabilities at an oxidant concentration of 0.35 mol/L. Hence, for all subsequent experiments, we selected 0.35 mol/L as the optimal oxidant concentration.
[image: Figure 5]FIGURE 5 | Influence of APS concentration on the adsorption of polar nitrogen-containing pesticides by PPy-DBSA/IT-SPME coating. Note: Pyrrole concentration: 7.0 mol/L, DBSA concentration: 0.014 mol/L, coating cycles: 10.
Effect of coating cycles on adsorption
The characterization results obtained from electron microscopy revealed that increasing the number of coating cycles leads to an increase in the thickness of the PPy coating, which significantly affects its extraction performance. This study analyzed the impact of the number of coating cycles on the coating’s adsorption capacity. Therefore, the efficiency of the coating in extracting 19 different pesticides was investigated by varying the number of coating cycles from 4 to 12 (Figure 6). The results demonstrated that as the number of coating cycles increased from 4 to 10, the unadsorbed fraction of 18 nitrogen-containing pesticides, except for Propamocarb, gradually decreased, indicating an increase in extraction efficiency. This may be attributed to the enhanced loading capacity of the thicker coating, enabling it to adsorb more target compounds, especially those present at low concentrations. Inadequate coating thickness can restrict extraction efficiency. However, when the number of coating cycles was 8 and 12, the unadsorbed fraction of the 19 pesticides was unexpectedly high. Infrared characterization revealed that coatings with 8 and 12 coating cycles had a thickness of approximately 200 nm. These thicker coatings not only increased the likelihood of column clogging but also possibly covered the internal adsorption sites, resulting in a decrease in adsorption capacity. Therefore, only within a certain range of coating cycles can an increase in the number of cycles allow for the adsorption of more target compounds. Additionally, the impact of changing the number of coating cycles on the adsorption capacity of the 19 pesticides behaved similarly, indicating a weak correlation between the number of coating cycles and the coating’s selectivity for the 19 pesticides. To ensure a robust and durable coating while achieving optimal adsorption efficiency, a coating cycle of 10 was selected as the optimal preparation condition for all subsequent experiments.
[image: Figure 6]FIGURE 6 | Influence of PPy coating cycles on the adsorption of polar nitrogen-containing pesticides by PPy-DBSA/IT-SPME coating. Note: Pyrrole concentration: 7.0 mol/L, DBSA concentration: 0.014 mol/L, APS concentration: 0.35 mol/L.
Validation results of PPY-SDBA/IT-SPME-HPLC-MS/MS method
Subsequently, under optimized working conditions (pyrrole concentration of 7.0 mol/L, DBSA concentration of 0.014 mol/L, oxidant concentration of 0.35 mol/L, and a coating cycle of 10), we validated the effectiveness of the method through a series of experiments including linearity, limit of detection (LOD), limit of quantification (LOQ), precision, and method repeatability. Figure 7 displays chromatograms of 19 compounds under the optimal conditions, showing symmetric peak shapes. Additionally, all compound detections were completed within 12 min. The linearity of the developed method was tested in the range of 0.01–1.00 mg/L, with three replicates at each concentration. A standard curve was obtained by plotting the average peak area against sample concentration, as shown in Supplementary Table S3. The linear dynamic range for compounds such as Atrazine, Simazine, Imidacloprid, Acetamiprid, Metsulfuron-methyl, Pyrazosulfuron-ethyl, Daimuron, Monolinuron, Florasulam, Penoxsulam, Triadimefon, Butachlor, Alachlor, Propamocarb, Pirimicarb, Diflubenzuron, Hexaflumuron, Fipronil, Fomesafen ranged from 0.01 to 1.00 mg/L. All linear dynamic ranges exhibited excellent linearity (R2 > 0.999). The limits of detection (LODs, S/N = 3) and limits of quantification (LOQs, S/N = 10) were calculated based on the signal-to-noise ratio of a standard solution with a concentration of 0.01 mg/L. The LODs ranged from 0.012 to 0.524 μg/L, while the LOQs ranged from 0.127 to 5.243 μg/L. Furthermore, in blank water samples, 10 μg/L, 100.0 μg/L, and 500.0 μg/L concentrations of nitrogen-containing pesticide compounds were added. These samples were subjected to analysis under the optimized instrument and preparation conditions to determine the recovery rates of the 19 nitrogen-containing pesticide compounds in water. Five parallel experiments were conducted at each added concentration level. The results, listed in Supplementary Table S4, indicate that the method yielded recovery rates between 61.92% and 115.21% for the 19 nitrogen-containing pesticide compounds, with an RSD of less than 5.0%. This demonstrates the method’s strong applicability, sensitivity, and good recovery rates. Supplementary Figures S1, S2 represent chromatograms of the blank solution and water samples with 100.0 μg/L concentrations of the 19 nitrogen-containing pesticides, respectively.
[image: Figure 7]FIGURE 7 | Chromatograms of 19 Pesticides. Note: (1) Alachlor, concentration 0.10 mg/L; (2) Triadimefon, concentration 0.05 mg/L; (3) Butachlor, concentration 0.10 mg/L; (4) Propamocarb, concentration 0.02 mg/L; (5) Pirimicarb, concentration 0.05 mg/L; (6) Atrazine, concentration 0.05 mg/L; (7) Simazine, concentration 0.10 mg/L; (8) Diflubenzuron, concentration 0.20 mg/L; (9) Acetamiprid, concentration 0.20 mg/L; (10) Metsulfuron-methyl, concentration 0.50 mg/L; (11) Pyrazosulfuron-ethyl, concentration 0.50 mg/L; (12) Daimuron, concentration 0.02 mg/L; (13) Monolinuron, concentration 0.50 mg/L; (14) Florasulam, concentration 0.10 mg/L; (15) Diflubenzuron, concentration 0.50 mg/L; (16) Hexaflumuron, concentration 0.10 mg/L; (17) Fipronil, concentration 0.50 mg/L; (18) Fomesafen, concentration 2.0 mg/L; (19) Penoxsulam, concentration 5.0 mg/L. Conditions: flow rate of 0.2 mL/min, injection volume of 2.0 μL, column temperature at 40°C, mobile phase composed of 0.1% formic acid in water (solvent A) and methanol (solvent B).
Comparison of analytical methods for detecting multiple pesticide residues in environmental water samples
To highlight the advantages of the PPy-SDBA/IT-SPME combined with HPLC-MS/MS method, we compared our proposed approach with other methods used for analyzing multiple pesticide residues in environmental water samples, as outlined in Supplementary Table S5. The comparative analysis reveals that solid-phase extraction (WANG Liang, 2009; Xin-Yan et al., 2015; Ya-Na et al., 2020) generally requires a substantial volume, large volumes of solvents, extended processing times, and specialized equipment; in contrast, the ionic liquid solvent flotation method (WANG Liang, 2009), though offering smaller sample volumes, involves significant solvent usage and extended processing times. The molecular imprinting method (Guo-Long et al., 2020), while requiring minimal solvent usage, involves larger sample volumes and prolonged material preparation times. Magnetic solid-phase extraction (Ming et al., 2016) entails large sample solution volume yet utilizes comparatively less solvent and shorter processing times. On the other hand, dispersive liquid-liquid extraction (Sereshti et al., 2020) offers quick material preparation times, minimal sample and solvent volumes, with our method requiring merely 0.1 mL sample volume and reduced material preparation and extraction process time. Additionally, our method employs a PPy-DBSA extraction length of 15 cm with an inner diameter of 0.75 mm, making it a compact and portable extraction device. Compared to extraction methods involving techniques like vortexing, centrifugation, nitrogen blow, and heating, our method facilitates on-site trace extraction, eliminating the need for sample preservation, transportation, thus presenting a more environmentally friendly and cost-effective solution.
In summary, the PPy-DBSA/IT-SPME coating prepared under optimal conditions demonstrates excellent adsorption efficacy for 19 polar nitrogen-containing pesticides. The coating is effective at adsorbing sulfonylureas, triazolopyrimidines, diphenyl ether herbicides, benzoylurea insecticides, and phenylurea herbicides, with unadsorbed rates below 10.0% (Li Y. et al., 2020; Silva et al., 2020). For neonicotinoid and triazine pesticides, the minimum unadsorbed rates range from 11.9% to 16.4%, with Alachlor at 18.6%, Butachlor at 4.3%, Triadimefon at 13.0%, and Fipronil at 14.7%. The experimental approach combining PPy-SDBA/IT-SPME with HPLC-MS/MS has introduced a green, efficient, simple, and cost-effective analytical method suitable for detecting polar nitrogen-containing pesticide residues in water matrices. This method achieves average recovery rates for the 19 polar nitrogen-containing pesticides ranging from 61.92% to 115.21%, with RSDs below 5.0%. The detection limits (LODs, S/N = 3) and quantification limits (LOQs, S/N = 10) range from 0.012 to 0.524 μg/L and 0.127–5.243 μg/L, respectively, resulting in satisfactory recovery rates. Furthermore, this method requires minimal sample and organic solvent usage, is portable, simple to operate, and time-efficient, offering a convenient and highly effective means of extracting polar nitrogen-containing pesticide residues from water.
This study successfully developed a novel solid-phase microextraction (SPME) coating based on polypyrrole (PPy) and dodecylbenzene sulfonic acid (DBSA) to enhance the extraction efficiency of polar nitrogen-containing pesticides in water. In comparison to previous studies, the major innovation of this study lies in the combination of PPy’s excellent electrical conductivity and chemical stability with DBSA’s surfactant properties, resulting in a significant improvement in the coating’s adsorption capacity for polar pesticides. Furthermore, compared to traditional SPME coatings like polydimethylsiloxane (PDMS), the PPy-DBSA coating demonstrates superior performance in terms of selectivity and adsorption capacity. This development of a new coating not only offers new research perspectives in the field of material science but also brings about breakthroughs in environmental monitoring technology (Puckert et al., 2017).
In terms of coating preparation techniques, this study employed a chemical oxidation method to prepare the PPy-DBSA coating. This method demonstrates better coating uniformity and adhesion compared to traditional physical adsorption or chemical bonding techniques (Wu et al., 2020; Xue et al., 2023). The chemical oxidation method effectively controls the growth of polymer chains, resulting in a more uniform and compact coating (Lee et al., 2021; Bui et al., 2022). Additionally, this method helps enhance the chemical stability and durability of the coating, which is particularly crucial for long-term environmental monitoring. Compared to other preparation methods, the chemical oxidation method exhibits significant advantages in terms of simplicity, cost-effectiveness, and environmental friendliness (Arif et al., 2022; Maggini et al., 2022).
In terms of coating performance, the PPy-DBSA/IT-SPME coating demonstrates excellent performance in extracting polar nitrogen-containing pesticides from water samples. This performance enhancement can be mainly attributed to the doping of DBSA, which not only improves the hydrophilicity of the PPy coating but also enhances its adsorption capacity for polar pesticides. In terms of the coating’s microstructure, the PPy-DBSA coating exhibits finer and more uniform particle distribution, which helps increase the contact area between the coating and analytes, thereby improving adsorption efficiency. Compared to traditional SPME coatings, the PPy-DBSA coating shows significant improvements in adsorption rate and selectivity, especially for highly polar pesticides.
In terms of coating optimization conditions, this study systematically investigates the effects of pyrrole concentration, DBSA concentration, oxidant concentration, and coating deposition cycles on coating performance. It is found that pyrrole concentration significantly affects coating formation and performance, with excessively high or low concentrations diminishing the adsorption performance of the coating. The optimization of DBSA concentration aims to balance the hydrophilicity and oil affinity of the coating to ensure efficient adsorption of polar pesticides. Furthermore, the concentration of oxidant and the number of coating deposition cycles are also crucial factors influencing coating performance (Arif et al., 2022; Maggini et al., 2022). The identification of these optimization conditions not only improves the extraction efficiency of the coating but also provides important references for future coating design.
The PPy-DBSA/IT-SPME coating holds broad application prospects in the fields of environmental monitoring and food safety. In terms of environmental monitoring, this novel coating can be used to detect residues of polar nitrogen-containing pesticides in water, aiding in the assessment of water quality safety and pollution levels. In the field of food safety, this coating can be applied to detect pesticide residues in agricultural products, ensuring food quality and consumer health. Due to its efficient extraction performance and simple operational process, the PPy-DBSA/IT-SPME coating significantly enhances the efficiency and accuracy of sample handling, providing important practical value for environmental and food safety monitoring.
Compared to existing SPME technologies and high-performance liquid chromatography-tandem mass spectrometry (HPLC-MS/MS) techniques, the PPy-DBSA/IT-SPME coating demonstrates advantages in various aspects (Fanti et al., 2020; Hu et al., 2022; Liu et al., 2023). Firstly, this coating has lower preparation costs and is easy to operate, making it suitable for large-scale applications (Manousi et al., 2020; Gionfriddo and Gómez-Ríos, 2021; Mollahosseini et al., 2022). Secondly, the PPy-DBSA coating exhibits more efficient and accurate detection of polar nitrogen-containing pesticides than traditional techniques due to its outstanding adsorption performance and specific recognition ability. However, the PPy-DBSA coating may have limitations in dealing with large molecules or non-polar compounds, which require further optimization in future research.
In summary, this study presents the first use of the chemical oxidation method to prepare a DBSA-doped polypyrrole solid-phase microextraction (PPy-DBSA/IT-SPME) coating on the inner wall of a PFA tube (Figure 8). The research found that the concentrations of pyrrole and DBSA, the concentration of the oxidant, and the number of coating cycles all affect the thickness, morphology, and adsorption performance of the coating (Hemmati et al., 2017). Due to its porous structure, high surface area, and multifunctional adsorption characteristics, this adsorbent exhibits excellent extraction and adsorption capabilities for polar nitrogen-containing pesticides in water (Li D. et al., 2020). Specifically, the concentrations of pyrrole and DBSA predominantly influence the adsorption selectivity of the coating for different nitrogen-containing pesticide structures, while the concentrations of the oxidant and the number of coating cycles have relatively minor effects (Harjo et al., 2020). Under the optimum preparation conditions (pyrrole concentration: 7.0 mol/L, DBSA concentration: 0.014 mol/L, oxidant concentration: 0.35 mol/L, coating cycles: 10), the coating shows negligible unadsorbed rates for various pesticide classes (Hemmati et al., 2017; Zhang et al., 2018). Specifically, the unadsorbed rates for sulfonylureas, triazolinones, diphenyl ethers herbicides, benzoylurea insecticides, and phenylurea herbicides are all below 10.0% (Li Y. et al., 2020; Silva et al., 2020). The lowest unadsorbed rates for neonicotinoids and triazines pesticides are 11.9%–16.4%, while Alachlor is 18.6%, Butachlor is 4.3%, Triadimefon and Fipronil are 13.0% and 14.7%, respectively (Ishtiaq et al., 2020; Pachú et al., 2021; Wang et al., 2022). These recovery results are satisfactory.
[image: Figure 8]FIGURE 8 | Extraction of polar nitrogen-containing pesticides by PPy-DBSA/IT-SPME composite coating.
Therefore, the PPy-DBSA/IT-SPME coating developed in this study demonstrates excellent application prospects for the detection of polar nitrogen-containing pesticides in environmental water samples. The high adsorption capacity and exceptional selectivity of the coating provide an effective new tool for the multi-residue analysis of nitrogen-containing pesticides. The successful development of the PPy-DBSA/IT-SPME column not only expands the application range of polypyrrole in environmental monitoring but also establishes a foundation for the advancement of pesticide residue analysis techniques in the future. Its scientific value lies in providing a novel SPME coating material with efficient extraction capabilities and excellent selectivity, offering a new solution for environmental monitoring and food safety detection. Its clinical value is demonstrated by its ability to effectively monitor polar nitrogen-containing pesticides in environmental water samples, contributing to the evaluation and control of the potential risks of these pesticides to public health.
Despite the excellent performance of the PPy-DBSA/IT-SPME coating, this study still has some limitations. For example, the long-term stability and durability of the coating have not been thoroughly investigated, and the repeatability and reliability of the coating in practical applications need further validation. Additionally, the preparation process of the coating may require meticulous operation and optimization, which could limit its application in large-scale production.
Future research should focus on further optimizing the PPy-DBSA/IT-SPME coating, including improving its stability and repeatability, as well as simplifying the preparation process. Furthermore, the application of this technology to a wider range of sample types and more target analytes should be explored to broaden its scope in environmental monitoring and food safety. In addition, combining this technique with modern analytical technologies such as mass spectrometry can further enhance the sensitivity and accuracy of detection, providing a more powerful tool for environmental and food safety monitoring.
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