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Organophosphate pesticides (OPPs) are widely prevalent in the environment primarily due to their low cost and extensive use in agricultural lands. However, it is estimated that only about 5% of these applied pesticides reach their intended target organisms. The remaining 95% residue linger in the environment as contaminants, posing significant ecological and health risks. This underscores the need for materials capable of effectively removing, recovering, and recycling these contaminants through adsorption processes. In this research, adsorbent materials composed of electro-spun carbon nanofibers (ECNFs) derived from polyacrylonitrile was developed. The materials were characterized through several techniques, including scanning electron microscopy (SEM), X-ray photoelectron spectroscopy (XPS), Fourier Transform Infrared Spectroscopy (FTIR), Brunauer–Emmett–Teller (BET) analysis, and contact angle measurements. SEM analysis revealed details of the structural properties and inter-fiber spacing variations of the carbon nanofibers. The results revealed that ECNFs possess remarkable uniformity, active surface areas, and high efficiency for adsorption processes. The adsorption studies were conducted using batch experiments with ethion pesticide in aqueous solution. High-Performance Liquid Chromatography–Diode Array Detector (HPLC-DAD) was utilized to quantify the concentrations of the OPP. Various parameters, including adsorbent dosage, pH, contact time, and initial ethion concentration, were investigated to understand their impact on the adsorption process. The adsorption isotherm was best described by the Freundlich model, while the kinetics of adsorption followed a non-integer-order kinetics model. The adsorption capacity of the ECNFs for OPP removal highlights a significant advancement in materials designed for environmental remediation applications. This study demonstrates the potential of ECNFs to serve as effective adsorbents, contributing to the mitigation of pesticide contamination in agricultural environments.
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1 INTRODUCTION
Organophosphate pesticides (OPPs) are toxic chemicals and one of the most widely used pest-controlling chemicals in agriculture. They account for approximately 40% of all pesticides produced and used commercially around the world, OPPs account for about 70% of total pesticides used in the United States (Dehghani et al., 2017; Mehta et al., 2022; Dissanayake et al., 2019). Their large usage generates significant amount of OPP residues, and these residues remain as contaminants in the soil, water, air, and food endangering all living strata exposed to these chemicals in various ways (Mali et al., 2022; Kaushal, Khatri, and Arya, 2021). When these pesticides are exposed to living beings, the major toxicological effect is the irreversible inhibition of the acetylcholinesterase (AChE) enzyme, which is involved in signal neurotransmission, and thus its inhibition causes impairment of the respiratory tract and neuromuscular transmission (Kaushal, Khatri, and Arya, 2021; Mulla et al., 2020; Chawla et al., 2018). OPP contamination has been extensively documented in agricultural soils, water bodies, and industrial regions across the globe. This pervasive issue affects many countries and continents, including but not limited to Brazil, China, Thailand, India, Mexico, Nepal, Bangladesh, Japan and Africa (Mali et al., 2022; Ore et al., 2023; Velasco et al., 2014; Derbalah et al., 2019; Sumon et al., 2018; Zhang et al., 2021). Most of these regions have experienced significant levels of pesticide residues above regulatory threshold in their environments, highlighting a widespread problem that impacts both human health and ecological systems. A comprehensive analysis and risk assessment were conducted on a variety of water bodies, soil and sediment samples collected from these regions to evaluate potential environmental and health impacts. For instance, OPP contamination was reported in the agricultural soils of China, the study specifically detected and quantified high concentrations of over nine different OPPs. The concentrations were found to be notably high which highlights a significant level of OPP contamination in the region, posing potential risks to both environmental and human health (Pan et al., 2018; Bhandari et al., 2020). Similarly, the aquatic risk assessment of OPPs in both surface water and sediments was performed on two different water systems in Bangladesh. The findings revealed that the OPPs pose a significant risk to aquatic life in these regions (Sumon et al., 2018). The predominant contamination and distribution of OPPs in the environment have also been reported in several parts of Africa. A recent report highlighted human exposure to OPPs through inhalation and soil ingesting by investigating the concentration of OPPs in soil and air samples from two different sites in South Africa (Degrendele et al., 2022). Despite the hazards that these OPPs present, they form an indispensable part of modern agriculture and has raised global health concerns.
Organophosphorus pesticides can be removed from the environment using several techniques, such as photocatalysis, biochemical decomposition, electrochemical decomposition, separation using various membranes, oxidation, and adsorption (Dehghani et al., 2019; Mehta et al., 2022). The adsorption of pesticides onto various materials is one of the most promising methods for removing them from water due to its efficiency, affordability, and sustainability capacity. Several adsorbents’ materials such as activated carbon, multi walled-carbon nanotubes, graphene, magnetic materials, metal organic framework and gold nanomaterials have been used for the removal of organophosphate pesticides (Wanjeri et al., 2018; Momić et al., 2016; Dehghani et al., 2019; Zhu et al., 2015; Alrefaee et al., 2023; Seif et al., 2015). These studies reported various adsorption capacities ranging from 10 to 300 mg/g. Among these materials, carbon-based nanomaterials have been reported to possess excellent adsorption efficiency due to the molecular interactions, large specific surface area, good adsorption capacity and mechanical strength. Most of these carbon-based materials are functionalized with other nanoparticles which are dispersed into aqueous solution containing the organophosphate pesticides (Wanjeri et al., 2018; Sereshti et al., 2023; Mahpishanian, Sereshti, and Baghdadi, 2015; Uddin, 2021). However, this dispersion poses a major concern for the adsorbent removal procedure. Most research used magnetic separation, centrifugation, and ultra filtration approaches to get rid of the adsorbent after the adsorption process (Wanjeri et al., 2018; Dehghani et al., 2021; Alrefaee et al., 2023; Mahpishanian, Sereshti, and Baghdadi, 2015; Firozjaee et al., 2017; Sarno et al., 2017). These removal methods limit the real-world applications. Another challenging issue from these adsorbents is the cost-effectiveness because these materials are very expensive to produce on a large-scale basis and limited availability of materials. As a result, it is vital to develop simple and effective alternative materials such as carbon nanofiber that are easy to remove OPPs.
Nanofiber-based scaffolds are known for their inexpensive production and are typically synthesized using one of three primary methods: phase separation, self-assembly, and electrospinning. Each method has its own advantages, but electrospinning is commonly employed in the field. This preference is largely because electrospinning offers superior control over several critical properties of the nanofibers, including their diameter, alignment, and the ability to encapsulate various signals within the fibers. The versatility and precision of the electrospinning technique make it the most widely utilized method for fabricating nanofiber scaffolds (Kim et al., 2016). Moreover, the fabrication of fibers with sizes ranging from sub-microns to nanometers can be done simply and effectively using the electrospinning technology (Zhou et al., 2010). Technological breakthroughs have made it possible to industrialize electrospinning, which makes carbon fibers manufacture and real-world applications practical (Mokhena et al., 2022). Electro-spun carbon nanofibers (ECNFs) have gained interest recently and have been employed in water treatment due to their porosity, high surface areas, fast adsorption rate, ease of functionalization, inexpensive cost, and nanoscale diameter (Thamer et al., 2019; Mantripragada et al., 2020). These properties make them advantageous over traditional adsorbents. The hydrophobic surface, micrometer-scale inter-fiber pores, good stability, ease of collection and regeneration make it a good adsorbent material for OPPs (Zhu et al., 2023). The ECNFs are graphitic thread-like materials derived from electrospinning of organic polymer such as polyacrylonitrile, polymethyl methacrylate, polyvinyl alcohol, starch, polyamide, cellulose, etc., followed by heat treatment with high carbon content yield and mechanical strength (Maddah et al., 2017; Ibupoto et al., 2018).
The orientation of electrospun carbon nanofibers (E-CNFs) significantly influences their interactions with various molecules. This orientation can be adjusted based on the design of the electrospinning process and the intended application. Numerous studies have investigated the impact of E-CNF orientation and alignment on their interaction with cells (Huang et al., 2016; Kim et al., 2016; Gui et al., 2019). For example, one recent study examined the effect of fiber orientation on cell adhesion by imaging cell growth on polyvinyl alcohol (PVA)-gelatin scaffolds. The results showed that cells on randomly oriented fibers exhibited an isotropic morphology with indistinct borders between the cells and nanofibers. In contrast, cells on aligned fibers displayed a uniformly stretched linear growth pattern, suggesting that fiber orientation can impact cellular behavior (Huang et al., 2016). This study aims to investigate how fiber orientation affects the permeability and absorptivity of E-CNFs. By comparing both Randomly oriented E-CNFs (R-ECNFs) and Aligned oriented E-CNFs (A-ECNFs). R-ECNFs are typically synthesized with a lower collector rotation speed, usually less than 500 rpm, and sometimes using different collectors or electrospinning setups. On the other hand, (A-ECNFs) are collected at higher rotation speeds, often exceeding 1,000 rpm. This distinction in production methods leads to variations in fiber alignment, which in turn affects the material’s properties and interactions with other molecules.
This paper focuses on the use of ECNFs for adsorptive removal of OPPs from aqueous solution, specifically demonstrates an efficient and reusable ECNFs for the removal of ethion pesticide. The concentration of ethion in water samples was measured using high performance liquid chromatography diode array detector (HPLC-DAD). The effects of solution pH, OPP concentration, adsorbent dosage as well as contact time on the adsorption of ethion were investigated. The adsorption isotherm and kinetics were examined and discovered. The recyclability of the material as well as applicability for real-world samples were also studied. The results showed advantages of its reusability and ease of separation of OPPs from aqueous solution, making it a very prominent, affordable, and environmentally friendly material. While there are reports on adsorption of OPPs using various carbon-based adsorbents, to the best of our knowledge, there are few reports on the removal of OPPs using activated carbon nanofiber.
2 MATERIALS AND METHODS
2.1 Chemicals and materials
Polyacrylonitrile (PAN, MW = 150,000), N,N-dimethyl formamide (DMF), HPLC grade methanol, Ethion (98% analytical grade), hydrochloric acid, and sodium hydroxide were all purchased from Sigma Aldrich. All chemicals were used as received without further purification. Stock standard solution (1,000 mg/mL) of ethion was prepared in methanol and stored at 4°C. The working solutions were prepared daily by diluting with DI water.
2.2 Preparation of carbon nanofiber
The selection of DMF as the electrospinning solvent was based on its suitable boiling point and electrical conductivity which is completely evaporated during spinning and subsequent heat process (Awad et al., 2021). In comparison to other carbon polymer precursors, polyacrylonitrile (PAN) was utilized because of its high strength, slow rate of weight loss during carbonization and a higher carbon yield, making it a superior carbon precursor for producing ECNFs (Mahar et al., 2019; Zhang et al., 2014).
The preparation of A-ECNFs was according to our previously reported methods and process (Liu et al., 2018; Allado et al., 2021; Yin et al., 2022), while the R-ECNFs were obtained according to the previous method (Zeng et al., 2017) with reduced spinning speed. We believe spinning speed of collector plays a key role determining the orientation of the fibers depending on if the formation of fiber matches rotating rate of the collector. Briefly, 10% (w/v) Polyacrylonitrile (PAN) was dissolved in N, N-dimethylformamide (DMF) and stirred at room temperature for 24 h. The solution was filled into a 10 mL syringe attached to an 18-gauge needle tip. The solution was then electro-spun onto an aluminum foil wrapped collector at the rate of 400 revolutions per minute (rpm) for random fibers. The aligned fibers were electro-spun onto a fast-rolling collector at the rate of 2,000 rpm. A high voltage of 15 KV was applied and the distance between the needle tip and the collector was maintained at 15 cm apart for both fiber production. The fibers were electro-spun for 5 h with a flow rate of 1 mL/h precursor solution. After electrospinning, the obtained fibers were peeled from the aluminum foil prior to the stabilization treatment.
The prepared PAN nanofibers were stabilized in a muffle furnace under air at 280°C for 6 h at a heating rate of 1°C/min. This process was followed by a carbonization process. Specifically, the brownish color stabilized PAN nanofibers were carbonized at 1,200°C for 1 h with a heating rate of 5°C min−1 under a nitrogen atmosphere to improve the mechanical strength. The ECNFs were washed with DI water and dried at 80°C for 3–4 h.
2.3 Batch adsorption experiments
The adsorption experiments were performed using a batch technique in an aqueous solution at room temperature in a glass vial. The experiments were carried out using 10 mL ethion solution with a stirring speed of 160 rpm. All experiments were done in triplicates. The adsorbent dosage, ethion concentration, pH, and time were changed as variable factors. The parameters influencing the adsorption were optimized by varying one parameter while keeping other parameters constant. The optimum dosage was selected by testing two nanofiber masses 2 mg and 5 mg, respectively. The influence of pH was studied by adjusting the solution pH from 2 to 9 using 0.1 M NaOH and 0.1 M HCl. The time interval was varied from 0 to 180 min at 15 min intervals. The effect of ethion concentration was investigated by varying the concentration form 5 mg/L to 30 mg/L. To analyze the residual ethion concentration, the fiber material was taken out of the solution and ethion sample was moved using a pipette into the 1 mL glass vial for HPLC analysis. The percentage removal of ethion and the adsorption capacity (mg/g) of the fibers at the equilibrium and time t, were calculated using Equations 1–3:
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where Co is the initial concentration of ethion, Ce is the final concentration of ethion, Ct is the concentration of ethion at time t, qe and qt is the amount of OPP adsorbed at equilibrium and time t (min), respectively; V is the volume of the solution (L), and m is the weight of the adsorbent (g).
The recyclability test was performed by soaking the used ECNFs in 5 mL methanol for 2 h. The fibers were then removed and washed with distilled water three times, then dried in the oven at 80°C before the next use. The concentration of ethion was measured using HPLC-DAD. The analytical column of the HPLC was C18 column (50 mm × 2.1 m, 1.9 µm), the mobile phase was acetonitrile and 0.03 M phosphoric acid in 80:20 ratio. The solvent blend was isocratic. The flow rate was maintained at 0.2 mL min−1 and the injection volume was 20 µL. The wavelength of the detector was fixed at 254 nm after experimented with other elution wavelengths of 214 nm, 222 nm, and 254 nm.
2.4 Characterization
The surface morphology of the R-ECNFs and A-ECNFs were analyzed using scanning electron microscopy (JOEL JSM-IT800 Schottky FESEM). The average fiber diameter was determined using image J software. The textural properties such as surface area and porosity of the fibers were investigated using N2 adsorption at 77 K by Brunauer–Emmett–Teller (Micromeritics ASAP 2060 BET Analyser). The chemical structures of the ECNFs were investigated using Fourier transform infra-red spectroscopy (Agilent ATR-FTIR) in the range 400–4,000 cm−1. The water contact angle measurement of the fibers was carried out using a Rame-Hart Goniometer/Tensiometer (Model 260-F4). The chemical composition of the fibers before and after adsorption was analyzed using Thermo Scientific Esclab Xi + XPS. The pH of solutions was measured using Thermo scientific Orion lab star pH meter.
3 RESULTS AND DISCUSSION
3.1 Characterization of the ECNFs
The ECNFs were characterized using different characterization techniques including SEM, BET, XPS, FTIR, and Goniometer to confirm the chemical, physical, structural, and morphological properties of the material.
3.1.1 SEM imaging
Figures 1A, B, D, E presents both the SEM images of R-ECNFs and A-ECNFs. The R-ECNFs showed randomly distributed fibers with interconnected fiber spacing with macro-pores within the fibers, while the A-ECNFs exhibited fibers in a good unidirectional alignment with smooth surface and a uniform diameter after carbonization. The average fiber diameter is 454 ± 6 nm for R-ECNFs and 339 ± 2 nm for the A-ECNFs, respectively, according to the histogram distribution (Figures 1C, F).
[image: Figure 1]FIGURE 1 | SEM images of (A) R-ECNFs low magnification and (B) R-ECNFs high magnification; (D) A-ECNFs low magnification and (E) A-ECNFs high magnification; Histogram distribution of fiber diameter (nm) for (C) R-ECNFs and (F) A-ECNFs.
3.1.2 BET studies
BET uses the adsorption of molecular nitrogen to calculate the surface area of a material (Gangupomu, Sattler, and Ramirez, 2016). The N2 gas adsorption and desorption isotherm was used to characterize the specific surface area, pore volume, and pore size distribution of ECNFs. The prepared ECNFs were degassed at 300°C for 4 h before the analysis. The BET surface area of both ECNFs were found to be between 20 and 26 m2/g (Table 1; Figure 2). The slight difference in the surface area in both fibers can be attributed to their structural orientation and possibly difference in the fibers’ diameter. This alignment allows for a more compact and orderly arrangement of the nanofibers. This organized structure may result in a negligible difference in BET surface area because of the accessibility of the nanofiber surfaces for gas adsorption. The R-ECNFs on the other hand are randomly oriented and therefore lack specific alignment pattern. This less organized arrangement may contribute to a slightly lower BET surface area compared to the A-ECNFs (Chen et al., 2021). However, the slight difference in the BET of the two fibers is not significant due to similar surface chemistry and morphology of both fibers.
TABLE 1 | BET surface area and pore structure of the ECNFs.
[image: Table 1][image: Figure 2]FIGURE 2 | N2 adsorption-desorption isotherm for (A) R-ECNFs (C) A-ECNFS; pore size distribution for (B) R-ECNFs (D) A-ECNFs.
3.1.3 Wettability
The water contact angle of the respective fibers was measured as shown in Supplementary Figure S2. The R-ECNF exhibited hydrophobicity with an average water contact angle of 63° ± 4.3° while the A-ECNF has a more hydrophilic water contact angle of 10° ± 3.5°. The significant difference in the contact angles of the fibers explains the variation in their wettability. CNFs are naturally hydrophobic without functionalization (Cuervo et al., 2008; Mantripragada et al., 2023; Liu and Lu, 2006). High carbonization temperatures result in high graphitization, which increases their hydrophobicity (Li et al., 2020). Though both fibers were carbonized at the same temperature, the uniform directional spinning of the aligned fibers may contribute to the hydrophilicity of the A-CNFs. The alignment of the A-CNFs creates a more uniform and smoother surface which resulted in reduced surface roughness and lower contact angle. Additionally, the decrease in contact angle is resultant from water droplet spreading more easily down the nanofiber’s axis, without any obstacles hindering the movement of the contact line (Chen et al., 2021). Contrarily, the randomness of the R-CNFs resulted in more surface roughness which leads to higher contact angle (Bai et al., 2023).
3.1.4 XPS and FTIR studies
PAN precursor fibers undergo oxidative stabilization in air, and this process is greatly influenced by oxygen molecule diffusion (Zhou et al., 2010). The chemical composition of the ECNFs as well as the adsorbed ECNFs were further investigated using XPS. Both fibers exhibited similar chemical composition because similar peaks were displayed on the spectra. The XPS spectra of both ECNFs illustrate the presence of carbon (C1s), oxygen (O1s), and Nitrogen (N1s) by their distinctive peaks around 284 eV, 531 eV and 401 eV, respectively (Figure 3A). Carbon layers on the plane are created in carbon nano fibers when carbon atoms hybridize to create sp2 hybrid orbitals and are joined by covalent bonds to form a hexagonal ring. The weak Van der Waals interaction between these carbon layers is caused by non-localized π orbitals (Chen et al., 2020). The high-resolution spectra for carbon revealed peaks at 284.3 and 284.4 for R-ECNFs and A-ECNFs, respectively. Typically, C-O and C=O peaks in carbon spectra are reflected in single peak (Supplementary Figure S3). The π- π* satellite peak around 292 eV was also noticed in the high-resolution C1s spectra (Ashraf et al., 2013). The presence of nitrogen is thought to be caused by C-N bonds, which are normally present in PAN carbon fibers when the heat treatment’s final temperature is lower than 2,000°C (Zussman et al., 2005). The deconvolution of O 1s in both spectra presents peaks at the O 1s core level with peaks at ∼530.9 and ∼532.4 eV for R-ECNFs and 530.6 eV and 533.2 eV for A-ECNFs, respectively, corresponding to C=O, and C−O bonds (Figures 3B,C). Further analysis of high-resolution O 1s scan shows the ratio of the chemical bonds C=O to C-O is 82.8%–17.2% in the R-ECNFs while for A-ECNFs is 69.9% and 30.1%.
[image: Figure 3]FIGURE 3 | (A) Full XPS spectra of R-ECNFs and A-ECNFs, (B) High resolution elemental scan of O1s for R-ECNFs, and (C) O1s for A-ECNFs before OPP adsorption; (D) Full XPS spectra of R-ECNFs and A-ECNFs after OPP adsorption, (E) High resolution elemental scan of P2p for R-ECNFs (F) XPS spectrum of P2p for A-ECNF after OPP adsorption.
The FTIR of both R-ECNFs and A-ECNFs showed similar vibrations owing to the similar functional groups present on their surface. This is in good agreement with the XPS data. As shown in Figure 4, the FTIR spectra of R-ECNFs exhibited characteristic peak at 2,217 cm−1, arising from the C≡N nitrile group vibration (Ibupoto et al., 2018; Maddah et al., 2017). Vibrations at 1,569 cm−1, 1,447 cm−1 and 1,015 cm−1 correspond to the vibrations of the aliphatic C-H (CH, CH2 and CH3) and C-O bonds (Thamer et al., 2019). While the FTIR spectra of A-ECNFs were observed at 2,228 cm−1, 1,569 cm−1, 1,337 cm−1 and 965 cm−1 which are also suggestive of C≡N nitrile bond, aliphatic C-H bonds, and C-O bonds vibrations respectively. In terms of the phase compositions and crystallographic structures of ECNFs, we have done the X-ray diffraction (XRD) measurement of the same type of ECNFs made using the same protocol (Yin et al., 2021). The ECNFs mostly exist as graphitic-type lattice structures.
[image: Figure 4]FIGURE 4 | FTIR spectra of ECNFs of (A) R-ECNFs before and after adsorption, and (B) A-ECNF before and after adsorption.
3.2 Adsorption studies
3.2.1 XPS and FTIR of OPP adsorption
The XPS spectra of the ECNFs after OPP adsorption, however, showed introduction of the new peaks in the region of 133 eV and 163 eV (Figures 3E,F). These new peaks illustrate the presence of phosphate and sulphate bonds respectively in the adsorbed fibers. Further deconvolutions of the P 1s spectra revealed peaks at 133.4 eV and 134.12 eV for R-ECNF while the A-ECNF displayed peaks at 133.1, 133.67 and 134.3 eV, which correspond to Phosphate bond splitting. The results confirmed the binding of the organophosphate unto the surface of the fibers. In addition, it is important to highlight that the chemical bond percentages exhibit significant variation between the two types of fibers (Supplementary Table S1). Specifically, R-ECNF is characterized by a Phosphorus-Oxygen (P-O) chemical composition of P 2p splitting of percentage 89.9% 2P3/2 and 10.1% 2P1/2. In contrast, A-ECNF displays a more complex distribution of chemical bonds with multiple distinct chemical states due to variation in the electronic structure and bonding. For A-ECNF, the bond percentages are more varied displaying P-O chemical bond composition of the same of 46.8% 2P3/2, 29.0% 2P3/2 and 24.28% 2P1/2. The difference in the chemical bonding between both fibers suggest slightly different structural properties. The results indicate that the P-O bond is more presence at the R-ECNFs according to the P 2p intensity (∼2× of the A-ECNFs) which further justifies the better adsorption efficiency as indicated by the chemical bond intensity and atomic percentages from the XPS data (Figure 3; Supplementary Table S1).
Conventionally, the relationship between surface chemistry and adsorption properties is used to predict the mechanism of adsorption between CNF and organic molecule. FTIR was also used to study the structure and chemical bonds of the carbon nanofibers after adsorption. The pesticide FTIR spectra (Supplementary Figure S1) show characteristic peaks at 2,975 cm−1 and 2,926 cm−1 which are attributed to strong symmetric C-H bonds. Similar vibrations at 1,458 cm−1 and 1,386 cm−1 are also attributed to medium C-H bonds. The two vibrations around 793 cm−1 and 694 cm−1 are attributed to strong P=S and S-P=S, a good agreement with literature (Asan Mohamed and Janaki, 2021). Additionally, vibrations were observed at 1,015 cm−1 and 948 cm−1 which are suggestive of carbonyl bond (Asan Mohamed and Janaki, 2021; Yang et al., 2019). After adsorption, there are emergence of new peaks on both nanofibers in FTIR spectra (Figure 4). A reduction in the intensity of the carbonyl bond was observed on both fibers with a slight shift observed after OPP adsorption. The surface adsorption of the organophosphate was confirmed by the appearance of vibrations at 860 cm−1 and 854 cm-1 for R-ECNF and A-ECNF (Figure 4) which correspond to the shift in the P-S bond. It is worthy of note that the intensity of the P-S vibration on the adsorbed R-CNF is more than the A-ECNFs, suggesting a stronger adsorption on the surface of the R-ECNF. Moreover, the peaks at 1,447 cm−1 and 1,569 cm−1 shifted to 1,535 cm−1 and 1,668 cm−1 on the R-ECNF, respectively. This shift may be due to ethion adsorption by Vander-Waal forces on the surface and π-π interactions (Ibupoto et al., 2018). The π-π interactions may have played a significant role in the formation of the carbon conjugation within the system (the ECNFs and π acceptors of ethion) (Firozjaee et al., 2017). During carbonization, most of the oxygen and nitrogen atoms in the PAN macromolecular chain are removed, and the majority of the carbon atoms are connected to one another via sp2 hybridization to create substantial delocalized π bonds which aid the interaction with the organophosphate (Zhang et al., 2022).
The increased surface roughness and surface energy in the R-ECNFs improves hydrophobicity which enhances the adsorption. Research has shown that hydrophobic surfaces tend to show more affinity to hydrophobic substances such as oil and OPPs (Zhang et al., 2022). Ethion is a hydrophobic pesticide (Log Kow = 5.073) (ATSDR, 2000) therefore, it is assumed that hydrophobic interaction is most likely between the R-ECNFs and ethion. Despite the relatively lower surface areas, the R-ECNFs showed good adsorption capacity for organophosphate pesticides without further functionalization.
3.2.2 Effect of adsorbent dosage
A crucial factor in determining the quantitative removal of the chosen analyte is the dosage of the adsorbent. The effect of the amount of ECNFs on the adsorption efficiency was investigated using two adsorbent dosages 2 mg and 5 mg for the adsorption study from 10 mL of two different ethion concentrations (5 mg/L and 10 mg/L). Figure 5A shows the removal efficiency increased with 5 mg dosage compared to 2 mg. This is attributed to increase in the available unsaturated binding sites that are available on the carbon nanofiber as a result of increased dosage (Ibupoto et al., 2018; Firozjaee et al., 2017). This means that more ethion molecules can interact with those adsorption sites and enhance the adsorption of the pesticide. Based on these results and better accuracy in this study, 5 mg of the ECNFs were used for further adsorption studies.
[image: Figure 5]FIGURE 5 | Ethion adsorption results: (A) effect of dosage, (B) effect of pesticides concentration, (C) Effect of time, and (D) effect of pH on removal efficiency.
3.2.3 Effect of OPP concentration
The effect of increasing ethion concentration on the adsorption capacity was studied at concentrations ranging from 5 mg/L to 30 mg/L using both ECNFs. Under similar conditions, the efficiency of the R-ECNFs exceeds that of the A-ECNFs. While 5 mg/L has the highest removal efficiency for both fibers, the removal efficiency decreases with increasing ethion concentration as shown in Figure 5B. This is attributed to the limited active sites on the surface of the CNF which resulted in decrease in adsorption efficiency. Contrarily, the adsorption capacity increases for 5 mg/L concentration till it reaches about 20 mg/L concentration for both R-ECNFs and A-ECNFs. The R-ECNFs have a greater adsorption capacity of 20 mg/g than A-ECNFs which have adsorption capacity of 12 mg/g. This may be attributed to the hydrophobic and π-π interactions between the surface functional groups of the fibers and the pesticide. The higher concentration of the OPP in solution increases the adsorption capacity until the saturation of the binding sites (Thamer et al., 2019).
3.2.4 Effect on time and pH
The removal of ethion was carried out at different time interval ranging from 0 to 180 min to determine the optimum time required for maximum adsorption capacity. The 20 mg/L ethion was used for the kinetics experiment while keeping the neutral pH and the dosage constant. It was observed that there was a progressive increase in the removal efficiency until above 100 min as shown in Figure 5C. Maximum percentage removal was observed at about 120 min which was used for the adsorption process. This implies it needs 120 min for the vacant sites on the surface of the CNF to reach ethion saturation (Firozjaee et al., 2017).
Studies have shown that the pH of the adsorbate solution significantly influences the adsorption process as shown in Figure 5D. The effect of pH on the adsorption of ethion was studied from 2 to 9 using 20 mg/L concentration, 5 mg of adsorbent for 120 min. It was discovered that there was no substantial variance in the efficiency of removal observed in the range pH 2-9, which suggests a relative stability. The results imply the adsorption mechanism of π-π interaction of the carbon fiber with the OPP, because the protonation and deprotonation at different pH had insignificant impact on ethion adsorption (Maddah et al., 2017).
3.2.5 Adsorption isotherm
An adsorption isotherm describes the equilibrium relationship between the adsorbate present in the solution and the adsorbate that has been adsorbed onto the surface of the adsorbent. In this research, Langmuir and Freundlich isotherm models were fitted into the ethion adsorption on ECNFs. Langmuir isotherm assumes the monolayer adsorption of molecules onto the surface of the adsorbent with a limited number of homogeneous sites. The model is represented with the following Equation 4 (Ibupoto et al., 2018).
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where Ce is the equilibrium concentration of the pesticide in solution (mg/L), qe is the amount of pesticide adsorbed per unit mass of the adsorbent, qm is the maximum adsorption capacity and KL is Langmuir constant.
Freundlich isotherm assumes a multilayer adsorption on heterogeneous surfaces, and it is described by Equation 5:
[image: image]
where qe is the amount of the solute adsorbed per unit mass of the adsorbent, Ce is the equilibrium concentration of the adsorbate, Kf is the Freundlich constant, 1/n is the heterogeneity factor or a constant that predicts the adsorption strength. When 1/n is between 0 and 1, the adsorption is favorable (Ibupoto et al., 2018).
The experimentally determined adsorption isotherms and their parameter constants using nonlinear fitting are shown in Table 2. Figure 6 shows the fitting plots of the two models. Based on the correlation coefficient R2 value of the two adsorption isotherms, the adsorption data fits the Freundlich adsorption isotherm model better than the Langmuir model. The result suggests multilayer ethion adsorption at the surfaces of the fibers. Table 2 also shows the heterogeneity factor, 1/n values are less than one which is an indication that the adsorption process is favorable.
TABLE 2 | Adsorption isotherm parameters of both fibers.
[image: Table 2][image: Figure 6]FIGURE 6 | Langmuir and Freundlich adsorption isotherm of ethion adsorption fitting at (A) R-ECNFs and (B) A-ECNFs; The adsorption kinetics fitting of (C) Pseudo first order and (D) Pseudo second order plots for R-ECNFs and A-ECNFs.
3.2.6 Adsorption kinetics
Adsorption kinetics plays a crucial role in explaining the nature of the transitory behavior of the solute as it moves from solution to the surface of the adsorbent. For this study, two kinetic models, namely, pseudo first-order (PFO) and pseudo-second order (PSO) were used to describe the mechanism of the organophosphate adsorption on the CNFs. The PFO and PSO rate are depicted as Equations 6, 7 (Musah et al., 2022):
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Pseudo first order kinetic model
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Pseudo second order kinetic model.
where qe (mg/g) is the amount of pesticide adsorbed at equilibrium, qt (mg/g) is the amount of pesticide adsorbed at time t (min), k1 (min−1) is the rate constant of the PFO model and k2 (min−1) is the rate constant of the PSO model.
The adsorption kinetics parameters and correlation coefficients are displayed in Table 3. The R2 values of both kinetic models are close to each other which is an indication that the adsorption process could be well described by PFO and PSO. However, R2 value of the PFO kinetic model is slightly higher than that of PSO which is a good indication that ethion adsorption follows PFO kinetic model better. This indicates that the adsorption process is influenced by the properties and interactions of both the adsorbate and the adsorbent. Since the multilayer adsorbate form during the adsorption process showing a better fit to Freundlich isotherm model, the kinetics of first ethion layer onto the surface of fiber is different from the adsorption of addition layer. It is plausible that it can be explained by a non-integer-order kinetics of the ethion adsorption (Skopp, 2009). Similar results are reported for organophosphate pesticides using carbon nanotube-based absorbent (Firozjaee et al., 2017; Dehghani et al., 2021).
TABLE 3 | Adsorption kinetic parameters of both fibers.
[image: Table 3]3.3 Proposed adsorption mechanism
Considering the inherently hydrophobic nature of organic pesticides, the primary sorption mechanisms are believed to involve hydrophobic interactions, Vander Waal interactions and π interactions. π-π interaction is also generally considered to be a significant factor enhancing the adsorption of aromatic compounds on carbon materials. Further insight into the adsorption process is gleaned from the evaluation of XPS and FTIR analysis. The FTIR data shows shift in the C=C vibration from 1,569 cm−1 to 1,535 cm−1 in the R-ECNF suggests significant changes in the surface chemistry and bonding configurations. Similar shift is also observed in the A-ECNF. The reduction in the carbonyl vibrations on the adsorbed fibers also suggest the transition of the bonding orbital of the pesticide molecule. This shift in chemical structure suggests π-π stacking between the carbon nano fibers and the ethion molecule. Carbon nanofibers are composed of sp2 hybridized carbon atoms which gives the conjugated polycyclic structure. The supramolecular forces in the carbon nanostructure and the C-C π stacking were assumed to play a significant role in the adsorption process. Furthermore, it is largely suspected that hydrophobic interactions-which is believed to be enhanced by the hydrophobicity of the pesticide’s molecules-also contributed considerably to the adsorption process. In addition, Vander Waal forces also contribute to the adsorption of the ethion molecule on the surface of the fibers as this forms one of the predominant mechanisms of sorption for non-functionalized carbon-based materials (Uddin, 2021).
3.4 Comparison of OPP adsorption with other adsorbent in the literature
Table 4 provides a summary of relevant experimental data, highlighting the results of batch experiments conducted with various adsorbents and under different operating conditions for the adsorption of organophosphate pesticides from aqueous solutions. The table includes a detailed comparison of adsorption removal data across a broad spectrum of operating parameters used in these adsorption studies. The adsorption data for (E-CNFs) presented in this study aligns well with the findings reported in the existing literature, indicating the suitability of E-CNFS in the removal of organophosphate pesticides.
TABLE 4 | Comparison of some experimental data for adsorption of OPPs from aqueous solution using different materials.
[image: Table 4]3.5 Reusability and real-world application
The potential for an adsorbent to be reused enhances its value and cost-effectiveness in adsorption processes. To investigate the reusability of the CNF, the R-ECNFs were desorbed using methanol. The CNFs were soaked in methanol for about 2 h to ensure complete desorption of the adsorbed pesticides, then washed thrice with distilled water and dried for reuse. Adsorption experiments using 5 mg dosage of ECNFs, 10 mL 5 mg/L of ethion were subsequently carried out for five cycles of 120 min. The R-ECNFs exhibited removal efficiencies between 80% and 90% until the third cycle, gradually declining to approximately 70% removal efficiency for the fourth and fifth cycles, as illustrated in Figure 7A. This trend underscores the practical and economic viability of the material, demonstrating its potential for multiple reuses.
[image: Figure 7]FIGURE 7 | (A) Recyclability result of R-ECNFs and A-ECNFs, and (B) adsorption results of different water samples.
To assess the real-world applicability of the material, R-ECNFs were employed as an adsorbent to remove ethion from artificially spiked water samples collected from various sources, including Lake Okeechobee, EREC canal, EREC groundwater, and seawater from Lake Worth (all sourced from Clemson University, South Carolina, United States). Prior to spiking, the presence or absence of ethion in the water samples was determined through analysis using HPLC. Subsequently, the water samples were spiked with 10 mg/L ethion and tested to calculate the percentage recovery which is the measure of analyte recovered from the spiked solution. The 10 mg/L spike concentration was employed to replicate real world sample concentration prediction. The achieved percentage recovery values exceeded 85%, falling within the range of 70%–130% stipulated by the United States Environmental Protection Agency (EPA) (Wanjeri et al., 2018). Under optimized conditions, the R-ECNF was utilized to adsorb ethion from the spiked water samples and the concentrations were determined using HPLC-DAD. The results, illustrated in Figure 7B, exhibited removal efficiencies of 45%, 72%, 38%, and 68% for Lake Okeechobee, EREC canal, EREC groundwater, and seawater from Lake Worth, respectively. Despite the complex matrix of the water samples, these outcomes further validate the material’s suitability for removing ethion from different water sources in practical real-world applications.
4 CONCLUSION
Electrospun carbon nanofibers (ECNFs) were used as a highly effective nano-adsorbent in the removal of organophosphate pesticide ethion. The fabrication of these CNFs involved the electrospinning method, followed by subsequent stages of stabilization and carbonization. The research findings demonstrated robust adsorption efficiency for the random and aligned ECNFs. Notably, the R-ECNFs exhibited a superior efficiency in comparison to the A-ECNFs, showcasing their improved efficacy in the removal process. Additionally, isotherm studies indicated a multilayer adsorption pattern, fitting better into the Freundlich isotherm model. Furthermore, the kinetics data corresponded a non-integer-order kinetics model, providing substantial evidence for the physical adsorption nature of the process. In-depth analysis using XPS and FTIR conducted before and after the adsorption process offered valuable insights into the adsorption mechanism involving the π-π stacking of ethion on carbon fiber, hydrophobic and Vander Waal forces. The fiber material stability and applicability to real world samples were confirmed through the recyclability test giving good reusability results beyond three times. In summary, this comparative study gave better understanding of the morphology and surface functionality of the fibers regarding the influences on the adsorption process. The material offers good suitability for organophosphate removal in water offering a promising solution for efficient and sustainable wastewater treatment solutions.
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