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Abstract

:

Chemical agents pose a significant threat to social security, highlighting the crucial role of representative chemical agents adsorption in ensuring the safety our environment. This study explored the application of Magnetic Graphene Oxide Nanoplatelet Composites (MGONCs) in adsorbing the representative chemical agents such as Lewisite (L), O-ethyl S-2-diisopropylaminoethyl methylphosphonothiolate (VX), Sarin (GB), and Soman (GD). MGONCs were synthesized through a physical blending method, with the combination of graphene oxide (GO) and Fe3O4 nanoparticles at a mass ratio of 1:1. Optimization of the adsorption process involved investigating the effects of contact time, temperature, and adsorbent dosage. Remarkably, the adsorption rate of L and VX exceeded 99% when the dosage of MGONCs was 2.5 mg, with a contact time of 30 s at room temperature. Furthermore, GB and GD achieved maximum adsorption rates after a contact time of 20 min, with the dosages of MGONCs at 10 mg and 20 mg, respectively. Characterization of the magnetic composite was accomplished through XRD, TEM, VSM, FTIR, TGA, and BET analyses. Kinetical analysis revealed that the adsorption mechanism of GB and GD on MGONCs followed pseudo-second-order (PSO) kinetics, exhibiting a high regression coefficient. The calculated    q e    values were 0.103125 mg/g and 0.081349 mg/g, respectively. This research demonstrated the feasibility of utilizing MGONCs as highly efficient adsorbents for representative chemical agents, particularly in on-site sampling scenarios.
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1. Introduction


Chemical agents pose a significant threat to human safety [1,2]. They could be categorized as incapacitating agents, which diminish people’s fighting abilities without long-term effects, and lethal agents, which can even kill humans [3]. Figure 1 illustrates the structures of Lewisite (L), O-ethyl S-2-diisopropylaminoethyl methylphosphonothiolate (VX), Sarin (GB), and Soman (GD), which are confirmed lethal agents. These agents typically attack the respiratory system or the skin [4]. VX, GB, and GD inhibit the activity of the cholinesterase enzyme, leading to severe damage to the central nervous system [5]. Moreover, these agents are highly soluble in water or organic solvents, causing harm even at extremely low concentrations [6]. Despite the Chemical Weapons Convention (CWC) which came into effect in 1997, chemical agents continue to threaten civilian and military populations due to their destructive capacity [7]. The concealment of chemical agents usage and the difficulty of detecting residual agents in the environment underscore the importance of developing reliable traceable detection methods. Such methods are crucial for providing evidence of chemical weapons and improving medical treatment for poisoned individuals [8].



To enhance the extraction and enrichment of chemical agents for retrospective detection, the adsorbent used in sample preparation should be well-designed, easy to use, insensitive, and posing no additional safety concerns. Previous studies had employed various materials such as activated carbon [9,10,11], metal oxide nanoparticles [12,13,14,15,16,17], and metal–organic framework structures (MOFs) [18,19,20,21] for chemical agents and simulant adsorption. For example, Hyejin Yu et al. [22] used chitosan-derived porous activated carbon to remove the simulant agents for chemical weapons, achieving a saturation adsorption capacity of approximately 412 mg·g−1 carbon after 2 days. Marc Florent et al. [23] utilized a co-precipitation method to prepare zinc–iron and copper–iron mixed (hydr) oxides, finding that the zinc–iron samples exhibited higher activity than the copper–iron samples when exposed to surrogates for 5 days. However, the adsorption capacity of these materials, especially within a relatively short timeframe, still need to be improved.



Graphene oxide (GO) has garnered significant attention in recent decades due to its unique properties. GO is highly oxidized graphite with abundant oxygen-containing functional groups (–OH, –COOH, –CHO, and –COC–) on its surface [24,25,26]. It shares a similar high surface area to graphene, and the high surface-to-volume ratio of GO offers benefits in adsorption, including rapid equilibrium rates [27,28,29,30]. Jiri Henych et al. [31] prepared TiO2 nanoparticles supported on GO flakes and studied their adsorption properties for the simulant agents, highlighting the importance of GO in increasing surface area and improving adsorption capacity. Martin Stastn et al. [32] demonstrated a simple low-temperature water-based method to create a novel nanocomposite, GO@MnO2, and evaluated its adsorption activity with nerve agent simulants, achieving an almost complete degradation of dimethyl methyl phosphonate (DMMP) and triethyl phosphate (TEP) within 2 h. Additionally, GO showed great potential as an adsorbent for sample preparation. However, these materials were a challenge to prepare and separate from solutions during experiments [33]. An effective approach was to employ magnetic solid-phase extraction (MSPE). Magnetite (Fe3O4) was widely used in MSPE due to its high magnetic moments, small size, biocompatibility, and ease of preparation [34]. With the assistance of Fe3O4, the separation of the sorbent (GO) from the sample was easily achieved by applying an external magnetic field, significantly reducing separation time compared to centrifuging or filtering methods [33,35].



Although the GO materials show great adsorption abilities, insufficient research focus on the adsorption of these chemical agents. In part, most studies applied the GO materials to the hydrolysis products or the simulant to study the adsorption due to the difficulty of acquiring these chemical agents. However, it is still particularly important to investigate the adsorption of actual and representative chemical agents. Furthermore, in consideration of the highly toxic and lethal properties, the major point for the adsorbing material should be the adsorption rate. In this study, Magnetic Graphene Oxide Nanoplatelet Composites (MGONCs) were synthesized by physically blending GO and Fe3O4 and were successfully employed as adsorbents for L, VX, GB, and GD. The adsorption rate was optimized by adjusting contact time, temperature, and adsorbent dosage. Notably, the results demonstrated that chemical agents could be effectively adsorbed within 20 min. Furthermore, the adsorption kinetics and mechanisms were investigated in detail. The results indicated that the materials prepared in the research obtained good adsorption properties and showed great potential for the removal of chemical agents. The excellent adsorption properties provided the potential to apply the materials in special aqueous purification devices for adsorbing chemical agents. Moreover, we also provide recommendations on the application prospects in the field of protection suits or gas masks. In addition, due to the magnetic characteristics, the adsorbed material could be easily separated compared to other adsorption materials, which offers the potential for absorbing chemical agents in exposed environments.




2. Materials and Methods


2.1. Materials


Magnetic frame (Magnetic 3700 Gauss, Dynamag-2, ThermoFisher Company, Waltham, MA, USA); 5350 Oscillating heater (Eppendorf Company, Hamburg, Germany). Graphene oxide (SIGMA Company, St. Louis, MO, USA, product number: 763713); acetone, purity greater than 99.5% (J&K Company, Beijing, China); methanol, purity greater than 99% (J&K Company, Beijing, China); dichloromethane, purity greater than 99% (J&K Company, Beijing, China); acetonitrile, purity greater than 99% (J&K Company, Beijing, China); concentrated hydrochloric acid; concentrated ammonia, analytical purity (domestic, Beijing, China); butyl mercaptan (BT), purity greater than 99% (J&K Company, Beijing, China); L, VX, GB, GD, purity greater than 90% (micro-synthesized in-house of the Laboratory of Analytical Chemistry of Research Institute of Chemical Defence, Beijing, China).




2.2. Preparation of Magnetic Graphene Oxide Nanoplatelet Composites (MGONCs)


2.2.1. Synthesis of Magnetic Nanoparticles (MNs)


The magnetic nanoparticles (MNs) were fabricated using the hydrothermal synthesis method [36]. Initially, 0.786 g (2.00 mM) of ferric ammonium sulfate hexahydrate and 1.933 g (4.00 mM) of ferric ammonium sulfate dodecahydrate were quickly mixed under the protection of N2. This mixture was then added to a 15 mL (8 mol/L) aqueous ammonia solution. Subsequently, the solution was heated and incubated at 80 °C for 30 min. Afterward, the synthesized iron oxide was washed at least 20 times with deionized water, resulting in the precipitation of the iron oxide powders at the bottom of the container with the aid of a magnet. These precipitated powders were separated and dried at 50 °C for 10 h, yielding vacuum-dried magnetic nanoparticles. To enhance homogeneity and increase the specific surface area, the magnetic nanoparticles were ground for 20 min using a grinder at a speed of 100 r/min. Finally, the magnetic nanoparticles were collected, weighed, and used as samples.




2.2.2. Synthesis of MGONCs


GO (SIGMA Company, St. Louis, MO, USA) and MNs were mixed at different mass ratios (1:0.11, 1:0.25, 1:0.43, 1:0.6, 1:1, 1:1.5, 1:2.33, 1:4, 1:9 for GO: MNs, respectively) and subjected to full oscillation for 20 min to obtain Fe3O4@GO, which could be recognized as the Magnetic Graphene Oxide Nanoplatelet Composites (MGONCs). Each of the prepared materials was weighed at 10 mg, and 200 μL of dichloromethane solution was added. Then, the mixture was placed on a magnetic stand for magnetic separation in a sequential manner.



The resulting solutions are depicted in Figure 2a. It was observed that when the mass ratios of GO:MNs were 1:0.43 and 1:0.6, the magnetic separation time for the obtained magnetic nanocomposite exceeded 30 s. On the other hand, when the mass ratios of GO:MNs were 1:0.11 and 1:0.25, effective magnetic separation could not be achieved within 10 min, failing to meet the requirements of subsequent magnetic solid-phase extraction methods. Only when the ratio was ≤1:1, the magnetic separation rate could reach 2–3 s, as shown in Figure 2b.



Based on previous research, the mass ratio of GO:MNs was optimized at 1:1 for the synthesis of MGONCs. GO and MNs were weighed accurately to 500 mg each. The grinding process was performed using a mortar grinding instrument through the physical blending method. The grinding speed was set at 100 rad/min, and the total grinding time was 30 min. Subsequently, the magnetic nanocomposite materials obtained after grinding were weighed carefully.





2.3. Adsorption Experiment


To investigate the adsorption of representative chemical agents (L, VX, GB, and GD) by MGONCs, a solution of dichloromethane (200 μL) mixed with each chemical agent (1 μg) was injected into a centrifuge tube containing MGONCs (10 mg). The centrifuge tube was then placed in a 5350 oscillating heater (Eppendorf Company, Hamburg, Germany) at 1000 rpm oscillation. Different levels of adsorption time and temperature were fully optimized. The centrifuge tube was removed after the capturing process and placed in a magnetic frame (Magnetic 3700 Gauss, Dynamag-2, ThermoFisher Company, Waltham, MA, USA). The supernatant was carefully collected using a pipette. Finally, the amounts of L, VX, GB, and GD were estimated by analyzing the supernatant solution using gas chromatography-mass spectrometry (GC-MS).




2.4. Evaluation of Adsorption Performance


In order to investigate the mechanism and adsorption ability of MGONCs adsorbents on the chemical agents, a series of adsorption experiments were completed. The adsorption rate of MGONCs for L, VX, GB, and GD were determined using Equation (1):


  η =      C o  −  C t       C o    × 100 %  



(1)




where    C o    is the initial concentration of solution (mg/L);    C t    is the analyte concentration at time t (min) (mg/L).



The adsorption capacity of MGONCs for L, VX, GB, and GD were determined using Equation (2):


   q t  =      C o  −  C t    × V  M   



(2)




where  V  is the volume of used solution (L) and  M  is the mass of adsorbent (g).




2.5. Instrumentation


Quantitative determination of the adsorption amounts for L, VX, GB, and GD was carried out using the Thermo Trace GC-Thermo DSQ II mass spectrometry system and Thermo Trace 1310 GC-Thermo ISQ 7000 mass spectrometry system (ThermoFisher Company, Waltham, MA, USA).



X-ray diffraction (XRD) patterns of the MGONCs powder were obtained using a Philips X’Pert X-ray diffractometer (Philips, Amsterdam, The Netherlands) equipped with CuK(α) radiation at 40 mA and 40 kV. The samples were scanned from 2θ of 10° to 80° with a step increment of 0.02°.



Transmission Electron Microscopy (TEM) studies were conducted using a JEOL 2100F instrument (JEOL, Tokyo, Japan) with an accelerating voltage of 200 kV. For TEM measurements, the MGONCs were dispersed in deionized water using ultrasonication and deposited onto carbon-coated TEM grids.



Fourier Transform Infrared (FTIR) spectra of the samples were recorded using a Nicolet 6700 FTIR spectrometer (ThermoFisher Company, Waltham, MA, USA) in the wavenumber range of 4000 to 400 cm−1.



Saturation magnetization (Ms or Bs) was measured using a vibrating sample magnetometer (Quantum Design, San Diego, CA, USA) under a maximum applied field of ±10,000 Oe.



Thermogravimetric analysis (TGA) was performed on a Q600-1126-SDT instrument provided by TA Instruments (TA, New Castle, DE, USA). The thermogravimetric and differential scanning calorimetric data were obtained. The run for MGONCs was conducted using a 4.176 mg sample with experimental settings at a heating rate of 10.00 °C/min, ranging from 0 °C to 800 °C in air (10 mL/min).



Nitrogen (N2) adsorption–desorption isotherms were measured at −196 °C with an ASAP 2020 (Micromeritics, Norcross, GA, USA). The samples were degassed to a continuous vacuum (10–4 Torr) at 90 °C before analysis. The adsorption isotherms were used to calculate the Braunauer, Emmet, Teller (BET) surface area.





3. Results and Discussion


3.1. Characterization of MGONCs


3.1.1. XRD


The polycrystalline structure of the MNs and MGONCs were determined using X-ray diffraction (XRD). Figure 3 displays the X-ray diffraction pattern of the MNs and MGONCs. The diffraction peaks of MNs were observed at 2θ values of 30.1°, 35.4°, 43.0°, 53.4°, 57.9°, and 62.5°, corresponding to electron diffraction peaks at positions (220), (311), (400), (422), (511), and (440), respectively. The results were consistent with Fe3O4 nanoparticles and well-matched with JCPDS card No. 22-1086 [37]. For MGONCs, in addition to the diffraction peaks observed above, there was also a diffraction peak at 2θ values of 10.8°, which could be attributed to the diffraction peak of the graphene oxide crystal plane. Based on these findings, the successful syntheses of Fe3O4 nanoparticles and MGONCs were confirmed.




3.1.2. TEM


The TEM images of the Fe3O4 nanoparticles are presented in Figure 4a. Approximately 200 Fe3O4 nanoparticles were randomly selected, and their particle diameters were measured, resulting in the histogram displayed in Figure 4b. The analysis revealed that 78% of the nanoparticles exhibited a particle size distribution ranging from 6 to 8 nm. The average size of the prepared Fe3O4 nanoparticles was calculated to be 7.32 ± 1.12 nm.



Figure 4c shows a captured TEM image of a single Fe3O4 nanoparticle, clearly demonstrating the nearly round shape. Furthermore, a high-resolution image was obtained, which indicated a lattice spacing of approximately 0.26 Å, corresponding to the (220) lattice. This observation confirmed that the Fe3O4 nanoparticles possessed good crystallization properties.



Figure 5a displays the TEM image of MGONCs, confirming the homogeneous distribution of Fe3O4 nanoparticles supported on the surface of GO. The electron-selected area diffractions, depicted by the circular patterns in Figure 5b, further supported this observation. The positions of the electron diffraction peaks were categorized as (220), (311), (400), (422), (511), and (440), which was consistent with the results obtained from X-ray diffraction (XRD) [38]. These diffraction patterns indicated that the MGONCs obtained the face-centered cubic structure.




3.1.3. FTIR


The results of the FTIR analysis for the surfaces of Fe3O4, GO, and MGONCs are presented in Figure 6. The broad band observed in the 3400–3000 cm−1 region corresponds to the stretching vibration of –OH groups. The absorption peak at a wave number of 1717.74 cm−1 was attributed to the C=O stretching vibration from carbonyl or carboxyl groups, while the peak at 1610.00 cm−1 corresponded to the C=C aromatic stretching vibration. The peak at 1221.38 cm−1 was associated with C–O bonds. Additionally, the strong Fe–O bond in Fe3O4 was indicated by the low stretching vibrations observed at 598.37 cm−1 [33,39]. The surface of the GO samples, C=O bonds, C–O peaks, and multiple peaks of O–H vibrations were observed. This indicated that the functional groups on the surface of MGONCs are predominantly derived from GO. In contrast, the Fe3O4 nanoparticles mainly contributed to the magnetic properties. The combination of GO with magnetic nanoparticles resulted in a mixture that possessed both magnetic properties and a large number of active functional groups for subsequent experiments.




3.1.4. VSM


The saturation magnetization (MS) was applied to evaluate the magnetic properties for Fe3O4 nanoparticles. The result of VSM (shown in Figure 7) confirmed the ferromagnetic property for both Fe3O4 and MGONCs. Typically, the MS values for Fe3O4 nanoparticles prepared with the conventional chemical methods ranged from 30 to 80 emu/g, with most values being less than 60 emu/g. The saturation magnetization of Fe3O4 nanoparticles was measured to be 43.2 emu/g. Notably, MGONCs possesses the magnetic property (19.8 emu/g), which indicated the easy separation advantage by an external magnet instead of the conventional techniques that consume a long time [38].



Indeed, compared to Fe3O4 particles, the saturation magnetization (MS) value of MGONCs was noticeably lower. This reduction in magnetization could be attributed to the decreased content of magnetic Fe3O4 in the composite material. However, it was worth noting that the magnetic properties of MGONCs were still sufficient for effective separation using a magnetic separator. The strong magnetism of MGONCs allowed for the easy and rapid separation within 2 s from an aqueous solution.




3.1.5. TGA-DSC


TGA-DSC (differential scanning calorimetry) analysis was utilized to measure the weight loss of MGONCs as the temperature increased. The thermal behavior of the MGONCs composite could be divided into three segments, as depicted in the TGA thermogram shown in Figure 8a. The first weight loss, approximately 9.13%, occurred up to 130 °C, which attributed to the evaporation of physically adsorbed water moieties. The second degradation step resulted in a weight loss of about 18.29% up to 340 °C. This weight loss was mainly caused by the breakdown of the biopolymer skeleton structure of GO within the prepared composite. Subsequently, the third degradation step (30.58%) was observed between 340 and 580 °C, which was attributed to the presence of metal oxides within the biopolymer matrix.



Afterward, no significant change was observed, indicating the thermal stability of the prepared composite. The DSC thermogram of MGONCs shown in Figure 8b revealed several endothermic peaks. The first endothermic peak, observed at 50–130 °C, corresponded to the release of surface free water molecules. The second endothermic peak at 200 °C was associated with the degradation of polymer backbone chains within the composite. The third endothermic peak occurred at 475 °C, indicating that the MGONCs exhibit good thermal stability [39].




3.1.6. BET


The N2-adsorption/desorption isotherm (shown in Figure 9) confirmed that MGONCs composite showed a type II with H4-type hysteresis loop, which indicated the mesoporous structure of the composite. Moreover, the specific surface area of MGONCs was 206.4397 m2/g. The results showed that MGONCs obtained a good specific surface area and could be applied for the adsorption of chemical agents.





3.2. Adsorption of Magnetic Nanomaterials


3.2.1. Effect of Contact Time


The extent of adsorption was mainly dependent on the contact time between the adsorbent and the chemical agents. Therefore, experiments were conducted with an optimized contact time ranging from 0 to 20 min. The adsorption rate curves depicted in Figure 10 indicated that both L and VX consistently maintained a high adsorption rate, with minimal change observed over the course of the adsorption time. This could be attributed to the adsorption behavior being classified as physisorption or physical adsorption. In physisorption, high adsorption rates were achieved through dispersion forces between molecules. Additionally, L was a relatively large molecule with low vapor pressure, and VX was also characterized by its large organic structure and high molar mass. These factors contributed to the ease of physisorption for both L and VX [5]. Physisorption was governed by forces such as long-range London dispersion forces and short-range intermolecular repulsion, which give rise to nonspecific molecular interactions [40]. Furthermore, the MGONCs obtained a high surface area and a mesoporous structure, suggesting that L and VX could easily attach to the surface of the adsorbent during the adsorption process.



In Figure 10, it could be observed that the adsorption rate of GB and GD increased with the increase in adsorption time, but no significant increase was observed beyond 300 s. The initial increase in the adsorption rate with time could be attributed to the greater contact time between the adsorbent and the adsorbate. During the first 300 s, the concentration difference between the bulk solution and the solid–liquid interface led to a rapid adsorption rate. However, after 300 s, the adsorption speed slowed down, likely due to the slower diffusion rate of GB and GD into the interior channels of MGONCs once the surface sites of the adsorbent became saturated with adsorbed targets [41]. To ensure consistent adsorption rates for various chemical agents, an optimized adsorption time of 20 min was established for subsequent studies.



In addition, MGONCs could achieve a complete adsorption of L and VX within 1 min, and near-complete adsorption of GB and GD under 20 min. Meng et al. prepared molecularly imprinted polymers and studied their adsorption of GB, GD, tabun, and VX. It was found that the adsorption tended to be saturated within 16 h. After the 72 h of adsorption, the adsorption rate of VX only reached 25% [42]. Mohammad et al. prepared zirconium hydroxide over woven activated carbon fabric for the adsorption and degradation of chemical warfare agents, which could reach 85% under the condition of 20 min [43]. Compared with the reported research, the MGONCs prepared in our research revealed a better rapid adsorption, which was particularly important for the removal of chemical agents.




3.2.2. Effect of Adsorbent Dosage


Adsorption rates of magnetic composites of different quantities for the chemical agents are shown in Figure 11. The results indicated that L and VX could obtain efficient adsorption when the quantity of magnetic composites was low. In contrast, the adsorption rate of GB and GD increased continuously with the increase in dosage of MGONCs. The various behaviors could be assigned to the increased availability of adsorption sites with the increase in adsorbent dose [44]. The adsorption rate reached nearly 100% under the condition of 20 mg. However, when 10 mg of MGONCs was selected, the adsorption rate of GD is 84%, which meant that the compounds might be unacceptable at the adsorption of 100%. Therefore, 20 mg was applied as the magnetic nanocomposite usage for subsequent studies.




3.2.3. Effect of Adsorption Temperature


Temperature was an important parameter during the adsorption process, and the adsorption rate of magnetic composites for selected agents at different temperatures is illustrated in Figure 12. The contact time was set at 20 min, and the adsorbent dosage was 10 mg. The results showed that L, VX, and GB maintained a high adsorption rate across the entire temperature range. On the other hand, the adsorption rate for GD increased with temperature.



Considering the adsorption curve after adjusting the adsorbent dosage in Section 3.2.2, little influence on the adsorption of L, VX, and GB was observed as the adsorption sites have already reached saturation at 10 mg. However, the temperature had a significant effect on the adsorption rate of GD. The higher temperature led to an increased swelling of the adsorbent, resulting in more active sites being available [45]. The diffusion of GD occurred both externally and internally within the adsorbent. The increasing adsorption capacity with temperature indicated that the adsorption process was identified as an endothermic reaction [44].





3.3. Adsorption Kinetics


As mentioned earlier, L and VX exhibit consistently high adsorption rates with little variation observed over different adsorption times. This could be attributed to the adsorption mechanism being physical adsorption, where high adsorption efficiency was achieved through dispersion forces between molecules. Moreover, the magnetic composite nanomaterials possessed a high surface area and mesoporous structure, allowing for a large number of compounds to attach to the adsorption material’s surface.



To assess the kinetics of the adsorption process, two models as the pseudo-first-order model (PFO) and the pseudo-second-order model (PSO) were employed. PFO and PSO were recognized as the classical kinetic models and had been widely applied to investigate the adsorption mechanism by magnetic nanoparticles [46]. These models are described by Equations (3) and (4), respectively. The correlation coefficient (   R 2   ) was used to evaluate the goodness of fit for the adsorption kinetic models.



The pseudo-first-order kinetic model assumed that the reaction rate of adsorption was directly proportional to the first power of the adsorbate concentration. The expression of the equation is as follows:


   q t  =  q e    1 −  e  −  K 1  t      



(3)




where    q t    is the amounts of GB and GD adsorbed (mg/g) at any time t (min),    q e    is the amounts of phenolic compounds adsorbed (mg/g) at equilibrium, and    K 1    (min−1) is the equilibrium rate constant of pseudo-first-order sorption.



On the other hand, the pseudo-second-order model indicated that the adsorption of GB and GD compounds on MGONCs depended on the square of the number of available active sites of the adsorbent [44]. The expression of the equation is as follows:


   t   q t    =  1   K 2   q e    2    +  t   q e     



(4)




where    K 2    is the rate constant for pseudo-second-order kinetics (g/mg·min).



The calculated kinetics constants and correlation coefficients for the pseudo-first-order (PFO) and pseudo-second-order (PSO) models are presented in Figure 13 and Figure 14 and Table 1. The results indicated that the correlation coefficients (   R 2   ) for the PFO model were relatively low, with R2 values of 0.90089 for GB and 0.86907 for GD. This suggested that the adsorption of GB and GD from MGONCs does not conform well to the PFO model.



On the other hand, the correlation coefficients obtained for the PSO model were acceptable, with    R 2    values of 0.99742 for GB and 0.98594 for GD. These higher    R 2    values indicated that the PSO model was more suitable for describing the adsorption of GB and GD on MGONCs. The results suggested that the adsorption mechanism is primarily a chemical process. MGONCs contain a significant number of –COOH and –OH groups, which enable favorable electrostatic adsorption and hydrogen bonding between the hydroxyl groups and the active functional groups present in MGONCs.




3.4. Adsorption Mechanism


The adsorption mechanisms involved in the adsorption process could be attributed to electrostatic attraction, surface complexation, and hydrogen bonding, as illustrated in Figure 15. The Fe3O4 nanoparticles tend to form complexes through surface complexation and electrostatic interactions with hydroxyl and carboxyl groups present on their surfaces. Consequently, chemical agents could easily form complexes with the MGONCs composite. Additionally, hydrogen bonding played a role in the adsorption process, wherein the free hydroxyl groups in the MGONCs act as hydrogen bond donors, while the oxygen centers in the chemical agents act as hydrogen bond acceptors. Although the strength of hydrogen bonding was relatively weak compared to other forms of interactions, the presence of numerous potential hydrogen bonding sites contributed to the overall adsorption process [33,37,39].





4. Conclusions


In our research, we have successfully developed a simple and efficient method for synthesizing the MGONCs adsorbent. This adsorbent can be easily and rapidly separated from dichloromethane solution within a few seconds using an external magnet. The effects of contact time, temperature, and adsorbent dosage have been optimized. The results demonstrate that MGONCs exhibit a high adsorption rate for L, VX, GB, and GD, with the maximum adsorption rate for all four chemical agents being maintained above 99%. The adsorption kinetics behavior of MGONCs for these chemical agents follows the pseudo-second-order (PSO) kinetic model. The major interactions involved in the adsorption mechanisms include electrostatic attraction, surface complexation, and hydrogen bonding. Our research highlights the great potential of MGONCs as an effective adsorbent for the simple and rapid removal of chemical agents from solvents.
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Figure 1. Structural formula of several typical chemical agents: (a) L; (b) VX; (c) GB; (d) GD. 
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Figure 2. (a) Adsorption of magnetic composite materials; (b) magnetic phase separation of composite materials when GO:MNs ≤ 1:1. 
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Figure 3. X-ray diffraction pattern of Fe3O4 nanoparticles. 
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Figure 4. Fe3O4 nanoparticles: (a) TEM image; (b) particle size distribution histogram; (c) high-resolution image of a single Fe3O4 nanoparticle. 
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Figure 5. Characterization results of MGONCs: (a) TEM image; (b) selected area electron diffraction pattern. 
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Figure 6. FTIR characterization chart of Fe3O4, GO, and MGONCs. 
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Figure 7. Magnetic hysteresis loops of Fe3O4 and MGONCs. 
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Figure 8. Thermal analysis of MGONCs: (a) TGA; (b) DSC. 
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Figure 9. N2-adsorption/desorption isotherm of MGONCs. 
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Figure 10. Adsorption rate of MGONCs in different adsorption times: (a) for L; (b) for VX; (c) for GB; (d) for GD. 
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Figure 11. Adsorption rate of MGONCs of different adsorbent dosages: (a) for L; (b) for VX; (c) for GB; (d) for GD. 
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Figure 12. Adsorption rate of MGONCs at different adsorption temperatures: (a) for L; (b) for VX; (c) for GB; (d) for GD. 
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Figure 13. PFO kinetics fitting curve of GB and GD adsorption on MGONCs. 
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Figure 14. PSO kinetics fitting curve of GB and GD adsorption on MGONCs. 
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Figure 15. Adsorption mechanism of MGONCs adsorb the chemical agents. 
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Table 1. Fitting parameters of adsorption kinetic models.
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PFO

	
PSO




	
     R 2     

	
     K  1     (min−1)

	
     q   e      (mg/g)

	
     R 2     

	
     K  2     (g·mg−1·min−1)

	
     q   e      (mg/g)






	
GB

	
0.90089

	
0.73516

	
0.0909

	
0.99742

	
8.82163085

	
0.103125




	
GD

	
0.86907

	
0.52878

	
0.0680

	
0.98594

	
6.79722099

	
0.081349
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