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Abstract

:

Superparamagnetic magnetic nanoparticles (MNPs, Fe3O4) were first synthesized based on a chemical co–precipitation method, and the core–shell magnetic silica nanoparticles (MSNPs, Fe3O4@SiO2) were obtained via hydrolysis and the condensation of tetraethyl orthosilicate onto Fe3O4 seed using a sol–gel process. Following that, MSNPs were immobilized using a three–step grafting strategy, where 8-hloroacetyl–aminoquinoline (CAAQ) was employed as a metal ion affinity ligand for trapping specific heavy metal ions, and a macromolecular polymer (polyethylenimine (PEI)) was selected as a bridge between the surface hydroxyl group and CAAQ to fabricate a network of organic networks onto the MSNPs’ surface. The as–synthesized MSNPs–CAAQ nanocomposites possessed abundant active functional groups and thus contained excellent removal features for heavy metal ions. Specifically, the maximum adsorption capacities at room temperature and without adjusting pH were 324.7, 306.8, and 293.3 mg/g for Fe3+, Cu2+, and Cr3+ ions, respectively, according to Langmuir linear fitting. The adsorption–desorption experiment results indicated that Na2EDTA proved to be more suitable as a desorbing agent for Cr3+ desorption on the MSNPs–CAAQ surface than HCl and HNO3. MSNPs–CAAQ exhibited a satisfactory adsorption capacity toward Cr3+ ions even after six consecutive adsorption–desorption cycles; the adsorption efficiency for Cr3+ ions was still 88.8% with 0.1 mol/L Na2EDTA as the desorbing agent. Furthermore, the MSNPs–CAAQ nanosorbent displayed a strong magnetic response with a saturated magnetization of 24.0 emu/g, and they could be easily separated from the aqueous medium under the attraction of a magnet, which could facilitate the sustainable removal of Cr3+ ions in practical applications.
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1. Introduction


Heavy metal ions (HMIs) can easily spread through the food chain and seriously threaten human health [1,2,3], as well as negatively influencing the ecological environment of sustainable development [4,5,6]. Chromium (Cr3+), arsenic (As3+), cadmium (Cd2+), mercury (Hg2+), and plumbum (Pd2+) ions were considered to be the five most toxic HMIs, with intense toxicity and the tendency to cause serious diseases even at very low concentrations [7]. Therefore, HMI pollution in water caused by modern industry is an important issue due to its toxicity, complex components, and non–biodegradability. Usually, HMI pollution in water has the characteristics of a large pollution area, so it is difficult to enrich HMIs in water using extraction methods. This has been presented as a simple and effective method to fix HMIs in situ to reduce their toxicity in water due to the obvious repair effect, simple construction technology, short construction period, reasonable repair costs, and other characteristics. Among the technologies used to cure or stabilize HMIs in water, the adsorption method is the most economical and effective method [8,9,10]. Reasonable and efficient adsorbents are the key to determining the feasibility of the purification and recovery of HMIs in water by adsorption. The primary adsorbents used in wastewater treatment are categorized as carbon [11], silica [12], zeolite [13], metal–based [14] nano–adsorbents, and magnetic nanoparticles [15]. In addition to the above main classes of adsorbents, several economical bio–adsorbents have been produced from agricultural waste, food waste, cellulose waste, and industrial by–products [16,17].



The non–magnetic nanosorbents are easy to lose in the process of use, which is not conducive to recovery. In any case, exhausted non–magnetic nano–adsorbents have to be removed from the liquid, and magnetic extraction appears to be the most frequently adopted solution [10]. Therefore, magnetic nanomaterials, especially superparamagnetic nanomaterials, have received extensive attention from researchers. Magnetic nanoparticles (MNPs, Fe3O4) are an excellent candidate nanosorbent because of their small size effect and apparent superparamagnetism [18]. The greatest strength of MNPs is that they are easily attracted to the target zone under the guidance of an external magnetic field [19,20,21,22,23]. An inconvenient disadvantage of MNPs is that they are prone to oxidative degradation when directly exposed to the environment. In order to reduce the instability of MNPs, a core–shell structure of magnetic silica nanoparticles (MSNPs) is proposed, in which the MNPs, as the core, can facilitate targeted control and recyclable separation under an applied magnetic field, while the silica (SiO2), as the shell, can prevent the magnetic core from oxidation and corrosion [24].



Surface modification proved to be an effective way to improve the adsorption performance of nanosorbents. At present, many studies are focused on the surface modification of MSNPs to improve their adsorptive capacity by grafting the end–reactive functional groups. Generally, the grafted organic molecules, such as iminodiacetic acid, (3–aminopropyl)triethoxysilane, N–(trimethoxysilylpropyl)ethylenediamine triacetic acid, and 3–mercaptopropyltrimethoxysilane, had a distinct affinity for combining with Zn2+ [25], Cu2+ [26], Pb2+ [27], Cd2+ [28], and Hg2+ [29] ions. However, the single–stranded grafting of small organic molecules still cannot meet the actual application demand. On this basis, polymer grafting has been proposed to increase the amount of end–reactive functional groups, which yields MSNPs/polymers with excellent adsorptive features [30,31,32]. Despite this progress in the synthesis of MSNPs–based absorbents, it is still challenging to further improve their adsorptive capacity since further increases in the amount of ligands or the introduction of large macromolecules are restrained by the steric hindrance, limiting their actual applications.



In this regard, we proposed network polymer (8–chloroacetyl–aminoquinoline, CAAQ)–modified MSNPs to remove HMIs using a three–step grafting strategy, as shown in Figure 1a. In the design of this network structure on MSNPs’ surfaces, the selected macromolecular polymer was key. Polyethylenimine (PEI) possessed numerous branched chains of –NH2 groups, which formed the framework of a network structure. MSNPs were like a tree, and CAAQ was the final fruit (end–active group), while PEI was like a branch with rich twigs (–NH2 group), providing numerous sites for the growth of the final fruit. The network design could effectively increase the quantity of active functional groups in the limited space and thus improve their adsorption capacity. The key process of this synthesis was to achieve a controllable bridge of MTCS/CPTCS and PEI, allowing for more CAAQ to become immobilized onto MSNPs. Moreover, the removal and regeneration of HMIs by MSNPs–CAAQ from aqueous solutions was investigated, as shown in Figure 1b.




2. Results and Discussion


2.1. Characterizations of MNPs and MSNPs


Figure 2a,b show the XRD patterns of the as–synthesized MNPs and MSNPs, respectively. The XRD pattern of MNPs in Figure 2a displays several well–resolved diffraction peaks that could match well with the (111), (220), (311), (222), (400), (422), (511), (440), (533) and (622) planes of cubic spinel Fe3O4 (JCPDS No. 65–3107). All crystal planes could be identified, indicating that the obtained Fe3O4 crystal was complete, and the average grain size of Fe3O4 was calculated with a value of about 9.0 nm according to Scherrer’s formula. In addition to the diffraction peaks of the cubic spinel Fe3O4 phase, there was a weak and broad peak at 2θ = 15~28° (yellow area in Figure 2b), which was consistent with the amorphous SiO2 phase. Compared to the XRD diffraction intensity of MNPs in Figure 2a, that of MSNPs in Figure 2b was slightly reduced, further implying that the amorphous SiO2 was coated onto the surface of Fe3O4 seeds. Further analysis of the core–shell structure of MSNPs was conducted by TEM analysis, as discussed later.



TEMs were employed to characterize the morphology, size, and microstructure of MNPs and MSNPs. The TEM image in Figure 3a demonstrates that the as–synthesized MNPs exhibited a uniform size of ~10 nm. Moreover, we could observe that these particles had the same direction of lattice fringes with an interplanar spacing of 0.308 nm from the high–resolution TEM (HRTEM) image in Figure 3a’s inset, fitted with (220) in cubic spinel Fe3O4, which proves that the as–synthesized Fe3O4 was a single–crystalline structure. After coating with SiO2, the particle size increased to ~21 nm from ~10 nm, according to the TEM image in Figure 3b. Furthermore, the obvious core–shell structure with a core size of ~10 nm and a shell thickness of ~5.5 nm could be clearly observed from the amplified TEM image in Figure 3b’s inset. The XRD data in Figure 2 and TEM data in Figure 3 could prove that MNPs with a single–crystal structure can be synthesized using the chemical co–precipitation method, while MSNPs with a core–shell structure can be obtained through the hydrolysis and condensation of TEOS on a single–crystal Fe3O4 seed.




2.2. Characterizations of MSNPs–CAAQ


Figure 4a shows the XRD spectrum of as–synthesized MSNPs–CAAQ. In Figure 4a, the broad peak at 2θ = ~22.5° or other sharp little peaks at 2θ > ~33.0° imply the existence of at least two kinds of phases in the MSNPs–CAAQ samples. The broad peak at 2θ = ~22.5° could be attributed to some phases with an amorphous state, while the several sharp little peaks at 2θ > ~33.0° were indexed to the (311), (400), (511), and (440) planes of the standard Fe3O4 (JCPDS No. 65–3107) pattern, indicating the presence of the cubic spinel Fe3O4 phase. Compared with the XRD patterns of MNPs and MSNPs in Figure 2, the diffraction peak intensity of the Fe3O4 phase was reduced dramatically, while the broad featureless peak of SiO2 was clearly increased, becoming even stronger than that of the Fe3O4 phase, indicating that organic molecules were coated on the MSNPs’ surface after modification. Figure 4b shows the TEM image of MSNPs–CAAQ. In Figure 4b, an extra amorphous coating can be observed around the particles, further implying successful CAAQ modification.



The thermal decomposition behaviors of MSNPs and MSNPs–CAAQ were determined using a TG instrument at a heating rate of 10 °C/min under a flow of air within the temperature range of 25 to 600 °C. For the TG curve of MSNPs in Figure 5a, a relative weight loss of 8.6% was detected over the entire temperature range, which was probably caused by the evaporation of adsorbed water and the decomposition of hydroxyl groups (–OH) on the MSNPs’ surface, while a far higher weight loss of 31.7% over the entire temperature range was observed for MSNPs–CAAQ in Figure 5b, which could mainly be attributed to the evaporation of adsorbed water and the decomposition of the grafted organic molecules layer, including MTCS, CPTCS, PEI, and CAAQ. Below ~150 °C, the TG curves of MSNPs and MSNPs–CAAQ almost coincided, indicating that the water content on the surface of MSNPs and MSNPs–CAAQ was basically the same. Therefore, the weight percentage of grafted organic molecules on MSNPs’ surface could be calculated by subtracting the weight loss of MSNPs from that of MSNPs–CAAQ, and the value was ~23.1%.



To determine the organic composition of MSNPs’ surfaces, FTIR and XPS analyses were employed. Figure 6a–d shows the FTIR spectra of MSNPs, MSNPs–MTCS/CPTCS, MSNPs–PEI, and MSNPs–CAAQ, respectively. For all FTIR spectra in Figure 6, there were several apparent absorption peaks at 3433, 1088, and 584 cm−1, corresponding to the stretching of –OH [33], Si–O [34], and Fe–O [35] bonds, respectively. This further demonstrated the successful synthesis of Fe3O4/SiO2 composites with numerous –OH groups, which was consistent with the XRD analysis results in Figure 2. Compared with the FTIR spectrum of MSNPs in Figure 6a, two new absorption peaks at 2970 cm−1 (C–H bond) and 1274 cm−1 (Si–C bond) [36] were observed. For the FTIR spectrum of MSNPs–MTCS/CPTCS in Figure 6b. In addition to the absorption peaks of C–H and Si–C bonds, the FTIR spectrum of MSNPs–PEI presented in Figure 6c showed a new peak at 1392 cm−1 [37], ascribed to the stretching of the C–N bond. In addition to the above–mentioned absorption peaks in Figure 6a–c, there were also three new absorption peaks at 1695, 1551, and 1437 cm−1 for the FTIR spectrum of MSNPs–CAAQ in Figure 6b, ascribed to the stretching of HN–C=O, C=N, and –NH bonds [38], respectively. This indicates that MTCS/CPTCS, PEI, and CAAQ were successfully grafted onto the MSNPs’ surface.



Figure 7a shows the XPS spectra of MSNPs, MSNPs–MTCS/CPTCS, MSNPs–PEI, and MSNPs–CAAQ. By comparing the XPS spectrum of MSNPs, that of MSNPs–MTCS/CPTCS showed a clear new peak in the Cl signal at ~200.0 eV, which probably derived from the MTCS and CPTCS grafted onto the MSNPs’ surface. The XPS spectra of MSNPs–PEI and MSNPs–CAAQ both showed a clear new peak in N element at ~400.0 eV, which probably derived from the nitrogenous organic matter grafted onto MSNPs’ surfaces, including PEI and CAAQ. In addition, the absence of a Cl signal for the XPS spectrum of MSNPs–PEI suggested a successful dechlorination coupling reaction between MSNPs–MTCS/CPTCS and the PEI molecule. Moreover, the detailed N 1s core–level spectrum of MSNPs–CAAQ could be curve–fitted into four peak components, as shown in Figure 7b. The binding energies at 401.8, 400.8, 399.7, and 398.9 eV could be attributed to pyridinic N species, N–C species, HN–C=O species, and aromatic N species, respectively [39,40,41]. Figure 7c also shows the XPS spectrum of C 1s core levels for MSNPs–CAAQ. From Figure 7c, the C 1s core–level spectrum is shown to present four peaks with binding energies of 286.7, 285.8, 284.8, and 284.1 eV, attributable to the NH–C=O, C–N, –(CH2)n–, and –C6H5– species, respectively [42,43,44,45]. This further confirms that the CAAQ–modified MSNPs were successfully yielded using the three–step grafting method (see Figure 1a), involving MTCS/CPTCS co–modification, PEI grafting, and CAAQ grafting.




2.3. Magnetic Analysis of MNPs, MSNPs and MSNPs–CAAQ


The magnetic properties were measured using a vibrating sample magnetometer. As displayed in Figure 8a, the saturated magnetizations (M) of MNPs, MSNPs, and MSNPs–CAAQ were 61.0, 38.1, and 24.0 emu/g, respectively. Compared with MNPs, the reduced M values for MSNPs and MSNPs–CAAQ were mainly attributed to the increased weight of non–magnetic layers, including amorphous SiO2 and grafted organic molecules [46]. Figure 8b shows the magnified curve of the surrounding origin in Figure 8a (the area inside the pink box of Figure 8a). All three samples of MNPs, MSNPs, and MSNPs–CAAQ could be regarded as superparamagnetic with negligible hysteresis. This suggests that MNPs encapsulated in the SiO2 shell could preserve their superparamagnetism. In practical applications, it is extremely important that the magnetic carriers or supports exhibit rapid responsiveness under an applied magnetic field without retaining any magnetism after withdrawing the applied magnetic field. Moreover, Figure 8c shows the time–dependence of the magnetic response behavior of MSNPs–CAAQ suspension by adding an external magnet to the right side of the bottle. In Figure 8c, these particles are shown to be well dispersed in an aqueous medium without a magnet (Blank in Figure 8c), and they were easily separated from the solution under the attraction of the magnet. The solution appeared clear and transparent within 28 s. However, the Tyndall effect can be observed by the naked eye in Figure 8d, indicating that some MSNPs–CAAQ nanoparticles were still floating in the aqueous solution. As the magnetic separation continued, the Tyndall effect disappeared at 111 s, indicating that the solid–liquid separation was complete. This is a potential drawback of the MSNPs–CAAQ nano–adsorbent due to its low saturation magnetization, which risks leaving behind some nanoparticles that were uncaught by the applied magnetic field. In order to minimize this shortcoming, it was necessary to extend the operation time of the applied magnetic field.




2.4. Adsorption Characteristics


The adsorption capacity of MSNPs–CAAQ for the selected HMIs, including Ag+, Zn2+, Cu2+, Co2+, Cd2+, Mn2+, Pb2+, Hg2+, Cr3+ and Fe3+ ions, was evaluated at room temperature without pH pre–adjustments. Figure 9 shows the time–dependence of the adsorption profiles of the selected HMIs onto MSNPs–CAAQ composites. Figure 9 shows that the as–synthesized MSNPs–CAAQ exhibited strong and rapid adsorption features for HMIs within the first 1.0 h, and the adsorption process was mostly completed within 1.5 h of the reaction. For Fe3+, Cu2+ and Cr3+ ions, the adsorption efficiencies within 1.5 h could reach 98.9%, 96.4%, and 95.9%, respectively. Moreover, MSNPs–CAAQ exhibited universal adsorption capacities for Zn2+, Mn2+ and Pb2+ ions, with adsorption efficiencies of over 70% within 1.5 h. The sequence and values of the adsorption efficiency within 2.5 h were as follows: Fe3+ (98.5%) > Cu2+ (96.1%) > Cr3+ (95.3%) > Mn2+ (75.3%) > Zn2+ (72.9%) > Pb2+ (71.8%) > Cd2+ (65.6%) > Hg2+ (55.7%) > Co2+ (52.2%) > Ag+ (47.1%). As a comparison, the adsorption efficiency of MSNPs without CAAQ modifications was also tested and is shown in the inset of Figure 9. As observed, the adsorption efficiencies of MSNPs within 2.5 h were below 6.0% for all HMIs under the same conditions, indicating that the absorption of HMIs was mainly attributed to the grafted CAAQ rather than MSNPs. The high adsorption efficiencies of MSNPs–CAAQ could be due to the abundant adsorption sites from the CAAQ network that were transferred onto the MSNPs’ surface, which also demonstrates the superiority of our design.



The experimental data of the adsorption of Fe3+, Cu2+, and Cr3+ ions onto MSNPs–CAAQ were analyzed by the Langmuir isotherm model and Freundlich isotherm model; their Langmuir linear fittings and Freundlich plots are shown in Figure 10a,b, and the corresponding Langmuir and Freundlich parameters that were calculated are listed in Table 1. From Figure 10a, it is shown that the Langmuir isotherm model was a good fit for modeling the adsorption of Fe3+, Cu2+, and Cr3+ ions onto the MSNPs–CAAQ surface. However, the experimental data considerably deviated from the Freundlich model in Figure 10b, suggesting that it was not appropriate to use the Freundlich model to predict the adsorption isotherms of Fe3+, Cu2+, and Cr3+ ions onto MSNPs–CAAQ. As observed in Table 1, the Langmuir isotherm model had high correlation coefficients (R2 > 0.9980), implying that the adsorption of Fe3+, Cu2+, and Cr3+ ions could be better described by the Langmuir model. The saturated adsorption amounts (qm) of Fe3+, Cu2+, and Cr3+ ions were 324.7, 306.8, and 293.3 mg/g, respectively, according to the Langmuir linear fitting. Moreover, a comparison of the maximum adsorption capacities of Fe3+, Cu2+, and Cr3+ ions onto other adsorbents is shown in Table 2 [47,48,49,50,51]. Except for the adsorption of Cu2+ and Cr3+ ions onto EDTA–inspired polydentate hydrogels, the adsorption capacities were significantly higher for the MSNPs–CAAQ sorbents used in this study.



In actual industrial wastewater, the coexistence of multiple HMIs is common, so it was necessary to investigate the influence of competing ions on adsorption. An adsorption experiment in a mixed–HMIs solution was also carried out, in which the mass of each HMI was 20 mg, the mass of the MSNPs–CAAQ adsorbent was 0.5 g, and the total volume of solution was 500 mL. The adsorption efficiency of the matrixed HMIs is shown in Figure 11. As observed, MSNPs–CAAQ exhibited universal and excellent adsorption capacities for all HMIs; the adsorption efficiencies could reach over 92.0% within 1.5 h, mainly due to the large adsorption capacity of the MSNPs–CAAQ adsorbent and the low initial concentration of each HMI in the mixed solution. It could be concluded from the above adsorption experiments that MSNPs–CAAQ is suitable as an adsorbent for the removal of HMIs, especially when the concentration of HMIs is low. In view of the strong toxicity of the Cr3+ ion, the adsorption characteristics of Cr3+ ions on MSNPs–CAAQ will be explored in the following research.




2.5. Effect of pH on Adsorption


Figure 12 shows the adsorption efficiencies of MSNPs–CAAQ at various pH values by plotting the normalized adsorption efficiency at different pH values. The initial concentration and volume of Cr3+ ions were 250 mg/L and 50 mL; the mass of MSNPs–CAAQ was 1.0 g/L; and the pH value (1~8) of the aqueous solution was adjusted using HCl and NaOH aqueous solutions. Figure 12 shows that the pH value of the aqueous solution has a great influence on the adsorption efficiency of MSNPs–CAAQ. Below pH = 2.0, the adsorption efficiency of Cr3+ ions was very low, which could be attributed to the electrostatic repulsion between the positively charged Cr3+ ions and the protonated surface of MSNPs–CAAQ under strong acidic conditions. However, the adsorption efficiency increased steeply starting from pH = 3.0 and reached its maximum at around pH = 6.0, which could be attributed to the formation of a metal complex on the MSNPs–CAAQ surface. The decrease at around pH = 7.0 and 8.0 could be attributed to the dissociation of the loaded Cr3+ ions on the MSNPs–CAAQ surface under strong basic conditions.




2.6. Effect of Temperature on Adsorption


For chemical adsorption, the degree of adsorption for the adsorbent would increase with the increase in adsorption reaction temperature, and the opposite rule would hold for physical absorption. Therefore, the effects of temperature on the adsorption of Cr3+ ions were investigated in the range of 298.15~338.15 K in this work. In Figure 13a, the adsorption efficiency of the Cr3+ ion on MSNPs–CAAQ is shown to slowly increase with an increase in temperature, which implies the possibility of a chemical–reaction–led adsorption process. Moreover, these experimental data on adsorption were fitted using the Van’t Hoff equation, as shown in Figure 13b. Moreover, thermodynamic parameters such as ∆H0 and ∆S0 were calculated and are summarized in Table 3. In Table 3, a highly associated correlation coefficient (R2) of 0.9993 was obtained, suggesting the reliability of the thermodynamic fitting result in this work. The positive value of ∆H0 (2.31 KJ/mol) indicates that the adsorption reaction was endothermic, while the positive value of ∆S0 (45.00 J/mol·K) implies that the disorder and randomness at the solid solution interface of the Cr3+ ion with MSNPs–CAAQ increase during the adsorption process.




2.7. Adsorption Kinetics


The sorption kinetics of the Cr3+ ion onto MSNPs–CAAQ were tested with the pseudo–first–order and pseudo–second–order kinetic models by plotting log(qe–qt) versus t (Figure 14a) and plotting t/qt versus t (Figure 14b), and the kinetic parameters calculated by fitting with these two models are listed in Table 4. In Table 4, the pseudo–second–order equation showed a higher correlation coefficient (R2 = 0.9989) than that of the pseudo–second–order equation (R2 = 0.9841). Moreover, the adsorption values calculated at equilibrium (qe,cal, 206.61 mg/g) from the pseudo–second–order kinetic model were much closer to those of the experimental model (qe,exp, 191.8 mg/g). Therefore, the pseudo–second–order model was more suitable for describing the adsorption kinetics of the Cr3+ ion onto MSNPs–CAAQ, indicating that the chemisorption was the rate–controlling step during the attachment process. Furthermore, the three plausible interaction modes of MSNPs–CAAQ with the Cr3+ ion that were proposed are shown in Figure 15, in which the Cr3+ ions were selectively coordinated with carbonyl “O” and three “N” atoms. Similar coordination modes have been reported previously [55,56,57].




2.8. Desorption and Reusability


A suitable desorbing agent was needed for the quantitative recovery of the adsorbed Cr3+ ions onto MSNPs–CAAQ. For this purpose, several desorbing agents with different concentrations, including HCl, HNO3, and Na2EDTA, were examined and are shown in Figure 16a–c, respectively. As observed in Figure 16a,b, the use of HCl and HNO3 with concentrations of less than 0.10 mol/L did not quantitatively recover the retained Cr3+ ion. The higher concentration of HCl and HNO3 (0.20 mol/L) was effective, and HCl with a concentration of 0.20 mol/L was more effective than the same concentration, as well as HNO3; the desorption for Cr3+ ions could reach 95.6% for the first cycle. When using Na2EDTA as a desorbing agent in Figure 16c, the higher concentration above 0.10 mol/L was more effective than the low concentration of 0.05 mol/L, and the desorption for Cr3+ ions could reach 97.5%. Therefore, based on the experimental results and economic considerations, 0.2 mol/L HCl, 0.2 mol/L HNO3, and 0.1 mol/L Na2EDTA were selected as the desorbing agents to desorpt HMIs on the surface of MSNPs–CAAQ.



The adsorption–desorption experiments were conducted using HCl, HNO3, and Na2EDTA as the desorbing agents for six successive cycles at room temperature, and the regenerated MSNPs–CAAQ was reused in the next cycle of adsorption experiments. Figure 17a–c shows the regeneration plot of MSNPs–CAAQ for the re–adsorption of Cr3+ ions using HCl (0.2 mol/L), HNO3 (0.2 mol/L), and Na2EDTA (0.1 mol/L) as desorbing agents, respectively. When using 0.2 mol/L HCl and 0.2 mol/L HNO3 as desorbing agents, as shown in Figure 17a,b, the adsorption efficiencies of Cr3+ ions on regenerated MSNPs–CAAQ were 91.6% and 83.3% in the first cycle and reduced to 50.3% and 38.9% after six consecutive regeneration cycles. These results indicated that neither HCl nor HNO3 were suitable desorbing agents for HMIs–loaded MSNPs–CAAQ, which could be due to the deformation effects on the MSNPs–CAAQ sorbent surface during desorption and the mass loss caused by demagnetization. When 0.1 mol/L Na2EDTA was used as an adsorbing agent, as shown in Figure 17c, the adsorption efficiency of the first regenerated MSNPs–CAAQ for Cr3+ ions reached 94.5%. Moreover, there was a certain degree of decline, but the removal efficiency for Cr3+ ions was maintained at 88.8% after six cycles, implying that the as–synthesized MSNPs–CAAQ nano–sorbent has a great economic value.





3. Experimental Procedure


3.1. Starting Materials


FeCl2·4H2O (AR), FeCl3·6H2O (AR), tetraethyl orthosilicate (TEOS, >99.0%), 3–chloropropyltrichlorosilane (CPTCS, >97.0%), triethylamine (99%), and EDTA disodium salt dihydrate (Na2EDTA, 99.999%) were obtained from Shanghai Macklin Biochemical Co., Ltd. (Shanghai, China). Methyltrichlorosilane (MTCS, >98.0%) and branched polyethylenimine (PEI, Mw ~25,000) were obtained from Tokyo (Shanghai, China) Chemical Industry Co., Ltd. (Shanghai, China) and Sigma–Aldrich (Shanghai, China) Trading Co., Ltd. (Shanghai, China), respectively. Ethanol, hexane, dichloromethane, acetonitrile, NH3·H2O (25~28 wt.%), and 8–aminoquinoline (98%) were purchased from Chengdu Kelong Chemical Co., Ltd. (Chengdu, China) and Shanghai Civi Chemical Technology Co., Ltd. (Shanghai, China), respectively. Chloroacetyl chloride (98%) was purchased from Shanghai Xianding Biological Science and Technology Co., Ltd. (Shanghai, China).




3.2. Synthesis


3.2.1. Synthesis of Core–Shell MSNPs


Firstly, MNPs with hydroxyl groups (–OH) were synthesized based on a simple chemical co–precipitation method. FeCl2·4H2O (10 mmol) and FeCl3∙6H2O (20 mmol) were dissolved into 120 mL of distilled water under an N2 atmosphere with mechanical stirring, to which 60 mL of NH3·H2O was added; then, the mixture was heated to 70 °C and left for 30 min. After that, the precipitate was washed with distilled water and dispersed into a solution of sodium citrate dihydrate (150 mL, 20 mmol/L) with mechanical stirring under an N2 atmosphere for 12 h at room temperature. Subsequently, the citrate–modified MNPs were washed with distilled water and ethanol.



Following that, the core–shell MSNPs were synthesized via hydrolysis and the condensation of TEOS onto the MNPs’ surface, as shown in Figure 18. A total of ~0.56 g citrate–modified MNPs and 5.0 mL NH3·H2O were added to 120 mL ethanol under an N2 atmosphere with mechanical stirring; then, 4.0 mL TEOS was added, and the mixture was left for 8 h at room temperature. After this reaction, the as–synthesized MSNPs were washed with ethanol.



The core–shell MSNPs were modified with CAAQ to fabricate the network polymer coating through a three–step grafting strategy involving MTCS/CPTCS’s co–modification, PEI–grafting, and CAAQ–grafting. As shown in Figure 18, the as–synthesized MSNPs were first modified with MTCS and CPTCS to yield chlorine groups, which provided the preconditions for subsequent surface modifications. Following that, the branched PEI was grafted onto chlorine–modified MSNPs to equip them with amino–active functional groups. Finally, the pre–synthesized CAAQ was immobilized onto MSNPs–PEI through the coupling reactions between the amines and chlorine groups.




3.2.2. Synthesis of MTCS and CPTCS co–Modified MSNPs


MSNPs (~0.5 g), MTCS (17.6 mmol), and CPTCS (1.4 mmol) were added to 150 mL of hexane, and the mixture was left for 24 h at room temperature in a hydrochloric acid atmosphere. After that, the as–synthesized MTCS and CPTCS co–modified MSNPs (labeled as MSNPs–MTCS/CPTCS) were washed with hexane, ethanol, and distilled water.




3.2.3. Synthesis of PEI–Modified MSNPs


The MSNPs–MTCS/CPTCS, PEI (1.0 mL), and methanol (5.0 mL) mentioned above were added to 120 mL of distilled water with mechanical stirring under an N2 atmosphere, and the mixture was left for 48 h at 65 °C. After that, the as–synthesized PEI–modified MSNPs (labeled as MSNPs–PEI) were washed with distilled water.




3.2.4. Pre–Synthesis of CAAQ and Synthesis of CAAQ–Modified MSNPs by “Grafting–to” Approach


CAAQ can be pre–synthesized by a simple organic reaction. Briefly, 16.4 mmol 8–aminoquinoline and 2.5 mL triethylamine were mixed in 100 mL dichloromethane in an ice bath with magnetic stirring for 30 min in darkness. Then, 14.9 mmol of chloroacetyl chloride was added, and the mixture was left for 48 h at room temperature. After reaction, the crude products (8–chloroacetyl–aminoquinoline (CAAQ)) were collected by evaporating the solvent and purified by silica column chromatography (VPetroleum ether/VEthylacetate = 3/1).



Finally, the pre–synthesized CAAQ was securely immobilized onto MSNPs–PEI through a series of coupling reactions between the amines (–NH2) and chlorine (–Cl) groups. The PEI–modified MSNPs discussed above and 5.4 mmol CAAQ were added to 110 mL acetonitrile with mechanical stirring, and the mixture was refluxed at 60 °C for 24 h under N2 atmosphere. After further aging for 24 h, the CAAQ–modified MSNPs (labeled as MSNPs–CAAQ) were collected and washed with acetonitrile and ethanol.





3.3. Characterization


The crystallographic phases of samples were characterized by X–ray diffraction (XRD, DX–2700, Dandong, China). The morphology and size of samples were examined by transmission electron microscopy (TEM, JEM–2100, Tokyo, Japan). Fourier transform infrared spectra (FTIR) of samples were recorded on a Nicolet iS10 spectrometer (Thermo Scientific, Waltham, MA, USA). X–ray photoelectron spectroscopy (XPS) analyses of samples were performed using an ESCALAB 250Xi spectrometer (Thermo Scientific, Waltham, MA, USA). Thermogravimetric (TG) curves of samples were collected by an SDT–2960 thermogravimetric instrument (TA Instruments, New Castle, DE, USA) at a heating rate of 10 °C/min under a flow of air. The quantitative analyses of HMIs in the adsorption and desorption experiments were performed using atomic absorption spectrometry (AAS, AA–6800, Shimadzu, Japan) and inductively coupled plasma mass spectrometry (ICP–MS, VG PQ ExCell, Thermo Electron Co., Vallejo, CA, USA). The magnetic properties of samples were obtained using a vibrating sample magnetometer (VSM, Lakeshore 7307, Novi, MI, USA) at room temperature.




3.4. Adsorption Experiments


The adsorption characteristics of MSNPs–CAAQ nanocomposites were evaluated by removing HMIs from simulated wastewaters; the selected HMIs included Ag+, Zn2+, Cu2+, Co2+, Cd2+, Mn2+, Pb2+, Hg2+, Cr3+ and Fe3+ ions. A total of 0.05 g MSNPs–CAAQ was dispersed into the set HMIs aqueous solution (50 mL, 50~500 mg/L). The mixture was stirred at a constant speed of 200 rpm at a set temperature of 298.15~338.15 K. After the adsorption reaction occurred within a given time (t, t = 0~2.5 h), the particles were collected by magnetic separation, and the concentrations of these HMIs in the supernatant were measured using ICP–MS. The adsorption efficiency at time t (At, %) and equilibrium adsorption amount (qm, mg/g) of HMIs were calculated using Equation (1) and Equation (2), respectively.


   A t  =    C 0  −  C t     C 0    × 100 %  



(1)






   q e  =   (  C 0  −  C e  ) V  m   



(2)




where C0 (mg/L) is the initial concentration of HMIs’ aqueous solution, Ct (mg/L) is the concentration of HMIs at the given time t, m (g) is the mass of MSNPs–CAAQ, and V (L) is the volume of the HMIs aqueous solution.



To investigate the adsorption mechanism between MSNPs–CAAQ and HMIs, the experimental data were analyzed by the Langmuir isotherm model and the Freundlich isotherm model using Equation (3) [58] and Equation (4) [59], respectively:


     C e     q e    =  1   q m     C e  +  1   K L   q m     



(3)






  log  q e  =  1 n  log  C e  + log  K F   



(4)




where Ce (mg/L), qe (mg/g), and qm (mg/g) are the equilibrium concentration, equilibrium quantity, and saturated adsorption amounts, respectively. KL and KF are the Langmuir adsorption constants related to the affinity of the binding site and the Freundlich adsorption constants related to the adsorption capacity, respectively, and n is the adsorption intensity. Moreover, qm and KL can be evaluated by the plot of Ce/qe against Ce, while n and KF can be evaluated by the plot of log (qe) against log (Ce).



To explore the thermodynamic characteristics of the adsorption process, the enthalpy change (ΔH0, KJ/mol) and entropy change (ΔS0, J/mol·K) were calculated using the Van’t Hoff plot using Equation (5) [60]. To investigate the kinetic characteristics of the adsorption reaction, the experimental data of adsorption were evaluated by the pseudo–first–order and pseudo–second–order models using Equations (6) and (7) [61], respectively.


  log    q e     C e    = −   Δ  H 0    2.303 R   ×  1 T  +   Δ  S 0    2.303 R    



(5)




where T (K) is the temperature of the adsorption reaction; R (J/mol·K) is the gas constant per molecule.


  log (  q   e 1 , cal    −  q t  ) = −    k 1    2.303   t + log  q   e 1 , cal     



(6)




where qe1, cal (mg/L), and k1 (1/h) are the calculated equilibrium adsorption amount and the rate constant of the pseudo–first–order equation, respectively, which can be evaluated by the plot of log(qe1,cal–qt) against t:


   t   q t    =  1   q  e  2 , cal      t +  1   k 2   q  e  2 , cal   2     



(7)




where qe2,cal (mg/L), and k2 (g/mg·h) are the calculated equilibrium adsorption amount and the rate constant of the pseudo–second–order equation, respectively, which can be evaluated by the plot of t/qt against t.




3.5. Desorption and Reusability Experiments


In order to regenerate MSNPs–CAAQ nanocomposites, an elution step using a suitable desorbing agent (HCl, HNO3, or Na2EDTA) was carried out after each adsorption cycle. After the adsorption of the saturated HMIs, the HMIs–loaded MSNPs–CAAQ was exposed to HCl, HNO3, or Na2EDTA solution with a desired concentration to allow for regeneration for 12 h under continuous mechanical stirring and was then magnetically separated from the water sample and washed several times with distilled water. The regenerated MSNPs–CAAQ were reused in the next cycle of adsorption experiments, and the adsorption–desorption experiments were conducted for six cycles at room temperature.





4. Conclusions


In summary, we presented a general strategy to synthesize network–polymer–modified magnetic nanomaterials. First, we designed and synthesized core–shell MSNPs with a ~10 nm core and ~5.5 nm shell through the hydrolysis and condensation of TEOS onto a single–crystal Fe3O4 seed. Following that, the core–shell MSNPs were modified with CAAQ to fabricate the network polymer coating through a three–step grafting strategy, in which polymer grafting was designed using a macromolecular polymer (PEI) to fabricate an organic network onto the MSNPs surface and to serve as a bridge between the surface hydroxyl group and CAAQ. The as–synthesized MSNPs–CAAQ nanocomposites showed a strong magnetic response under an external magnet, which made it easier to recycle quickly in practical applications. The adsorption experimental results indicated that MSNPs–CAAQ had an excellent absorption capacity for HMIs due to their abundant end–reactive functional groups: the saturated adsorption amounts of Fe3+, Cu2+ and Cr3+ ions were 324.7, 306.8, and 293.3 mg/g, respectively, according to the Langmuir linear fitting. Moreover, MSNPs–CAAQ also exhibited universal adsorption capacities for Zn2+, Mn2+, and Pb2+ ions, with adsorption efficiencies over 70%. The adsorption isotherm for the Cr3+ ion fitted the experimental data well when using the Langmuir isotherm model, and its adsorption kinetics could be described by the pseudo–second–order equation. More importantly, Na2EDTA (0.10 mol/L) was more suitable as a desorbing agent for MSNPs–CAAQ regeneration than HCl (0.20 mol/L) and HNO3 (0.20 mol/L). Additionally, the adsorption efficiency of the Cr3+ ion on regenerated MSNPs–CAAQ could still be maintained at 88.8% after six adsorption–desorption cycles, showing the high economic value of the as–synthesized MSNPs–CAAQ nano–sorbent. Moreover, our design provides a general strategy for the fabrication of high–performance HMIs absorbents and can easily be extended to other absorption materials for actual applications.
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Figure 1. (a) Synthesis scheme of MSNPs–CAAQ nanocomposites; (b) schematic diagram of HMIs adsorption and magnetic separation. 
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Figure 2. XRD spectra of (a) MNPs and (b) MSNPs contrasted with the standard Fe3O4 (JCPDS No. 65–3107) pattern. 
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Figure 3. (a) TEM image of MNPs (inset is an HRTEM image of MNPs); (b) TEM image of MSNPs (inset is an amplified TEM image of MSNPs). 
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Figure 4. (a) XRD spectrum contrasted with standard Fe3O4 (JCPDS NO. 65–3107) pattern and (b) TEM image of MSNPs–CAAQ. 
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Figure 5. TG curves of (a) MSNPs and (b) MSNPs–CAAQ. 
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Figure 6. FTIR spectra of (a) MSNPs, (b) MSNPs–MTCS/CPTCS, (c) MSNPs–PEI, and (d) MSNPs–CAAQ. 
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Figure 7. XPS wide scan of (a) MSNPs, MSNPs–MTCS/CPTCS, MSNPs–PEI, and MSNPs–CAAQ; (b) C 1s and (c) N 1s core levels of MSNPs–CAAQ. 
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Figure 8. (a) Room–temperature magnetic hysteresis loops of MNPs, MSNPs, and MSNPs–CAAQ; (b) the amplified curves around the coercive value (the area inside the pink box in Figure 8a); (c) time–dependence of the magnetic response behavior of MSNPs–CAAQ suspension after adding an external magnet to the right side of the bottle; (d) the clear liquid of the Tyndall effect over time. 
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Figure 9. Adsorption profiles onto MSNPs–CAAQ for HMIs (inset shows the adsorption efficiencies within 2.5 h of MSNPs without CAAQ modifications for HMIs). (Adsorbent dose was 1.0 g/L; adsorbate dose was 200 mg/L; V = 50 mL; reaction temperature was 298.15 K; no pH pre–adjustments). 
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Figure 10. (a) Langmuir linear fittings and (b) Freundlich plots of Fe3+, Cu2+, and Cr3+ ions onto MSNPs–CAAQ. 
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Figure 11. Adsorption efficiency of MSNPs–CAAQ for mixed–HMIs solution. (Mixed HMIs contained Ag+, Zn2+, Cu2+, Co2+, Cd2+, Mn2+, Pb2+, Hg2+, Cr3+, and Fe3+ ions; the mass of each HMI was 20 mg; MSNPs–CAAQ was 0.5 g; V = 500 mL; t = 1.5 h; reaction temperature was 298.15 K; no pH pre–adjustments). (Note: the different color ball represent was the adsorption efficiency of MSNPs–CAAQ for different HMIs in the mixed solution). 
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Figure 12. Effect of pH on the adsorption of Cr3+ ions by MSNPs–CAAQ. (The adsorbent dose was 0.05 g; the initial concentration and volume of Cr3+ ions were 250 mg/L and 50 mL; t = 1.5 h; the reaction temperature was 298.15 K). 
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Figure 13. (a) Effects of temperature on the adsorption efficiency of the Cr3+ ion on MSNPs–CAAQ; (b) experimental data of adsorption of the Cr3+ ion at a set temperature of 298.15, 308.15, 318.15, 328.15, and 338.15 K on MSNPs–CAAQ fitted using the Van’t Hoff equation. (Adsorbent dose was 1.0 g/L; adsorbate dose was 300 mg/L; V = 50 mL; t = 1.5 h; no pH pre–adjustments). 
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Figure 14. Linear fittings by (a) pseudo–first–order and (b) pseudo–second–order kinetic models for the adsorption of Cr3+ ions onto MSNPs–CAAQ. 
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Figure 15. The proposed coordination modes between MSNPs–CAAQ and Cr3+ ions. 
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Figure 16. Effect of some desorbing afents (a) HCl, (b) HNO3, and (c) Na2EDTA with different concentrations (0.05~0.20 mol/L) on the desorption of Cr3+ ions from the MSNPs–CAAQ surface. 
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Figure 17. Effect of adsorbent regeneration times on the adsorption efficiencies using (a) 0.2 mol/L HCl, (b) 0.2 mol/L HNO3, and (c) 0.1 mol/L Na2EDTA as desorbing agents. (Initial adsorbent was 1.0 g/L; Cr3+ concentration was 200 mg/L; V = 50 mL; desorption time was 12 h; re–adsorption time was 1.5 h; 298.15 K). 
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Figure 18. Schematic diagram illustrating the processes of the synthesis of MSNPs and surface modification with CAAQ onto MSNPs via a combined “grafting–from” and “grafting–to” approach; 3.3. synthesis of MSNPs–CAAQ using a three–step grafting strategy. 
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Table 1. Relevant parameters of Langmuir isotherms for the adsorption of Fe3+, Cu2+, and Cr3+ ions.
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Langmuir Isotherm Model

	
       C e     q e    =  1   q m     C e  +  1   K L   q m       




	
Parameters

	
qm (mg/g)

	
KL

	
R2






	
Fe3+

	
324.7

	
0.7016

	
0.9997




	
Cu2+

	
306.8

	
0.6981

	
0.9988




	
Cr3+

	
293.3

	
0.7894

	
0.9990











 





Table 2. Comparison of maximum adsorption capacities of various adsorbents for Fe3+, Cu2+, and Cr3+ ions.
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Adsorbent

	
HMIs

	
Adsorption Capacity

(qm, mg/g)

	
Reference






	
Manganese dioxide–modified biochar

	
Fe3+

	
52.39

	
[47]




	
Activated biochars prepared by leucaena leucocephala

	
Fe3+

	
32.89

	
[48]




	
Phosphorylated nanocellulose (Phos–CNCSL)

	
Fe3+

	
115

	
[49]




	
Cu2+

	
117




	
Fe3O4/FeMoS4/MgAl–LDH nanocomposite

	
Cu2+

	
108.28

	
[50]




	
Core–shell magnetic Fe3O4@zeolite NaA

	
Cu2+

	
86.54

	
[51]




	
EDTA–inspired polydentate hydrogels

	
Cu2+

	
436.5

	
[52]




	
Cr3+

	
340.6




	
Organosulphur–modified biochar

	
Cr3+

	
35.2

	
[53]




	
Porous carbon materials derived from rice wastes

	
Cr3+

	
9.23

	
[54]




	
MSNPs–CAAQ nanocomposite

	
Fe3+

	
324.7

	
This work




	
Cu2+

	
306.8




	
Cr3+

	
293.3











 





Table 3. Thermodynamic parameters for the adsorption of Cr3+ ions onto MSNPs–CAAQ.
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Van’t Hoff Thermodynamic Equation

	
    log    q e     c e    = −   Δ  H 0    2.303 R   ×  1 T  +   Δ  S 0    2.303 R      






	
Parameters

	
ΔH0 (KJ/mol)

	
ΔS0 (J/mol·K)

	
R2




	
2.31

	
45.00

	
0.9993











 





Table 4. Kinetic parameters for the adsorption of Cr3+ ions onto MSNPs–CAAQ surfaces.
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Kinetic Model

	
Pseudo–First–Order

   log (  q   e 1 , cal    −  q t  ) = −    k 1    2.303   t + log  q   e 1 , cal      

	
Pseudo–Second–Order

    t   q t    =  1   q  e  2 , cal      t +  1   k 2   q  e  2 , cal   2      






	
Parameters

	
qe1,cal (mg/g)

	
K1 (1/h)

	
R2

	
qe2,cal (mg/g)

	
K1 (g/mg·h)

	
R2




	
93.61

	
1.8801

	
0.9841

	
206.61

	
0.03839

	
0.9989
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