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Abstract

:

A novel magnetic composite material, Fe3O4@SiO2/chitosan/graphene oxide/β-cyclodextrin (MCGC), was prepared by multi-step methods. Various methods were used to systematically characterize the morphology, composition, structure, and magnetic properties of MCGC. The results obtained show that the composite material has good morphology and crystal structure and can be separated quickly by an external magnetic field. The operation is relatively easy, and the raw materials used to prepare this material are economical, easy to obtain, and environmentally friendly. The performance and adsorption mechanism for using this material as an adsorbent to remove bisphenol A (BPA) and bisphenol F (BPF) from water were studied. The adsorption parameters were optimized. Under optimal conditions, MCGC was found to remove more than 90% of BPA and BPF in a mixed solution (20 mg/L, 50 mL); the adsorption process for BPA and BPF on MCGC was found to follow a Redlich–Peterson isotherm model and Pseudo-second-order kinetic model. The adsorption mechanism for MCGC may involve a combination of various forces. Recycling experiments showed that after five uses, MCGC retained a more than 80% removal effect for BPA and BPF, and through real sample verification, MCGC can be used for wastewater treatment. Therefore, MCGC is economical, environmentally friendly, and easy to separate and collect, and has suitable stability and broad application prospects.






Keywords:


Fe3O4@SiO2/CS/GO/β-CD; adsorption; bisphenol A; bisphenol F; mechanism












1. Introduction


Bisphenols are an important type of organic chemical raw material mainly used in the production of polymer materials such as polycarbonate, epoxy resin, and polysulfone resin. They are often added to plastic products to improve stability [1]. However, these bisphenols are also typical endocrine disruptors with estrogen-like effects, and even trace amounts may have adverse effects on human and animal reproductive systems and fetal development. Studies have shown that bisphenol A (BPA) and bisphenol F (BPF) are ubiquitous in various environmental media [2,3]. BPA is currently one of the bisphenol compounds with the largest output and widest application. However, because BPA has an increasingly clear estrogen-like effect, carcinogenicity, mutagenicity, and other hazards, the use of BPA has been restricted in many areas of many countries [4,5]. To meet market demand, substitutes similar to BPA have been gradually developed. As one of the main substitutes for BPA, BPF has been widely used in some household daily necessities, such as food containers, cosmetics, and paper products [6]. Because BPF epoxy resin has lower viscosity and better solvent resistance than BPA epoxy resin, its production has gradually increased in recent years [7]. Studies have reported that BPF is moderately toxic and will induce toxic effects, e.g., reproductive toxicity, cytotoxicity, genetic toxicity, and endocrine interference, after exposure [8]. Through various mechanisms, both BPA and BPF in the environment can enter a water body, allowing them to migrate and transform. Therefore, the establishment of an efficient and rapid method for simultaneously removing BPA and BPF from water has important theoretical and practical significance for reducing the ecological and environmental risks of BPA and BPF.



Chitosan (CS) is the only alkaline natural polysaccharide [9] and is insoluble in water and soluble in acetic acid and most organic acids. It has many amino groups and hydroxyl groups on its surface and many unique properties, including biocompatibility, biodegradability, and nontoxicity, and is renewable and modifiable [10]; thus, CS has good application prospects in adsorption [11], especially for the removal of pollutants in water. To overcome the issues of CS raw materials, including a high degree of crystallization, poor solubility, and difficult recovery [12], commonly used crosslinking agents (glutaraldehyde, glyoxal, etc.) and additional magnetic properties are used to modify CS and improve its stability [13,14]. However, CS modification by crosslinking agents will consume amino groups or hydroxyl groups, resulting in lower adsorption efficiency than that of CS raw materials [12]. Therefore, it is necessary to combine one or more adsorption materials on this basis to compensate. Graphene oxide (GO) is a derivative of graphene (G), and its surface contains many oxygen-containing groups, including carbonyl, hydroxyl, and carboxyl groups, allowing GO to have good dispersibility and to adsorb other compounds via π–π interaction, hydrogen bonding, and hydrophobic interaction [15]. Since the oxygen-containing groups in GO are easily modified, GO and modified GO are often used to adsorb pollutants in water [16,17,18]. β-Cyclodextrin (β-CD) is a type of cyclodextrin (CD) that has the structural characteristics of a hydrophobic inner cavity and hydrophilic outer surface and can form stable host–guest inclusion complexes with various organic, inorganic, and biological molecules through hydrophobic interactions, electrostatic interactions, van der Waals forces, dipole–dipole interactions, and hydrogen bonding interactions [19,20]. Additionally, β-CD is most popular due to its low price and formation of many inclusion complexes. However, CD can easily form intermolecular hydrogen bonds, affecting the adsorption effect, so β-CD-modified silica, graphene, and CS are often used as adsorption materials [21,22,23].



In magnetic adsorption composites, Fe3O4 nanoparticles are often used as the main core structure [24]. The fact that pure Fe3O4 nanoparticles are easily oxidized in the air can cause problems, such as magnetic property changes, reduced dispersibility, and even loss of active sites on the surface [25]. Currently, one of the most studied modification methods involves coating SiO2 onto the surface of Fe3O4 nanoparticles to improve the oxidation resistance and increase the dispersibility, making the surface easy to modify [26]. Fe3O4 coated by SiO2 can exist stably in acidic solution. A crosslinking method [27] can be used to crosslink CS, the amino group on CS and the carboxyl group on GO to undergo amidation reaction [28], so that Fe3O4@SiO2/CS is grafted onto GO, and, finally, β-CD is bonded to the surface of GO through hydrogen bonding. For an adsorbent based on the combination of Fe3O4@SiO2, CS, GO, and β-CD, the used raw materials are economical and environmentally friendly, and the preparation, collection and recycling of the adsorbent are relatively easy; furthermore, the number of active sites can be increased and the adsorption capacity can be improved. To our knowledge, there is no research on the application of CS, GO, and β-CD functionalized composite magnetic nanoadsorbents in the simultaneous removal of BPA and BPF from water.



In this study, a Fe3O4@SiO2/CS/GO/β-CD composite material (MCGC) was successfully prepared and a series of characterizations was carried out. Subsequently, MCGC was used as the adsorbent to optimize the conditions of adsorbent dose, pH, amount of added salt, rotation speed, adsorption temperature, and adsorption time; finally, the adsorption isotherm, adsorption kinetics, and recycling and regeneration performance were evaluated, the adsorption mechanism was discussed, and the material was compared with other adsorption materials. The results show that MCGC has relatively high BPA and BPF removal rates in water, a large adsorption capacity, strong superparamagnetic behavior, and good regenerability, which is convenient for collection, separation, and reuse.




2. Materials and Methods


2.1. Reagents


Chitosan (CS, ≥90% degree of deacetylation), β-cyclodextrin (β-CD, 99%), BPF (98%), and glutaraldehyde (50% in water) were purchased from Titan Technology Co., Ltd. (Shanghai, China). GO was purchased from Jining Leader Nano Technology Co., Ltd. (Jining, Shandong, China). BPA (99%) and tetraethyl orthosilicate (TEOS, 98%) were purchased from Mreda Technology Co., Ltd. (Beijing, China). FeCl3·6H2O (99%), FeSO4·7H2O (99%), NaCl (99%), acetic acid (99%), and ammonia solution (25%) were purchased from Beichen Fangzhen Chemical Reagent Factory (Tianjin, China). Ethanol (AR grade), acetone (AR grade), and methanol (HPLC grade) were purchased from Kemiou Chemical Reagent Co., Ltd. (Tianjin, China); ultrapure water (prepared by PURELAB Classic, ELGA, High Wycombe, UK) was used in all experiments.



Methanol was used to prepare a 100 mg/L mixed mother liquor of BPA and BPF. Subsequently, water was used for dilution. Since methanol has a cosolvent effect, the volume fraction of methanol should not be higher than 0.001 to eliminate this effect.




2.2. Preparation of MCGC


2.2.1. Preparation of Fe3O4@SiO2


Fe3O4 coated with silica (Fe3O4@SiO2) was prepared by the alkaline coprecipitation method [29] and the sol-gel method. FeCl3·6H2O and FeSO4·7H2O were dissolved in water at a molar ratio of 2:1, and the mixture was stirred continuously under a nitrogen environment, followed by the slow addition of aqueous ammonia until the pH reached approximately 10. Subsequently, the mixture was heated at 80 °C for 30 min, and a magnet was then used to collect the Fe3O4 particles, which were washed with water and ethanol several times. Finally, the Fe3O4 particles were vacuum dried at 50 °C for 12 h. Then, 0.5 g of Fe3O4 nanoparticles was added to a mixed solution of 40 mL of water and 160 mL of ethanol, and the mixture was stirred and sonicated for 30 min to uniformly disperse the constituents. Next, 0.5 mL of TEOS and 4 mL of aqueous ammonia were slowly added into the solution dropwise. After the mixture was stirred and mixed to allow the reaction to proceed at 30 °C for 6 h, the solid–liquid was separated with a magnet, and the obtained solid was washed three times with absolute ethanol followed by vacuum drying at 50 °C for 12 h.




2.2.2. Preparation of Fe3O4@SiO2/CS/GO


First, 1 g of CS was dissolved into 100 mL of acetic acid solution (2% v/v), and the mixture was sonicated for 5 min. Subsequently, 0.5 g of Fe3O4@SiO2 was added into the fully dissolved CS solution, and the mixture was stirred vigorously at 30 °C for 2 h. Then, 1 g of GO, 5 mL of glutaraldehyde, and 4 mL of aqueous ammonia were added into the mixed solution, which was stirred at 80 °C for 2 h to allow the crosslinking and amidation reactions to proceed. The obtained solid was collected with a magnet, washed several times with water and ethanol, then dried under vacuum at 50 °C for 12 h.




2.2.3. Preparation of Fe3O4@SiO2/CS/GO/β-CD


First, 0.5 g of Fe3O4@SiO2/CS/GO and 5 g of β-CD were added to 120 mL of water, and the mixture was sonicated, stirred vigorously for 10 min, then stirred at 60 °C for 5 h. Next, the product was separated and collected with a magnet, washed several times with water, then vacuum dried at 50 °C for 12 h. The final obtained product was MCGC, as shown in Scheme 1.





2.3. Characterization


The morphology of the composite material was investigated using scanning electron microscopy (SEM) (QUANTA430, FEI, Hillsboro, OR, USA). The morphology of the composite material was investigated by transmission electron microscopy (TEM) (TECNAI G2 20, FEI, Hillsboro, OR, USA). Fourier transform infrared spectroscopy (FTIR) (NICOLET 5700, Thermo Electron, Waltham, MA, USA) was utilized to identify the surface functional groups using KBr pelleted samples. X-ray diffraction (XRD) patterns were obtained using an XRD analyzer (D8 ADVANCE, Bruker, Germany) utilizing Cu radiation at 40 kV and 40 mA. The hysteresis curve was obtained at room temperature by using a magnetic property measurement system (MPMS SQUID XL, Quantum Design, San Diego, CA, USA).




2.4. Adsorption Study


To optimize the conditions for BPA and BPF adsorption on MCGC, an experimental scheme was adopted for batch adsorption of a BPA and BPF mixed solution (initial concentration and volume of 20 mg/L and 50 mL, respectively), and each adsorption experiment was repeated three times. The entire adsorption process was carried out in a Huanida HZ-9211KC open-air constant-temperature shaker (Taicang, China); the pH was adjusted to a fixed value with 0.1 M HCl and NaOH, and the measurement was then carried out with a REX PXSJ-216F ion meter (Shanghai, China). After adsorption was completed, the adsorbent was separated from the solution with a magnet, and the BPA and BPF concentrations remaining in the supernatant were measured using a high-performance liquid chromatograph equipped with a fluorescence detector (HPLC-FLD, Shimadzu, Kyoto, Japan). The measurement conditions were as follows: fluorescence excitation wavelength, 227 nm; emission wavelength, 313 nm; mobile phase, methanol, and water (70:30, v/v); flow rate, 0.8 mL/min; injection volume, 10 μL. Subsequently, the removal rate (R) and adsorption capacity (qe) were calculated according to Equations (1) and (2):


  Removal   rate :   R % =      C 0  −  C f     C 0      × 100  



(1)






  Adsorption   capacity :  q e  =      C 0  −  C f    V  m   



(2)




where C0 (mg/L) and Cf (mg/L) represent the initial and final concentrations of BPA and BPF in the solution, respectively, qe represents the adsorption capacity (mg/g), V (L) represents the volume of the adsorption solution, and m (g) represents the mass of the adsorbent.




2.5. Adsorption-Desorption Study


After 20 mg of MCGC was added to 50 mL of 20 mg/L BPA and BPF mixed solution, the mixture was shaken at 30 °C and 200 rpm for 1 h, after which the solid and liquid were separated with a magnet and the supernatant was collected and passed through a 0.22 μm nylon membrane for HPLC-FLD analysis. Then, 5 mL of acetone was added to the separated MCGC composite, and the mixture was shaken at 30 °C and 300 rpm for 2 h, after which the solid and liquid were separated with a magnet. The solution was dried by blowing nitrogen at 60 °C, and the residue was dissolved with 1 mL of methanol and passed through a 0.22 μm nylon membrane for HPLC-FLD analysis. The desorption process was repeated three times, and the samples were measured to ensure complete desorption. The separated MCGC was washed several times with water and then dried under vacuum at 50 °C for 3 h. Then, the previous adsorption experiment was repeated, and a total of five adsorption–desorption experiments was carried out.





3. Results and Discussion


3.1. Characterization


Figure 1 shows SEM and TEM images of Fe3O4, Fe3O4@SiO2, Fe3O4@SiO2/CS/GO, and Fe3O4@SiO2/CS/GO/β-CD; the SEM images are on the left-hand side (a, c, e, and g), while the TEM images are on the right-hand side (b, d, f, and h).



As shown in Figure 1a,b, the synthesized Fe3O4 was approximately spherical, and some particles were agglomerated, with a diameter of approximately 200–250 nm. Figure 1c,d show that the thickness of Fe3O4@SiO2 increased by approximately 5–10 nm; the surface became smooth, and the agglomeration phenomenon was considerably reduced. This result occurred because the SiO2 coating not only reduces the dipole–dipole interaction between particles to prevent oxidation and reduce aggregation but also improves dispersibility and stability, which is beneficial for modification. Figure 1e,f indicate that the surface of the material is wrinkled, with a large flake-like structure visible. In addition, there were wrinkled flake-like structures on the edge, indicating that GO was successfully combined with Fe3O4@SiO2/CS and that the diameter of Fe3O4@SiO2/CS increased to 400–500 nm. As shown in Figure 1g,h, the surface of Fe3O4@SiO2/CS/GO/β-CD was rougher than that found for the previously synthesized intermediate. Figure 1h indicates distinct β-CD accumulation on the surface of Fe3O4@SiO2/CS/GO.



The surface groups on MCGC were studied by FTIR, and the results are shown in Figure 2. Curves a, b, c, and d show the IR spectra obtained for Fe3O4, Fe3O4@SiO2, Fe3O4@SiO2/CS/GO and Fe3O4@SiO2/CS/GO/β-CD, respectively, and the IR spectra of curves e (CS), f (GO), and g (β-CD) are shown for reference.



The peak at 586 cm−1 in curve a corresponds to the Fe–O–Fe stretching vibration; the peaks at 1094 cm−1 and 462 cm−1 in curve b are associated with Si–O–Si asymmetric stretching vibration and Si-O stretching vibration, respectively, indicating that SiO2 was successfully coated onto the Fe3O4 surface. The peaks observed between 897 cm−1 and 1155 cm−1 in curve e are due to the C–O–C stretching vibration and the C–O stretching vibration, respectively, and the peak at 1320 cm−1 reflects the C–N stretching vibration. In addition, the peak at 3369 cm−1 is due to the O–H stretching vibration, and the peaks at 1653 cm−1 and 2878 cm−1 indicate the presence of N–H bonds. The peak at 1633 cm−1 in curve f is assigned to the C=C stretching vibration, the peak at 1708 cm−1 is due to the C=O stretching vibration, and the peaks between 849 cm−1 and 1322 cm−1 are associated with the stretching vibration peak of the epoxy group. In curve c, the same functional groups can be found around the above wavenumbers, but due to the amidation reaction between the amino group of CS and the carboxyl group of GO, the C=O stretching vibration peak at 1708 cm−1 disappeared, and the characteristic peaks for the NH mixed vibration and C=O stretching vibration appeared at 1572 cm−1 and 1645 cm−1, respectively. Compared with that in curve c, the area of the OH bending vibration peak in curve d at 1390 cm−1 in curve d was greater, which is attributed to the presence of a C-H/O-H bending vibration peak, a coupled C–O/C–C bending vibration peak, and an OH stretching vibration peak. Typical characteristic peaks were observed at 1034 cm−1, 1080 cm−1, and 1156 cm−1 in curve g, and the O–H stretching vibration peak at 3369 cm−1, the corresponding vibration peak (3389 cm−1) for Fe3O4@SiO2/CS/GO, and the free OH vibration peak (3700 cm−1) redshifted. These findings indicate that MCGC was successfully prepared and that a strong hydrogen bonding interaction exists between β-CD and Fe3O4@SiO2/CS/GO.



The XRD patterns obtained for Fe3O4 (a), Fe3O4@SiO2 (b), Fe3O4@SiO2/CS/GO (c), and Fe3O4@SiO2/CS/GO/β-CD (d) are shown in Figure 3.



The six main characteristic peaks due to Fe3O4 were observed in all materials, i.e., 30.128° (220), 35.544° (311), 43.157° (400), 53.55° (422), 57.063° (511), and 62.699° (440), which is consistent with the standard structure of an Fe3O4 crystal (JCPDS card no. 89-0950), suggesting that no loss of Fe3O4 occurred during MCGC preparation. However, due to the introduction of CS, GO, and β-CD, the characteristic peak intensity due to Fe3O4 decreased, indicating that the Fe3O4 content in MCGC decreased.



A magnetic measurement system was used to study the magnetic properties of the materials at room temperature. Figure 4 shows the magnetic hysteresis curves obtained for Fe3O4 (a), Fe3O4@SiO2 (b), Fe3O4@SiO2/CS/GO (c), and Fe3O4@SiO2/CS/GO/β-CD (d), with maximum saturation magnetization values of 85.3 emu/g, 69.3 emu/g, 22.3 emu/g, and 16.2 emu/g, respectively.



The magnetization of MCGC was found to gradually decrease after the introduction of CS, GO, and β-CD compared with that of Fe3O4 and Fe3O4@SiO2. Figure 4 indicates that even though the MCGC magnetization decreased, its residual magnetic force was sufficient for separation via an applied magnetic field. The above results show that after MCGC adsorbs BPA and BPF in water, it can be separated within seconds by applying a magnetic field.




3.2. Study to Optimize Adsorption


3.2.1. Optimization of the Adsorbent Dosage


The adsorbent dosage is an important condition affecting adsorbent performance [30]. At an initial concentration of 20 mg/L for the BPA and BPF mixed solution, volume of 50 mL, solution pH of 7, adsorption temperature of 30 °C, shaking speed of 200 rpm, and adsorbent dosage in the range of 5–35 mg, the impact of MCGC on the BPA and BPF adsorption capacities was studied. MCGC adsorbs BPA and BPF, mainly due to π–π interaction, hydrophobic interaction, and the formation of host-guest inclusion complexes [31,32]. Figure 5a shows that the BPA removal rate was slightly higher than the BPF removal rate, which may be because BPF is slightly more polar due to the presence of two methyl groups on the central carbon atom that are absent in BPA [33].



Additionally, with increasing adsorbent dosage, the BPA and BPF adsorption capacities increased rapidly. The adsorption capacity reached its maximum with an adsorbent dosage of 20 mg, and the BPA and BPF removal rates were approximately 92.8% and 92%, respectively. A continuous increase in the adsorbent dosage did not lead to a great change in the adsorption capacity. Therefore, an adsorbent dosage of 20 mg was used for the following experiments.




3.2.2. Optimization of pH


The pH value can affect the active sites on the adsorbent and the existing form of the adsorbate, thus affecting the adsorption performance of the adsorbent [34,35]. With the other adsorption conditions remaining unchanged, the effect of the adsorbent on the BPA and BPF adsorption capacities was studied by changing the pH value (2–10). Figure 5b shows that for a pH of 7, MCGC exhibited the largest BPA and BPF removal rates. The BPA and BPF removal rates gradually increased as the pH was increased from 2 to 7 and gradually decreased as the pH was further increased to 10. BPA and BPF are both bisphenols, and the pKa values of the two phenolic hydroxyl groups range between 9.6 and 10.2 [36]. When the solution is acidic, although both BPA and BPF are in a molecular state, much of the H+ and H3O+ ions in the solution may occupy the adsorption sites on the adsorbent, so that the number of adsorption sites for adsorbing BPA and BPF is reduced. Furthermore, the epoxy groups on the adsorbent are also charged under acidic conditions, so that some adsorption sites may be occupied by more water molecules, reducing the adsorption of other compounds with relatively weak polarity. When the solution is alkaline, the functional groups, e.g., carboxyl and hydroxyl groups, on the surface of the adsorbent are negatively charged, and both BPA and BPF are also ionized to produce bisphenol anions. The adsorbent, BPA, and BPF are all negatively charged, although the adsorbent can undergo anion–π interactions with BPA and BPF, and the adsorption capacity may decrease due to electrostatic repulsions. Therefore, for MCGC to adsorb BPA and BPF, the optimum pH was 7.




3.2.3. Optimization of Ionic Strength


Adding inorganic salts to the solution may lead to changes in the hydrophobicity, surface charge, and solubility of the adsorbate, which in turn affects the adsorption performance of the adsorbent [37]. Under the same conditions, the effect on adsorption capacity was studied by adding 0-3 g/L NaCl to the solution. The result is shown in Figure 5c. When the amount of salt added ranged from 0 g/L to 0.2 g/L, the BPF removal rate gradually decreased and the BPA removal rate slightly increased, although this change was not significant. This result may have occurred because a low ionic strength can slightly increase the hydrophobicity of BPA with only a minor effect on BPF, which increases the number of active sites for adsorbing BPA on the adsorbent and thus results in a decrease in the BPF adsorption capacity. When the amount of added salt was increased, the BPA and BPF removal rates were significantly reduced. It is possible that the density of the solution increases due to the addition of large quantities of inorganic salts, which increases the diffusion resistance of BPA and BPF to the adsorbent. Therefore, to ensure maximum adsorption of BPA and BPF, no salts were added in subsequent experiments.




3.2.4. Optimization of Shaking Speed


The shaking speed can affect the contact between the adsorbent and the adsorbate, thereby affecting the adsorption capacity of the adsorbent [38]. Figure 5d shows that as the shaking speed was increased from 0 rpm to 150 rpm, the BPA and BPF removal rates gradually increased. The maximum BPA and BPF removal rates were obtained with a shaking speed of 150 rpm. A continuous increase in the shaking speed was found to have a minor effect on the BPA and BPF removal rates. This finding shows that a moderate increase in the shaking speed can increase the BPA and BPF diffusion rates to the adsorbent. Therefore, the optimal shaking speed was determined to be 150 rpm.




3.2.5. Optimization of the Adsorption Temperature


To analyze the influence of temperature on BPA and BPF removal, an adsorption experiment was carried out by changing the temperature (25–55 °C) with the other adsorption parameters remaining unchanged. Figure 5e shows that as the temperature was increased from 25 °C to 30 °C, the BPA and BPF removal rates also increased, possibly because an increase in temperature is beneficial to the diffusion of BPA and BPF to the adsorbent. As the temperature was increased from 30 °C to 35 °C, the BPF removal rate remained essentially unchanged, while the BPA removal rate decreased slightly. Upon further increasing the temperature, the BPA and BPF removal rates gradually decreased, indicating that this adsorption process may be exothermic and that an increase in the temperature is not conducive to adsorbent adsorption. Therefore, 30 °C was selected as the optimum adsorption temperature.




3.2.6. Optimization of Adsorption Time


The previously optimized adsorption conditions were used to study the effect of adsorption time within the time range of 5–90 min. Figure 5f shows the changes in the BPA and BPF removal rates over time. Figure 5f indicates that as time increased, the BPA and BPF removal rates both increased rapidly. The maximum BPA and BPF removal rates occurred at adsorption times of 30 and 35 min, respectively. A continuous increase in the adsorption time had a minor effect on the BPA and BPF removal rates. This result may be due to BPF having two fewer methyl groups than BPA, resulting in slightly less hydrophobicity and thus providing BPA a slight advantage when competing for the same active site. Therefore, because the equilibrium time for BPF adsorption was slightly longer than that for BPA, 35 min was selected as the optimal adsorption time.





3.3. Adsorption Isotherm


The adsorption isotherm can intuitively reflect the relationship between the adsorption capacity of the adsorbent itself and the concentration of the adsorbate remaining in the water, which is an important parameter for understanding the adsorption process and adsorption mechanism [39]. To understand the BPA and BPF adsorption performance of the MCGC composite, its adsorption characteristics were studied under optimal adsorption conditions, and the commonly used Langmuir, Freundlich, and Redlich–Peterson isotherm models were employed to estimate the adsorption capacity and understand the adsorption mechanism. Equations (3)–(5) were used for the models [39,40,41]:


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



(3)






   q e  =  K F   C e     1 / n    



(4)






   q e  =     K  R P    C e    1 +  α  R P    C e      β  R P         



(5)




where Ce (mg/L) is the concentration of BPA in adsorption equilibrium; qmax (mg/g) and KL (L/mg) are the Langmuir model constants related to the maximum adsorption capacity and adsorption energy, respectively; and KF ((mg/g) (L/mg)1/n) and n are the Freundlich model constants related to adsorption capacity and adsorption strength, respectively. KF and 1/n are obtained from the intercept and slope of the linear curves of ln qe and ln Ce, respectively. The KRP (L/mg) and αRP (L/mg) are the Redlich–Peterson model constants, βRP of the Redlich–Peterson constant power having values between 0 and 1. The adsorption isotherms obtained for BPA and BPF on MCGC are shown in Figure 6, and the results obtained for various parameters are shown in Table 1.



The Langmuir isotherm model is based on the assumption that the surface properties of the adsorbent are uniform, and there are few adsorption sites on the adsorbent surface. The adsorption sites are independent of each other and are not associated with whether the adjacent sites are occupied by other molecules, and adsorption occurs by single molecule layer adsorption. The Freundlich isotherm model assumes that the surface of the adsorbent is not uniform, that the adsorption energy of different adsorption sites varies, and that multilayer adsorption occurs on the surface of the adsorbent. The Redlich–Peterson isotherm model is a combination of the Langmuir model and the Freundlich model and can describe nonuniform sorption. The values of the correlation coefficient R obtained for the Freundlich, Langmuir, and Redlich–Peterson models were all greater than 0.91, but the correlation coefficient R obtained for the Redlich–Peterson model was higher, indicating that the Redlich–Peterson model may be more suitable than the Langmuir and Freundlich model for fitting the adsorption isotherms of BPA and BPF on MCGC. The results indicate that BPA and BPF exhibit multilayer adsorption behavior on the surface of MCGC and that the adsorption sites on the surface are heterogeneous. According to the Langmuir isotherm model estimation, the maximum BPA and BPF adsorption capacities for MCGC were determined to be 326.8 mg/g and 328.3 mg/g, respectively, which also demonstrates that MCGC shows relatively high BPA and BPF adsorption capacities.




3.4. Adsorption Kinetics


The study of adsorption kinetics is the basis for designing the adsorption process for adsorbents in large-scale practical applications and can reflect the dynamic changes in adsorption and help elucidate the adsorption mechanism [42]. To further study the dynamic changes in adsorption and the adsorption mechanism for BPA and BPF on MCGC, a pseudo-first-order kinetic model and pseudo-second-order kinetic model were used to calculate the BPA adsorption kinetics. The model equations used were as follows [43,44] are shown in Equations (6) and (7):


   q t  =  q e  ( 1 −  e  −  k 1  t   )  



(6)






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



(7)




where qt (mg/g) is the BPA or BPF adsorption capacity of MCGC at time t, and k1 (min−1) and k2 (g/mg·min) are the rate constants for the pseudo-first-order kinetic model and pseudo-second-order kinetic model, respectively. The adsorption kinetics obtained for BPA and BPF on MCGC are shown in Figure 7, and the results obtained for each parameter are shown in Table 2.



The pseudo-first-order kinetic model assumes that there is only one binding site on the adsorbent surface, while the pseudo-second-order kinetic model assumes that there are multiple binding sites on the adsorbent surface. From Figure 7 and Table 2, it can be concluded that the correlation coefficient R values of the pseudo-first-order kinetic model and pseudo-second-order kinetic model for MCGC at the same initial concentrations of BPA and BPF were greater than 0.9, but the overall R value of the pseudo-first-order kinetic model was higher than that of the pseudo-second-order kinetic model; the qe theoretical data obtained for the pseudo-first-order kinetic model were relatively close to the experimental data. The above findings indicate that a pseudo-second-order kinetic model is more suitable for MCGC and suggest that there are multiple adsorption sites on the surface of MCGC and that BPA and BPF adsorption on MCGC mainly involve chemical adsorption.




3.5. Recyclability


Recyclability is an important indicator for evaluating adsorbents, and adsorbents with good recyclability are more environmentally friendly and more economical. The experiment used to remove BPA and BPF was repeated five times to evaluate the recyclability of MCGC. The results are shown in Figure 8.



After the experiment was repeated twice, almost no decrease in the BPA and BPF removal rates was found for MCGC. After the third cycle, the removal rates decreased slowly, but after the fifth cycle, the BPA and BPF removal rates were still 84.1% and 81%, respectively, showing that MCGC as an adsorbent has high stability and fine recyclability and is a green and environmentally friendly bisphenol adsorbent with certain economic value.




3.6. Discussion of the Adsorption Mechanism


In order to better understand the adsorption mechanism, the removal abilities of BPA and BPF by the components and raw materials of MCGC were compared, and the results are shown in Figure 9.



The removal abilities of Fe3O4@SiO2 toward BPA and BPF are very low, probably because only physical adsorption occurred [25], and the ability to use the main raw materials alone such as CS, GO, and β-CD to remove BPF and BPF in water is far inferior to the synthesized MCGC. The results indicates that these raw materials can be converted into unique nanocomposites through compounding. In addition, the removal ability of Fe3O4@SiO2/CS/GO without grafted β-CD is approximately about 10–15% different from that of MCGC. Because both BPA and BPF are aromatic compounds that contain benzene rings; they are slightly soluble in water and highly nonpolar. The amino and hydroxyl groups on the surface of CS grafted onto MCGC may undergo electrostatic and hydrogen bonding interactions with the hydroxyl groups in the BPA and BPF molecules; the grafted GO has a benzene ring-like structure containing many oxygen-containing groups on its edges and basal plane, and may adsorb BPA and BPF through π–π attractive forces, hydrophobic forces, and hydrogen bonding interactions. Moreover, β-CD on the surface of MCGC has a cavity structure consisting of a hydrophobic inner cavity and a hydrophilic outer surface and may form relatively stable inclusion complexes with BPA and BPF molecules through hydrophobic forces, van der Waals forces, etc. A combination of the adsorption data and the results obtained from the adsorption isotherm model and kinetic model fitting show that the adsorption sites on the surface of MCGC are multilayer heterogeneous sites. Therefore, the adsorption mechanism for MCGC may be synergistic adsorption involving a variety of adsorption forces, and chemical adsorption is dominant with physical adsorption being a supplement.




3.7. Real sample verification


To evaluate the ability to treat actual wastewater, the standard addition method employed MCGC for the removal of BPA and BPF in a real sample obtained from a sewage treatment plant in Baoding (China); the real sample was stored in a brown glass bottle. Since neither BPA nor BPF was detected in real samples, after the addition of different contents of BPA and BPF (10, 30 and 50 μg/L), there are three parallels for each additive concentration, and all samples are analyzed thrice. Then, the mean method recoveries were calculated, and the results are shown in Table 3.



The results show that the recovery rates of different added BPA and BPF concentrations are above 90%; therefore, MCGC has certain application value.




3.8. Comparison with Other Adsorbents


The adsorption capacity of MCGC was compared with that found in the past for other adsorbents used to adsorb BPA and BPF. The results are shown in Table 4.



It can be seen from Table 4 that although the adsorption capacity (removal) of MCGC for BPA and BPF is not the highest, it is relatively impressive. This is due to the multiple adsorption forces of MCGC for synergistically adsorbing BPA and BPF. The results indicate that MCGC is an efficient BPA and BPF adsorbent and can be used as a magnetic adsorbent to remove phenolic pollutants in water.





4. Conclusions


In this study, a new type of high-efficiency adsorbent, MCGC, was successfully prepared by using environmentally friendly and economical raw materials and multi-step methods, and an attempt to simultaneously remove BPA and BPF from water using this material was carried out. Fe3O4 was used as a magnetic core to facilitate solid–liquid separation and adsorbent collection, and a SiO2 coating was used to enhance the stability and dispersibility of the magnetic particles. Subsequently, CS, which contains numerous amino groups that can be grafted by amidation with the carboxyl group on the surface of GO, was crosslinked onto the surface of Fe3O4@SiO2. After grafting, the composite material and β-CD formed an adsorbent with a synergistic effect for multiple adsorption mechanisms through hydrogen bonding interaction [31,32]. MCGC was characterized by SEM, TEM, FTIR, XRD, and MPMS. The results showed that the morphology and crystal structure of MCGC were good, its stability was high, and the material could be separated quickly by an external magnetic field. An adsorption optimization study showed that the BPA and BPF removal rates increased with increasing adsorbent dosage, shaking speed, and time. Neutral pH, no ionic strength, and low temperature (30 °C) were found to be beneficial for realizing the maximum adsorption capacity. Through fitting and calculation using an adsorption isotherm model and kinetic model and exploration of the adsorption mechanism, the results obtained showed that the adsorption process for BPA and BPF on MCGC might involve multilayer adsorption and synergistic adsorption based on multiple forces, including π–π attractive forces, hydrophobic forces, hydrogen bonding interactions, and van der Waals force. The maximum BPA and BPF adsorption capacities were determined to be 326.8 mg/g and 328.3 mg/g, respectively. After five cycles of adsorption, MCGC still showed removal rates of 84.1% and 81% for BPA and BPF, respectively. And through real sample verification, MCGC has certain application value. In addition, the raw materials used to prepare the adsorbent are inexpensive and easy to obtain. However, the adsorbent has certain application prospect, because its recycling is relatively time-consuming, which may hinder the effective application of the adsorbent in industry; therefore, the possibility of using these extremely valuable composites to decorate substrates, such as sponges, aerogels and other monoliths, for the fabrication of reusable devices should be the focus of future research. In summary, MCGC is a promising high-efficiency adsorbent that can also be promoted and applied to adsorb other environmental pollutants.







Author Contributions


Y.G. designed the study, performed the experiments, analyzed the data, and wrote the manuscript; J.S., M.L., A.Z., and G.L. provided the resources; P.L. provided funding acquisition, project administration, supervision, and did writing (review and editing). All authors have read and agreed to the published version of the manuscript.




Funding


This study was funded by the Post-graduate’s Innovation Fund Project of Hebei Province [CXZZBS2019022]; the National Natural Science Foundation of China [grant numbers 21377033, NSFC]; the Natural Science Foundation of Hebei Province [B2018201224]; the Natural Science Foundation of Hebei Province, General Program [E2020201036].




Acknowledgments


This work was supported by the Post-graduate’s Innovation Fund Project of Hebei Province (CXZZBS2019022); the National Natural Science Foundation of China (grant numbers 21377033, NSFC); the Natural Science Foundation of Hebei Province (B2018201224); the Natural Science Foundation of Hebei Province, General Program (E2020201036).




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Staples, C.A.; Dome, P.B.; Klecka, G.M.; Oblock, S.T.; Harris, L.R. A review of the environmental fate, effects, and exposures of bisphenol A. Chemosphere 1998, 36, 2149–2173. [Google Scholar] [CrossRef]

	



Foulds, C.E.; Treviño, L.S.; York, B.; Walker, C.L. Endocrine-disrupting chemicals and fatty liver disease. Nat. Rev. Endocrinol. 2017, 13, 445–457. [Google Scholar] [CrossRef] [PubMed]

	



Braun, J.M.; Kalkbrenner, A.E.; Calafat, A.M.; Yolton, K.; Ye, X.; Dietrich, K.N.; Lanphear, B.P. Impact of early-life bisphenol a exposure on behavior and executive function in children. Pediatrics 2011, 128, 873–882. [Google Scholar] [CrossRef] [PubMed]

	



Delfosse, V.; Grimaldi, M.; Pons, J.L.; Boulahtouf, A.; le Maire, A.; Cavailles, V.; Labesse, G.; Bourguet, W.; Balaguer, P. Structural and mechanistic insights into bisphenols action provide guidelines for risk assessment and discovery of bisphenol A substitutes. Proc. Natl. Acad. Sci. USA 2012, 109, 14930–14935. [Google Scholar] [CrossRef] [PubMed]

	



Grignard, E.; Lapenna, S.; Bremer, S. Weak estrogenic transcriptional activities of bisphenol A and bisphenol S. Toxicol. Vitr. 2012, 26, 727–731. [Google Scholar] [CrossRef]

	



Liao, C.; Kannan, K. A survey of alkylphenols, bisphenols, and triclosan in personal care products from China and the United States. Arch. Environ. Contam. Toxicol. 2014, 67, 50–59. [Google Scholar] [CrossRef]

	



Danzl, E.; Sei, K.; Soda, S.; Ike, M.; Fujita, M. Biodegradation of bisphenol A, bisphenol F and bisphenol S in seawater. Int. J. Environ. Res. Public Health 2009, 6, 1472–1484. [Google Scholar] [CrossRef]

	



Rochester, J.R.; Bolden, A.L. Bisphenol S and F: A systematic review and comparison of the hormonal activity of bisphenol a substitutes. Environ. Health Perspect. 2015, 123, 643–650. [Google Scholar] [CrossRef]

	



Lu, Y.; Song, S.; Wang, R.; Liu, Z.; Meng, J.; Sweetman, A.J.; Jenkins, A.; Ferrier, R.C.; Li, H.; Luo, W.; et al. Impacts of soil and water pollution on food safety and health risks in China. Environ. Int. 2015, 77, 5–15. [Google Scholar] [CrossRef]

	



Giannakas, A.; Patsaoura, A.; Barkoula, N.M.; Ladavos, A. A novel solution blending method for using olive oil and corn oil as plasticizers in chitosan based organoclay nanocomposites. Carbohydr. Polym. 2017, 157, 550–557. [Google Scholar] [CrossRef]

	



Saratale, R.G.; Saratale, G.D.; Chang, J.S.; Govindwar, S.P. Bacterial decolorization and degradation of azo dyes: A review. J. Taiwan Inst. Chem. Eng. 2011, 42, 138–157. [Google Scholar] [CrossRef]

	



Chiou, M.S.; Li, H.Y. Equilibrium and kinetic modeling of adsorption of reactive dye on cross-linked chitosan beads. J. Hazard. Mater. 2002, 93, 233–248. [Google Scholar] [CrossRef]

	



Liu, Y.; Cai, Z.; Sheng, L.; Ma, M.; Xu, Q.; Jin, Y. Structure-property of crosslinked chitosan/silica composite films modified by genipin and glutaraldehyde under alkaline conditions. Carbohydr. Polym. 2019, 215, 348–357. [Google Scholar] [CrossRef]

	



Kim, S.Y.; Kwon, S.H.; Liu, Y.D.; Lee, J.S.; You, C.Y.; Choi, H.J. Core–shell-structured cross-linked poly(glycidyl methacrylate)-coated carbonyl iron microspheres and their magnetorheology. J. Mater. Sci. 2014, 49, 1345–1352. [Google Scholar] [CrossRef]

	



Yu, W.; Sisi, L.; Haiyan, Y.; Jie, L. Progress in the functional modification of graphene/graphene oxide: A review. RSC Adv. 2020, 10, 15328–15345. [Google Scholar] [CrossRef]

	



Swaminathan, S.; Muthumanickkam, A.; Imayathamizhan, N.M. An effective removal of methylene blue dye using polyacrylonitrile yarn waste/graphene oxide nanofibrous composite. Int. J. Environ. Sci. Technol. 2015, 12, 3499–3508. [Google Scholar] [CrossRef]

	



Gao, W. The chemistry of graphene oxide. In Graphene Oxide; Gao, W., Ed.; Springer: Berlin/Heidelberg, Germany, 2015; pp. 61–95. [Google Scholar]

	



Kyzas, G.Z.; Deliyanni, E.A.; Matis, K.A. Graphene oxide and its application as an adsorbent for wastewater treatment. J. Chem. Technol. Biotechnol. 2014, 89, 196–205. [Google Scholar] [CrossRef]

	



García, M.; Forbe, T.; Gonzalez, E. Potential applications of nanotechnology in the agro-food sector. Food Sci. Technol. 2010, 30, 573–581. [Google Scholar] [CrossRef]

	



Wang, Z.; Zhang, P.; Hu, F.; Zhao, Y.; Zhu, L. A crosslinked â-cyclodextrin polymer used for rapid removal of a broad-spectrum of organic micropollutants from water. Carbohydr. Polym. 2017, 177, 224–231. [Google Scholar] [CrossRef]

	



Egawa, Y.; Shimura, Y.; Nowatari, Y.; Aiba, D.; Juni, K. Preparation of molecularly imprinted cyclodextrin microspheres. Int. J. Pharm. 2005, 293, 165–170. [Google Scholar] [CrossRef]

	



Cao, H.; He, J.; Deng, L.; Gao, X. Fabrication of cyclodextrin-functionalized superparamagnetic Fe3O4/amino-silane core–shell nanoparticles via layer-by-layer method. Appl. Surf. Sci. 2009, 255, 7974–7980. [Google Scholar] [CrossRef]

	



Shvets, O.; Belyakova, L. Synthesis, characterization and sorption properties of silica modified with some derivatives of â-cyclodextrin. J. Hazard. Mater. 2015, 283, 643–656. [Google Scholar] [CrossRef] [PubMed]

	



Mohammed, L.; Gomaa, H.G.; Ragab, D.; Zhu, J. Magnetic nanoparticles for environmental and biomedical applications: A review. Particuology 2017, 30, 1–14. [Google Scholar] [CrossRef]

	



Li, K.; Zeng, Z.; Xiong, J.; Yan, L.; Guo, H.; Liu, S.; Dai, Y.; Chen, T. Fabrication of mesoporous Fe3O4@ SiO2@ CTAB–SiO2 magnetic microspheres with a core/shell structure and their efficient adsorption performance for the removal of trace PFOS from water. Colloids Surf. A Physicochem. Eng. Asp. 2015, 465, 113–123. [Google Scholar] [CrossRef]

	



Dong, A.; Lan, S.; Huang, J.; Wang, T.; Zhao, T.; Xiao, L.; Wang, W.; Zheng, X.; Liu, F.; Gao, G.; et al. Modifying Fe3O4-functionalized nanoparticles with N-halamine and their magnetic/antibacterial properties. ACS Appl. Mater. Interfaces 2011, 3, 4228–4235. [Google Scholar] [CrossRef]

	



Antony, R.; Arun, T.; Manickam, S.T.D. A review on applications of chitosan-based Schiff bases. Int. J. Biol. Macromol. 2019, 129, 615–633. [Google Scholar] [CrossRef]

	



Travlou, N.A.; Kyzas, G.Z.; Lazaridis, N.K.; Deliyanni, E.A. Functionalization of graphite oxide with magnetic chitosan for the preparation of a nanocomposite dye adsorbent. Langmuir 2013, 29, 1657–1668. [Google Scholar] [CrossRef]

	



Mardani, H.R. (Cu/Ni)–Al layered double hydroxides@Fe3O4 as efficient magnetic nanocomposite photocatalyst for visible-light degradation of methylene blue. Res. Chem. Intermed. 2017, 43, 5795–5810. [Google Scholar] [CrossRef]

	



Samarghandi, M.R.; Al-Musawi, T.J.; Mohseni-Bandpi, A.; Zarrabi, M. Adsorption of cephalexin from aqueous solution using natural zeolite and zeolite coated with manganese oxide nanoparticles. J. Mol. Liq. 2015, 211, 431–441. [Google Scholar] [CrossRef]

	



Sun, J.; Guo, W.; Ji, J.; Li, Z.; Yuan, X.; Pi, F.; Zhang, Y.; Sun, X. Removal of patulin in apple juice based on novel magnetic molecularly imprinted adsorbent Fe3O4@ SiO2@ CS-GO@ MIP. LWT 2020, 118, 108854. [Google Scholar] [CrossRef]

	



Chen, J.; Cao, S.; Xi, C.; Chen, Y.; Li, X.; Zhang, L.; Wang, G.; Chen, Y.; Chen, Z. A novel magnetic â-cyclodextrin modified graphene oxide adsorbent with high recognition capability for 5 plant growth regulators. Food Chem. 2018, 239, 911–919. [Google Scholar] [CrossRef] [PubMed]

	



Zaborowska, M.; Wyszkowska, J.; Borowik, A. Soil microbiome response to contamination with bisphenol A, bisphenol F and bisphenol S. Int. J. Mol. Sci. 2020, 21, 3529. [Google Scholar] [CrossRef] [PubMed]

	



Dehghani, M.H.; Sanaei, D.; Ali, I.; Bhatnagar, A. Removal of chromium(VI) from aqueous solution using treated waste newspaper as a low-cost adsorbent: Kinetic modeling and isotherm studies. J. Mol. Liq. 2016, 215, 671–679. [Google Scholar] [CrossRef]

	



Zhang, K.; Li, H.; Xu, X.; Yu, H. Synthesis of reduced graphene oxide/NiO nanocomposites for the removal of Cr(VI) from aqueous water by adsorption. Microporous Mesoporous Mater. 2018, 255, 7–14. [Google Scholar] [CrossRef]

	



Tsai, W.T.; Lai, C.W.; Su, T.Y. Adsorption of bisphenol-A from aqueous solution onto minerals and carbon adsorbents. J. Hazard. Mater. 2006, 134, 169–175. [Google Scholar] [CrossRef]

	



Guo, S.; Huang, L.; Li, W.; Wang, Q.; Wang, W.; Yang, Y. Willow tree-like functional groups modified magnetic nanoparticles for ultra-high capacity adsorption of dye. J. Taiwan Inst. Chem. Eng. 2019, 101, 99–104. [Google Scholar] [CrossRef]

	



Najafi, F.; Moradi, O.; Rajabi, M.; Asif, M.; Tyagi, I.; Agarwal, S.; Gupta, V.K. Thermodynamics of the adsorption of nickel ions from aqueous phase using graphene oxide and glycine functionalized graphene oxide. J. Mol. Liq. 2015, 208, 106–113. [Google Scholar] [CrossRef]

	



Goyal, N.; Barman, S.; Bulasara, V.K. Efficient removal of bisphenol S from aqueous solution by synthesized nano-zeolite secony mobil-5. Microporous Mesoporous Mater. 2018, 259, 184–194. [Google Scholar] [CrossRef]

	



Langmuir, I. The constitution and fundamental properties of solids and liquids. Part I. Solids. J. Am. Chem. Soc. 1916, 38, 2221–2295. [Google Scholar] [CrossRef]

	



Freundlich, H. Über die adsorption in lösungen. Z. Phys. Chem. 1907, 57, 385–470. [Google Scholar] [CrossRef]

	



Ding, Y.; Xu, Y.; Ding, B.; Li, Z.; Xie, F.; Zhang, F.; Wang, H.; Liu, J.; Wang, X. Structure induced selective adsorption performance of ZIF-8 nanocrystals in water. Colloids Surf. A 2017, 520, 661–667. [Google Scholar] [CrossRef]

	



Lagergren, S. Ueber die dämpfung electrischer resonatoren. Ann. Phys. 1898, 300, 290–314. [Google Scholar] [CrossRef]

	



Blanchard, G.; Maunaye, M.; Martin, G. Removal of heavy metals from waters by means of natural zeolites. Water Res. 1984, 18, 1501–1507. [Google Scholar] [CrossRef]

	



Kubiak, A.; Ciric, A.; Biesaga, M. Dummy molecularly imprinted polymer (DMIP) as a sorbent for bisphenol S and bisphenol F extraction from food samples. Microchem. J. 2020, 156, 104836. [Google Scholar] [CrossRef]

	



Mpatani, F.M.; Aryee, A.A.; Kani, A.N.; Guo, Q.; Dovi, E.; Qu, L.; Li, Z.; Han, R. Uptake of micropollutant-bisphenol A, methylene blue and neutral red onto a novel bagasse-â-cyclodextrin polymer by adsorption process. Chemosphere 2020, 259, 127439. [Google Scholar] [CrossRef]

	



Hernández-Abreu, A.B.; Álvarez-Torrellas, S.; Águeda, V.I.; Larriba, M.; Delgado, J.A.; Calvo, P.A.; García, J. Enhanced removal of the endocrine disruptor compound bisphenol A by adsorption onto green-carbon materials. Effect of real effluents on the adsorption process. J. Environ. Manag. 2020, 266, 110604. [Google Scholar] [CrossRef]

	



Xiao, P.; Wang, P.; Li, H.; Li, Q.; Shi, Y.; Wu, X.L.; Lin, H.; Chen, J.; Wang, X. New insights into bisphenols removal by nitrogen-rich nanocarbons: Synergistic effect between adsorption and oxidative degradation. J. Hazard. Mater. 2018, 345, 123–130. [Google Scholar] [CrossRef]

	



Li, G.; Zhang, X.; Sun, J.; Zhang, A.; Liao, C. Effective removal of bisphenols from aqueous solution with magnetic hierarchical rattle-like Co/Ni-based LDH. J. Hazard. Mater. 2020, 381, 120985. [Google Scholar] [CrossRef]

	



Maio, A.; Gammino, M.; Gulino, E.; Megna, B.; Fara, P.; Scaffaro, R. Rapid One-Step Fabrication of Graphene Oxide-Decorated Polycaprolactone Three-Dimensional Templates for Water Treatment. ACS Appl. Polym. Mater. 2020, 2, 4993–5005. [Google Scholar] [CrossRef]

	



Zhang, Y.; Cui, W.; An, W.; Liu, L.; Liang, Y.; Zhu, Y. Combination of photoelectrocatalysis and adsorption for removal of bisphenol A over TiO2-graphene hydrogel with 3D network structure. Appl. Catal. B Environ. 2018, 221, 36–46. [Google Scholar] [CrossRef]

	



Zhou, M.; Wu, Y.; Qiao, J.; Zhang, J.; McDonald, A.; Zhang, L.; Li, G.; Li, F. The removal of bisphenol A from aqueous solutions by MIL-53 (Al) and mesostructured MIL-53 (Al). J. Colloid Interface Sci. 2013, 405, 157–163. [Google Scholar] [CrossRef] [PubMed]








[image: Materials 13 05408 sch001 550] 





Scheme 1. Fabrication process of the novel magnetic composite material, Fe3O4@SiO2/CS/GO/β-CD (MCGC). 
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Figure 1. SEM and TEM images of Fe3O4 (a,b), Fe3O4@SiO2 (c,d), Fe3O4@SiO2/CS/GO (e,f), and Fe3O4@SiO2/CS/GO/β-CD (g,h). 
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Figure 2. FTIR spectra of Fe3O4 (a), Fe3O4@SiO2 (b), Fe3O4@SiO2/CS (c), Fe3O4@SiO2/CS/GO/β-CD (d), CS (e), GO (f), and β-CD (g). 
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Figure 3. XRD patterns of Fe3O4 (a), Fe3O4@SiO2 (b), Fe3O4@SiO2/CS (c), and Fe3O4@SiO2/CS/GO/β-CD (d). 
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Figure 4. The magnetic hysteresis of Fe3O4 (a), Fe3O4@SiO2 (b), Fe3O4@SiO2/CS/GO (c), and Fe3O4@SiO2/CS/GO/β-CD (d). 
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Figure 5. Optimization study for the use of MCGC to remove bisphenol A (BPA) and bisphenol F (BPF): adsorbent dosage (a); pH (b); ionic strength (c); shaking speed (d); temperature (e); time (f). 
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Figure 6. Adsorption isotherms obtained for BPA (a) and BPF (b) on MCGC. 
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Figure 7. Adsorption kinetics determined for BPA (a) and BPF (b) on MCGC. 
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Figure 8. Recyclability cycles performed for MCGC. 
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Figure 9. Ability of each component of the adsorbent to remove BPA and BPF in water (adsorbent amount 20 mg; adsorption time 60 min; shaking speed 200 rpm; temperature 30 ℃; initial concentration 20 mg/L; volume 50 mL; pH 7). 
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Table 1. Adsorption isotherm parameters obtained for bisphenol A (BPA) and bisphenol F (BPF) on Fe3O4@SiO2/chitosan/graphene oxide/β-cyclodextrin (MCGC).
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Adsorbate

	
Langmuir

	
Freundlich

	
Redlich–Peterson




	
qmax (mg/g)

	
KL

	
R

	
1/n

	
KF

	
R

	
KRP

	
αRP

	
βRP

	
R






	
BPA

	
326.8

	
0.094

	
0.992

	
0.283

	
75.9

	
0.914

	
26.46

	
0.06

	
0.95

	
0.993




	
BPF

	
328.3

	
0.083

	
0.992

	
0.298

	
70.1

	
0.911

	
22.36

	
0.05

	
0.97

	
0.994
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Table 2. The kinetic parameters obtained for BPA and BPF adsorption on MCGC.
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Adsorbate

	
Pseudo-First-Order

	
Pseudo-Second-Order




	
qe (mg/g)

	
k1

	
R

	
qe (mg/g)

	
k2

	
R






	
BPA

	
44.6

	
0.18

	
0.986

	
46.5

	
0.01

	
0.994




	
BPF

	
41.3

	
0.19

	
0.932

	
45.8

	
0.01

	
0.995
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Table 3. Results of the adsorption of BPA and BPF in real wastewater samples under the optimum conditions (n = 3).
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Adsorbate

	
Added Concentration (μg/L)

	
Recovery Rate (%)






	
BPA

	
10

	
91.3




	
30

	
97.1




	
50

	
95.8




	
BPF

	
10

	
90.2




	
30

	
94.6




	
50

	
97.7
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Table 4. Comparison of the adsorption capacities of various adsorbents for BPA and BPF removal.
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	Adsorbates
	Adsorbents
	Adsorption Capacity (mg/g)
	Removal (%)
	References





	BPF
	DMIP
	18.6
	
	[45]



	BPA
	SB-beta-CD
	121
	
	[46]



	BPA
	Biochar KLP
	220
	
	[47]



	BPF
	N-GLCS
	222.9
	
	[48]



	BPA, BPF
	Fe3O4@Co/Ni-LDH
	238.96, 177.09
	
	[49]



	Phenol
	PCL45/GO
	
	100
	[50]



	Phenol
	PCL80/GO
	
	>95
	[50]



	BPA
	TiO2-rGH
	476.2
	100
	[51]



	BPA
	MIL-53(Al)
	325
	
	[52]



	BPA
	MIL-53(Al)-F127
	465
	
	[52]



	BPA, BPF
	MCGC
	326.8, 328.3
	93.1, 92.3
	This work
















	
	
Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional affiliations.











© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).






media/file13.jpg





media/file4.png
T mm— T
HV wD mag HFW det | tilt | mode |
20.00 kV/ B8O mm |80 000 x (3.73 ym|ETD | -0 SE
-

mag HFW det | tit | mode
SE

HV wbD 2 pum
2000kV 79 mm | 40000 x 7.46 ym | ETD | -0 Quanta FEG

T | ETD | -0

HV wD mag HFW | det
2000 kV 79 mm 80 000 x 3.73 ur

-

. N
HV WD mag HFW det | tilt  mode e 500 M
2000 kV| 7.8 mm 180 000 x |1.86 ym |ETD -0 SE Quanta FEG






media/file18.png
100

T T T
S O O O
N N -

50 -
40 -

T T T T
e O O O
S 0 >~ O

(o) el [RAOWY

Cycle





media/file3.jpg





media/file19.jpg
Removal rate (%)

100

bPA






media/file7.jpg
Intensity(a.u.)

am

@20) @00)

140

@2)) |

/“L'L—J 222)

20

40

20(°)

60

80






media/file10.png
Magnetization (emu/g)

- D 0
S S S
L1

o
-
fiea

®)
S o
l 1 1

A0 =

-60 -

-8(0) -

-20,000 -10,000 0 10,000 20,000
Field (Oe)





media/file14.png
400

300 4

B BPA

Langmuir
------ Freundlich
Redlich-Peterson

50

l T T 1
100 150 200
C. (mg/L)

250

400

300 -+

200 4

q. (mg/g)

100

W BPF

——— Langmuir
______ Freundlich
Redlich-Peterson

T T y !
100 150 200
C. (mg/L)

250





media/file11.jpg
ceesswiaessl ozuvsestassd  esscwsscasd
. e *
ou | Es ;x
I i [
3. i i .
. ® .

m n i

N s Bi]






media/file6.png
b m

SR6
1094 581 462
W
592
1572
1071
2031 d 1643
3389
1390 1156 579
10801034
2919
3369 c
2 897
1653 S
2878 1155
3369

Transmittance(0)

1708 1633 1322 1056

3393 g
w \f\w\w
3382 1080

1029

4000 3500 3000 2500 2000 1500 1000 500

Wavenumber(cm™)





media/file15.jpg
)

Tine i)

0






nav.xhtml


  materials-13-05408


  
    		
      materials-13-05408
    


  




  





media/file16.png
q{(mg/g)

60

T

= BPA
—  Pseudo—first-order

Pscudo—sccond—order

20

40

T T

60 80

Time (min)

100

q(mg/g)

60

e BPF
—  Pseudo—first-order
- - Pseudo—second—order

| v I ' I
40 60 80
Time (min)

100





media/file2.png
999, o) mm

ﬁv:-\/ 7- A/-
\/\I \I \I\

w -
l\l\l\l\l\
/ -C/-I
O,\l,\l\l\l,\)

i o«
/‘/T/‘/‘u,

¥ &

BPF

I\I\I

BPA

S
p O
3 O

Glutaraldehyde
NH,-H,O

Coprecipitation ] ‘

Fe2+
Fe3+
O

MCGC





media/file20.png
Removal rate (%)

100

90
50 -
70-
60-
50-.
40-
30-

20 A

[_]BPA
C—BeF

Fe,0,@SiO,

CS

GO

B-CD

Fe,0,@Si0,/CS/GO  MCGC





media/file5.jpg
a
b
_ o - s
& o =
T e d 4 .
- £ v-\./w\//v\_«
4000 3500 3000 2500 2000 1500 1000 500

‘Wavenumber(cm™")





media/file1.jpg
mMeGe





media/file12.png
100

95 1
90

)
o] o
j=] o
[ |

754
70 4
65 1

Removal rate (%%

60 -
554

50

- BPA
- BPF

100

10

15 20 25 30 35
Adsorbent dosage (mg)

90 -
80
70
60 -
50 -
40 -

Removal rate (%)

30 4
20 1
10 A

C

- BPA
- BPF

100

-

0.5

1.0 1.5 2.0 2.5 3.0
NaCl concentration (g/L.)

95 1
90
85 -
80 -
75 -
70 -
65 -
60 -
55 1
50 -
45 4

Removal rate (%)

- BPA
-+ BPF

25

T

30

35 40 45 50 55

Temperature (°C)

100

95 1
90:
85:
80:
75
70:

Removal rate (%4)

65
60 -
55-.
50.

o -~

90 A

80 4

Removal rate (%)

- BPA
- BPF

< -

50

100 150 200
Shake speed (rpm)

250 300

95 4
90 -
85 4
80 -
75 1
70 -
65 A
60 1
55 1
50

Removal rate (%)

454

I =3 I I

1 + ks

10

time (min)






media/file9.jpg
Magnetization (emu/g)
°

204
-40

a

604 b

¢

80 d

20,000 -10,000 0 10,000 20,000

Field (Oc)






media/file0.png





media/file8.png
Intensity(a.u.)

(311)

511)(440)

(
422

20

40

60
20(°)

80






media/file17.jpg
(%) an
o
[esow
19,
2!





