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Magnetic chitosan (MC) was used as an ecofriendly and potential adsorbent for the removal of bisphenol-A and 4-tert-butylphenol from water samples. The magnetic chitosan was synthesized and characterized for functional groups, surface morphology, elemental composition, and crystallinity using spectroscopic techniques. Factors influencing the uptake such as pH, mass of adsorbent, bisphenol-A and 4-tert-butylphenol concentration, contact time, and temperature were examined thoroughly using aqueous solutions. Equilibrium, kinetic, and thermodynamic parameters were evaluated, and the results revealed that the adsorption of bisphenol-A and 4-tert-butylphenol followed pseudo-second-order kinetics and Langmuir adsorption isotherm. The adsorption processes were exothermic and spontaneous. The method was found feasible for the removal and extraction of bisphenol-A and 4-tert-butylphenol in environmental water samples. The recovery of bisphenol A and 4-tert-butylphenol in tap water ranged from 95.6% to 96.8% and 95.4% to 101.2% and in river water from 87.6% to 95.9% and 92.8% to 98.2%, respectively. The results indicate that magnetic chitosan is a potential adsorbent for easy, effective removal and extraction of bisphenol-A and 4-tert-butylphenol from environmental water samples, and the adsorbent material is chemically benign and environment friendly.
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INTRODUCTION
Phenolic compounds used in industries like nonylphenol, 4-tert-butylphenol, octylphenol, and bisphenols are the potential endocrine-disrupting chemicals (EDCs). EDCs can create hazardous effects because of exogenous endocrine disruption in the neurological, reproductive, and immune systems at a very low concentration in the ppb range (Ahmad et al., 2018; Shah et al., 2018). Due to high toxicity of phenolic compounds, the U.S. EPA added these compounds to a list of highly toxic pollutants. Some of these phenolic compounds are mutagenic and carcinogenic which cause lung cancer, etc. (Deng et al., 2014; Shah et al., 2016; Zhu et al., 2017). Petroleum, lather, pulp processing, pesticide, and phenol processing industries continuously discharge phenolic compounds into the environment (Penalver et al., 2002). Alkyl phenols are widely used in petrochemical, food, medicine, cosmetic, and dye industries. In particular, bisphenol A (BPA) and 4-tert-butylphenol (4-t-BP) are persistent in nature and are responsible for chronic and acute toxicity and estrogenic activity (Bhatnagar and Anastopoulos 2017). Therefore, an efficient technique is required for the removal of these phenolic compounds from aqueous samples.
Different techniques have been investigated and used for phenolic compound removal, which include biological treatment (de Freitas et al., 2017), membrane separation (Bing-zhi et al., 2010), photodegradation (Sunasee et al., 2019), advanced oxidation processes (Xiao et al., 2014), and adsorption (Bhatnagar and Anastopoulos, 2017; Zhou et al., 2017; Tasmia et al., 2020). Among them, the adsorption method has been used widely due to low-cost, comparatively easy-to-operate, and negligible secondary products. For this purpose, various adsorbents used are graphene (Xu et al., 2012), magnetic graphene composite (Wang et al., 2021), magnetic silica polyaniline graphene oxide composite (Wang and Zhang 2020; Zeeshan et al., 2021), agricultural wastes, cellulose-based composites (Calace et al., 2002), imprinted polymers (Huang et al., 2017), minerals, carbon, etc. (Tsai et al., 2006).
Chitosan is a polysaccharide-based biopolymer and the second most abundant biopolymer after cellulose in nature. It is obtained by deacetylation of chitin in basic medium. Chitosan contains two functional groups, namely, hydroxyl and amino groups (Elwakeel et al., 2014; Ge ad Ma, 2015; Elwakeel et al., 2017; Elwakeel et al., 2018; Shah et al., 2018; Briao et al., 2020). Chitosan can be easily combined with other materials to form a composite and has attracted attention due to emerging chitosan composites. Chitosan has also become popular because it is non-toxic, low cost, biodegradable, and biocompatible. So far, in the literature, data are available mostly on removal/adsorption of bisphenol A, but little work has reported on the removal of 4-tert-butylphenol, and even for the solid-phase extraction, commercially available columns were used. Therefore, the present study was aimed to adsorb and extract 4-tert-butylphenol along with bisphenol A with the help of magnetic chitosan. For this purpose, magnetic chitosan particles were prepared using glutaraldehyde as a cross-linker. The prepared particles were characterized and investigated for the adsorption/removal and extraction of phenolic compounds (bisphenol-A and 4-tert-butylphenol) from aqueous samples. Furthermore, the magnetic chitosan particles could be easily separated from solution due to the presence of the magnetic core inside chitosan particles, and aggregation of magnetic nanoparticles could also be prevented due to the chitosan shell.
EXPERIMENTAL SECTION
Materials and Instruments
Various chemicals of analytical purity were purchased. Acetic acid (CH3COOH, 100%), hydrochloric acid (HCl 37%), ammonia solution (NH3, 35%), ferrous sulfate heptahydrate (FeSO4.7H2O), ferric chloride hexahydrate (FeCl3.6H2O), glutaraldehyde, and ethanol were purchased from BDH Lab Suppliers (Poole, England). Bisphenol-A (BPA) and 4-tertiary-butylphenol (4-tert-BP) were supplied by Sigma-Aldrich, Laborchemikalien GmbH, Germany. Lab-Scan Analytical sciences, Thailand, and BioM lab, chemical division, Malaysia provided HPLC-grade acetonitrile (CH3CN) and methanol (CH3OH).
For functional group identification, FT-IR (spectrum two Perkin Elmer, UK) was used. Elemental analysis and surface morphology of magnetic chitosan (MC) particles were investigated with an EDX (model JSM-5910, and JSM-5910) JEOL microscope, Japan. Crystallinity of MC was analyzed through XRD (JEOL model JDX-9C, Japan) with monochromatic Cu-Kα radiations (λ=1. 54 Å) at a voltage of 4 × 104 V and current of 0.03 A in the 2θ having 0–70° range with 1.03°/min at room temperature. The surface area of particles was determined using the N2 adsorption/desorption method with the surface area analyzer, USA, model number NOVA2200e Quantachrome. Before analysis, the MC particles were degassed at 150°C for 4 h.
For analysis of BPA ant 4-tert-BP HPLC with the UV detector was used (model Perkin Elmer series 200, United States). The mobile phase was a mixture of acetonitrile, methanol, and water in a ratio of 40:40:20.
Adsorbent/Magnetic Chitosan Preparation
Magnetic chitosan was synthesized according to our previous work (Shah et al., 2018). Accordingly for the synthesis of magnetic chitosan, 0.5 g of chitosan was added to 100 ml of 2% acetic acid solution and dissolved using an ultrasonic bath. Then, 2.4 g of ferrous sulfate (FeSO4˖7H2O) and 4.7 g of ferric chloride (FeCl3˖6H2O) were added to 20 ml of distilled water and sonicated for 5 min. After that, both the solutions were mixed and allowed to be stirred at 40°C for 25 min, followed by dropwise addition of ammonia solution (40 ml). The temperature of resulting solution was increased to 60°C, and 6 ml of glutaraldehyde was added to the mixture. The resulting solution was stirred for 3 h, and a dark brown product was formed. It was separated with an external magnet and washed with distilled water twice, then with acetic acid, and finally with ethanol. The magnetic chitosan was dried in a vacuum oven at 60°C for 8 h. The proposed route of synthesis is shown in Figure 1.
[image: Figure 1]FIGURE 1 | Proposed route for the synthesis of MC particles.
Adsorption of Phenolic Compounds (BPA and 4-tert-BP)
For adsorption studies, a batch analysis was carried out. For this purpose, in a series of conical flasks, magnetic chitosan (MC) was added as an adsorbent. Standard solution of BPA/4-tert-BP was added to these flasks as an adsorbate at constant pH (3–10) in triplicates of each pH study. These flasks were agitated on an orbital shaker at 250 rpm. After a certain period of time (10–120 min), the MC was separated with an external magnet and unabsorbed phenolic compounds were determined using HPLC with the mobile phase of acetonitrile, methanol, and water (40:40:20).
The equation used for calculating adsorption capacity (qe) is given as follows:
[image: image]
where [image: image] is the initial concentration ofBPA/4-tert-BP (µg/ml), [image: image] is the equilibrium concentration of BPA/4-tert-BP (µg/ml), V is the volume of BPA/4-tert-BP solution (ml), and m is the amount of MC (g).
The pH effect for the adsorption of BPA/4-tert-BP onto MC was investigated by adding a known amount of MC to separate flasks containing standard BPA/4-tert-BP solutions. For pH adjustment in the range of 3-1, Britton–Robinson buffer was used. It was followed by agitation; the MC was separated with the magnet and the solutions were then analyzed for unadsorbed BPA/4-tert-BP concentration.
To study the adsorbent (MC) dose effect over adsorption of BPA/4-tert-BP, different weights of MC (0.05–0.3 g) were taken in separate flasks containing BPA/4-tert-BP solutions at optimum pH; it was followed by agitation till equilibration. The MC was separated using a powerful magnet, and the solutions were then analyzed for unadsorbed BPA/4-tert-BP concentration.
To study the effect of concentration of BPA/4-tert-BP on the adsorption process, different concentrations of phenolic compounds in the range of 8 µg/ml–36 µg/ml were added to different flasks containing optimum amounts of adsorbent. The pH was also adjusted and agitated on the orbital shaker.
For the kinetic study, MC was added to a known concentration of BPA/4-tert-BP solution in separate flasks at optimum conditions and allowed equilibration for different time periods (10–120 min). The MC was separated, and the solutions were analyzed for unadsorbed BPA/4-tert-BP concentration. Known isotherms were applied to the data, and the results were calculated.
For the thermodynamic study, adsorption was carried out at different temperatures (30°C to 100°C) at optimum conditions. Various thermodynamic parameters (ΔH°, ΔG°, and ΔS°) were calculated using Van’t Hoff equation. All experiments were performed in triplicates for the study of each parameter.
Extraction and Reuse of Magnetic Chitosan Composite
For the recovery of BPA/4-tert-BP, first, adsorption was carried out at optimum conditions. After adsorption, the loaded MC was eluted using known volume of different eluents. After elution, the eluents were examined for desorbed BPA/4-tert-BP concentration. The desorption in each case was calculated using the following equation:
[image: image]
where MA and MD are the amount of BPA/4-tert-BP adsorbed and desorbed, respectively.
Sample Application
The particular water samples (laboratory tap water and river water sample) were collected, river water samples transferred to the laboratory, and filtered through a 7- to 10-µm filter for removal of suspended solids. Standard solutions of BPA/4-tert-BP in mixed form in the concentration range of 1–10 µg diluted up to 5 ml with respective water samples and analyzed with the proposed SPE method.
RESULTS AND DISCUSSION
The MC composite was synthesized and characterized to confirm the synthesis and determine the surface properties and composition of the MC particles.
Characterization of Magnetic Chitosan Particles
The functional groups on the surface of MC particles were studied through FTIR. The FTIR spectrum of magnetic nanoparticles (MNPs) in Figure 2A shows a peak at 680 cm−1, which corresponds to Fe-O bending vibration of Fe3O4. The bands at 1100 cm−1 to 1400 cm−1 and 3000 cm−1 to 3200 cm−1 have been assigned to the stretching and bending vibrations of the H-O-H bond, suggesting the surface adsorption of H2O molecules on MNPs. The spectrum of MC in Figure 2B confirms the functional groups of chitosan. The hydroxyl (-OH) and amine (-NH2) groups show stretching vibrations from 2800 cm−1 to 3000 cm−1. While carbonyl in carboxylic acid has a peak at 1740 cm−1, amide at 1650 cm−1, and amine at 1585 cm−1. The bending of –CH2 and –CH3 occurs at 1457 cm−1, while the deformation of C–N bond occurs at 1420 cm−1. The chitosan glucoside band observed at 1155 cm−1 and hydroxyl group attached to –CH in closed compounds observed at 1010 cm−1. The peak at 580 cm−1 corresponds to the Fe-O bending vibration of Fe3O4.
[image: Figure 2]FIGURE 2 | FTIR spectra of (A) magnetic nanoparticles (MNPs) and (B) magnetic chitosan (MC).
The SEM images of MNPs and MC are shown in Figure 3. The SEM image of MNPs (Figure 3A) shows less spherical and non-uniform structure of magnetic nanoparticles. The SEM image of MC (Figure 3B) shows that magnetic nanoparticles have been coated with chitosan. The morphology of MC shows spherical particles with a relatively large size than magnetic nanoparticles, indicating that MNPs have been successfully coated with chitosan using glutaraldehyde as a cross-linker.
[image: Figure 3]FIGURE 3 | SEM image of (A) MNP and (B) MC.
Elemental composition of MNPs and MC using EDX analysis are illustrated in Supplementary Figure S1 (Supplementary Data). The EDX spectrum of MNPs shows that it contains 73.10% of Fe and 24.59% of O by weight, while the EDX spectrum of MC shows that it contains 40.30% of Fe, 41.28% of O, and 14.78% of C by weight.
XRD is one of the effective techniques to study the existence of intercalation in MC particles. The XRD pattern shown in Figure 4A is of MNPs and Figure 4B of MC. The MNP peaks with indices are at 2θ = 30.1° (220), 35.3° (311), 43° (400), 53.4° (422), 57° (511), and 62.5° (440), which confirm the crystalline nature of MNPs and diffraction peaks can be indicators to the face-centered cubic structure of magnetic nanoparticles (MNPs).
[image: Figure 4]FIGURE 4 | X-ray diffraction patterns of (A) MNPs and (B) MC.
The Debye–Scherer equation was used to calculate the average crystallite size (D) in nanometer.
[image: image]
where λ and K are wavelength and constant having values 0.154 and 0.9 nm, respectively; θ is the diffraction angle; and B is the peak width at half maximum for Cu Kα radiation. The crystallite size was found about 10 nm in magnetic and MC. The presence of chitosan is shown by the small broad peak at about 20° in spectrum 4b.
The BET surface area explains the adsorption of gas molecules (N2 gas) on the surface of the adsorbent and used for determination of the adsorbent material surface area. The BET theory applies to the systems of multilayer adsorption, which is an extension of the Langmuir theory, from monolayer adsorption to multilayer adsorption. The gases used in the surface area determination are inert, which do not react chemically with adsorbent material surfaces as adsorbate. The surface area of MNPs and MC was 85.54 m2g−1 and 80.28 m2g−1, respectively, using the BET model of adsorption. The pore size and pore volume of MC were found to be 26.30 nm and 0.172 cm3g−1, respectively, with water loss of up to 9% using TGA. The decrease in the surface area of MNPs confirms the encapsulation of nanoparticles with the chitosan shell.
Effect of pH
Solution pH is one of the significant parameters in adsorption study because it affects the charge on the surface of the adsorbent and the analyte may dissociate. The adsorption mechanism would be better explained by the point of zero charge (Pzc), which was determined using the potentiometric method (Shah et al., 2014). The value of Pzc calculated for MC was 6.0, which shows that the surface of MC will be positively charged below pH 6 and will be negatively charged above pH 6. For the simultaneous adsorption of BPA and 4-tert-BP, the pH study was carried out from 3 to 11 pH and maximum adsorption of BPA and 4-tert-BP was at pH 7 (Figure 5A). The adsorption mechanism of BPA and 4-tert-BP involves various types of interactions between these analytes and MC. One possible interaction is π–π interaction (electron donor–acceptor interaction) for the adsorption of aromatic organic compounds (BPA and 4-tert-BP) over the MC surface. Due to surface defects, MC has depleted regions of π–electron, and it can form π–π bonds with aromatic compounds rich in π electrons. The second possible interaction is the n–π interaction due to the presence of electron pair on oxygen of the hydroxyl group in BPA and 4-tert-BP and acceptor of π–electron on the MC adsorbent. The third possibility is the hydrogen bonding like H-bonding between the –OH group of BPA and 4-tert-BP, and –NH2 and –OH in the surface of MC or H-bonding between MC surface hydrogen and oxygen atom of BPA and 4-tert-BP analytes. The electrostatic interaction is absent because at pH 7, both BPA and 4-tert-BP are present in the undissociated form (pKa of BPA = 9.8 and pKa of 4-tert-BP = 10.16).
[image: Figure 5]FIGURE 5 | (A) Effect of pH and (B) effect of MC dose on the adsorption of BPA and 4-tert-BP onto MC. Conditions: (A) adsorbent 0.1 g, pH 3–10, time 60 min at room temperature, concentration of analyte 25 µgml−1 and (B) pH 7, adsorbent 0.05 g–0.3 g, time 60 min at room temperature, and concentration of analyte 25 µgml−1.
Effect of Adsorbent Dose
To find the maximum adsorption capacity of MC for BPA and 4-tert-BP, the effect of MC dosage (0.02–0.3 g) on the adsorption of constant concentration of BPA and 4-tert-BP was studied (Figure 5B). The results show that the adsorption of BPA and 4-tert-BP rapidly increases with increase in MC dosage up to 0.1 g due to the availability of more sites for adsorption then followed by slow increase in adsorption up to 0.2 g, and finally becomes independent of MC dose up to 0.3 g. Therefore, 0.25 g of MC was taken as an optimum dose for the adsorption of BPA and 4-tert-BP.
Adsorption Kinetics
The contact time effect on the adsorption of BPA and 4-tert-BP on MC was studied. Initially, the adsorption of analytes occurred very rapidly, and after 80 min, it became almost constant up to 120 min. The reason is that in the initial time of contact, large numbers of vacant sites are present, but as time passes, these sites become occupied by the analytes and then adsorption become constant (Supplementary Figure S2A).
The study of kinetics describes the rate of chemical processes and explains the feasibility of the factors which affect the rate. This study also needs to monitor the conditions of experiments carefully, which affect the rate of a chemical process toward equilibrium. Kinetic studies give possible mechanism information about the adsorption processes. The experimental data acquired are used in developing the kinetic models for explaining interactions of the analyte with the adsorbent. These kinetic models are used to explain the complicated variations in the process of adsorption which are important in wastewater systems. The common kinetic models, pseudo-first-order, pseudo-second-order, and intraparticle diffusion models, were considered for adsorption of BPA and 4-tert-BP onto MC.
Linear plots for pseudo-first-order kinetics and pseudo-second-order kinetics were constructed (Supplementary Figures S2 B,C). The parameters like rate constant (K1 and K2), amount of BPA, and 4-tert-BP (qe) adsorbent onto MC were estimated from the slope and intercept of the linear plots. The values of all parameters are given in Table 1. The R2 value shows that the pseudo-second-order kinetics model for BPA (R2 = 0.9641) and for 4-tert-BP (R2 = 0.9528) adequate and best fit to explain the adsorption of BPA and 4-tert-BP onto MC. The calculated qe value for the pseudo-second-order kinetic model was 96.154 mg/g for BPA and 131.3 mg/g for 4-tert-BP. On the other hand, the experimental qe value for BPA obtained was 85.49 mg/g and for 4-tert-BP was 108.42 mg/g. The close agreement of qe values also shows that the adsorption could better be explained by pseudo-second-order kinetics.
TABLE 1 | Kinetic parameters for BPA and 4-tert-BP adsorption onto MC adsorbent.
[image: Table 1]In order to know about the adsorption mechanism of BPA and 4-tert-BP onto MC, a plot of qt versus t1/2, “Weber–Morris plot” intraparticle diffusion model shows that adsorption dependent on intraparticle diffusion if it gives a straight line. If the plot shows multiple steps, then in the process of adsorption, two other steps are also involved. The Weber–Morris plot (Supplementary Figure S2D) shows that the adsorption of BPA and 4-tert-BP onto MC is in three steps as the plots have three parts of straight lines. The first step is attributed to the migration of BPA and 4-tert-BP molecules from the bulk in the solution to the boundary layer of the MC, second followed by diffusion from boundary layer to the external surface of MC, in third step adsorption of BPA and 4-tert-BP on available sites over MC surface and final migration into intraparticle spaces of MC. Various parameters, such as Kint, K2, C, and R2, were calculated using the graph, which are presented in Table 1.
Adsorption Isotherm
The adsorption process is a unit operation which involves the solid–liquid mass transfer and is largely applied to the compound removal from the liquid phase to solid phase and collection of the compounds results on the phase boundary. To facilitate the assessment of adsorption capacity, the most common adsorption isotherms Freundlich, Langmuir, and Dubinin–Radushkevich (D-R) were applied to the adsorption data of BPA and 4-tert-BP. The Langmuir isotherm model assumes monolayer adsorption on the homogeneous surface with constant energies on the adsorption sites, and each site accommodates one molecule only. The Freundlich isotherm is used for the assessment of adsorption capacity on the heterogeneous surface of the adsorbent with multilayer adsorption, while the D-R isotherm explains the limit of porosity, the possible free energy, and characteristics of adsorption mechanism.
Linear plots of Langmuir (Supplementary Figure S3A), Freundlich (Supplementary Figure S3B), and D-R (Supplementary Figure S3C) isotherms were drawn for adsorption of BPA and 4-tert-BP onto MC. The values of aL, kL, Q°, KF, n, 1/n, qm, k, E, and R2 were calculated and are given in Table 2. The R2 values for BPA (R2 = 0.9973) and for 4-tert-BP (R2 = 0.9981) of the Langmuir isotherm better fit the adsorption data of 4-tert-BP onto MC than those of the Freundlich isotherm; R2 = 0.9646 for BPA and R2 = 0.9743 for 4-tert-BP. It indicates that monolayer adsorption plays a significant role in the uptake of BPA and 4-tert-BP on the surface of MC. According to the data given in Table 2, the values of theoretical adsorption capacity (Q°) calculated from the Langmuir isotherm were 48.3 mg/g and 175.5 mg/g for BPA and 4-tert-BP, respectively. The mentioned values were close to the experimental values of qe for BPA (85.49 mg/g) and for 4-tert-BP (108.42 mg/g).The Freundlich constants “n” and Kf values were calculated and found to be n = 2.38 and KF = 21.58 for BPA and n = 2.40 and KF = 54.03 for 4-tert-BP. Generally, the increase in the KF value shows high affinity of analytes toward the adsorbent. In the present case, the KF value of 4-tert-BP is greater than BPA, which shows high affinity of 4-tert-BP toward MC. Similarly, the “n” value being greater than 1 indicates the favorable adsorption of BPA and 4-tert-BP onto MC.
TABLE 2 | Isotherm parameters for BPA and 4-tert-BP adsorption onto MC adsorbent.
[image: Table 2]For the D-R isotherm (Elwakeel et al., 2014), values of K (mol2 (kJ2)−1) and Qm (mg g−1) were calculated from the slope and intercept of the plot of ln qe against e2, respectively. The mean free energy of adsorption (E) is defined as the free energy change when one mole of molecule is transferred from infinity in solution to the surface of the adsorbent. Various constant values calculated from the D-R isotherm model are given in Table 2. The value of Qm, calculated from the D-R model, is not lower than the value of maximum adsorption capacity calculated from the Langmuir isotherm model. Similarly, the correlation coefficient value for the D-R model is small as compared to the other models, suggesting that the data are not fitted into the D-R isotherm model. The E values calculated for BPA and 4-tert-BP are 2.67 kJ mol−1 and 1.0 kJ mol−1, which shows that the energy required to transfer one mole of BPA and 4-tert-BP from the bulk solution to the adsorbent is low and the adsorption is physical in nature. The results (according to R2 value) indicate that Langmuir isotherm is appropriate to explain the behavior of BPA and 4-tert-BP adsorption on MC.
Effect of Temperature
The temperature of BPA and 4-tert-BP solutions was considered as an important factor which affects the adsorption onto MC. The suitability of MC as adsorbent may be affected by temperature if the adsorption efficiency of pollutants (BPA and 4-tert-BP) is temperature-dependent. For this purpose, the effect of temperature was carried out from 30 to 100°C. The results (Supplementary Figure S4A) show that adsorption significantly decreases with the increase in temperature and affects the adsorption efficiency. The adsorption efficiency of BPA decreased from 78.5% to 53.0% and 4-tert-BP decreased from 70.6% to 33.0% with increase in temperature from 30°C to 100°C. These results suggest that the adsorption of BPA and 4-tert-BP is exothermic in nature.
Thermodynamic parameters comprising the change in Gibbs free energy (ΔG°), change in enthalpy (ΔH°), and change in entropy ΔS° were calculated to estimate thermodynamic availability and spontaneous nature of the adsorption process. These parameters were calculated using the Van’t Hoff equation, and a linear plot of lnKL against [image: image] was plotted (Supplementary Figure S4B); from the plot, the values of ΔG°, ΔS°, and ΔH° were calculated (Table 3).
TABLE 3 | Thermodynamic parameters for the adsorption of BPA and 4-tert-BP onto MC.
[image: Table 3]The negative value of ΔG° was predicted for a forward reaction product, and the ΔG° values become less negative with increase in temperature which shows the spontaneous adsorption process of both BPA and 4-tert-BP at room temperature. It is also clear from Table 3 that the negative value of ΔH°confirms the exothermic adsorption process of BPA and 4-tert-BP using MC as an adsorbent. These observations clarify low adsorption at high temperature. The value of ΔS° shows the randomness at the interface of solid/solution as a result of adsorption of BPA and 4-tert-BP onto MC.
Reusability and Desorption Study
It is mandatory to evaluate the reusability of MC as an adsorbent due to the increase in sustainability allied needs in the system of wastewater treatment; therefore, desorption and reusability experiments were carried out in triplicate. First, the adsorption process of BPA and 4-tert-BP was performed at optimum conditions, then the loaded adsorbent (MC) was used for the desorption process. Various solvents (eluents) were used for the desorption and recovery of BPA and 4-tert-BP from MC, in order to regenerate MC for reuse. Desorption was high for BPA and 4-tert-BP when methanol and water mixed in 1:1 was used as the desorption eluent with recovery of 93.05% of BPA and 96.17% of 4-tert-BP using 5 ml of eluent (Figure 6). The MC regenerated after desorption was used again for a series of adsorption and desorption processes. Reusability of the MC was also checked up to five cycles (Supplementary Figure S5).The results show that the decrease in adsorption of BPA and 4-tert-BP is not that much pronounced, suggesting that MC is stable and has good reusability. It shows that MC can be considered a stable, promising, and potential adsorbent for the removal of BPA and 4-tert-BP from aqueous samples.
[image: Figure 6]FIGURE 6 | Effect of eluents on the extraction of BPA and 4-tert-BP. Conditions: Adsorption at pH 7, adsorbent dose 0.2 g, time 80 min at room temperature, and concentration of analyte 25 µgml−1. Desorption water, methanol, and mixture of water methanol in 1:1 ratio as solvents, and volume of solvent 5 ml.
Sample Application
Water samples, laboratory tap water and river water, were spiked with the BPA and 4-tert-BP in three different concentrations (0.5–1.5 µg/ml) and were used for the adsorption and extraction processes using the proposed method. Results given in Table 4 show that the recovery ranged from 95.6% to 96.8% for BPA and 95.4% to 101.2% for 4-tert-BP in case of spiked tap water samples. Similarly, recovery for river water ranged from 87.6% to 95.9% and 92.8% to 98.2% for BPA and 4-tert-BP, respectively. This showed that the proposed adsorbent is an excellent adsorbent for removal and extraction of BPA and 4-tert-BP from real environmental samples.
TABLE 4 | Mean recovery and precision of the two analytes in water samples.
[image: Table 4]Comparative Study
The proposed method using MC as an adsorbent for extraction was compared with other methods given in the literature for determination of BPA and 4-tert-BP in different samples using the extraction method. The comparison was made at optimum conditions of extraction. It was found that the proposed method is better to be used for the adsorption and extraction of BPA and 4-tert-BP than other SPE methods in which commercially available columns were used. The MC is cheap, is environmental friendly, and has no problem of secondary waste formation (Table 5).
TABLE 5 | Comparison between the proposed solid-phase extraction method and literature data.
[image: Table 5]CONCLUSION
In the present investigations, adsorption/removal and extraction of BPA and 4-tert-BP, MC adsorbent was synthesized and applied for the stated purpose. Adsorption studies revealed that different parameters of adsorption like pH, time, amount of MC, temperature, and concentration of BPA and 4-tert-BP affected the adsorption of these compounds from water samples. Greater adsorption capacity was achieved with pH 7 at room temperature. The adsorption followed pseudo-second-order kinetics and Langmuir isotherm with Q° values of 48.3 mg/g and 175.5 mg/g for BPA and 4-tert-BP, respectively. It shows that the adsorbent surface is homogeneous with monolayer adsorption of BPA and 4-tert-BP. The thermodynamic study revealed that the adsorption of BPA and 4-tert-BP is exothermic in nature and spontaneous. In addition, MC is more feasible for adsorption due to magnetic separation, which makes the adsorption process rapid and convenient. All the results confirm that the synthesized adsorbent has good adsorption capacity for the removal and pre-concentration of BPA and 4-tert-BP as well as environmentally friendly and of relatively low cost.
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