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Abstract

:

Activated carbons (ACs) based on apricot shells (AS), wood (W), and walnut shells (WS) were applied to adsorb atrazine in co-solutions. To study the effect of Bisphenol A (BPA) on the adsorption behavior of atrazine, the adsorption performance of ACs for BPA in single solution was studied. The results demonstrated that the adsorption kinetics of BPA fitted the pseudo-second-order model, the adsorption isotherms of BPA followed the Langmuir model. Meanwhile, the adsorption kinetics of atrazine fitted the pseudo-second-order kinetics model and the isotherm was consistent with the Freundlich model both in single solution and co-solution. In addition, competitive adsorption was observed when atrazine coexisted with BPA or humic acid. For the adsorption capacity, the adsorption amount of ASAC, WAC, and WSAC for atrazine obviously decreased by 18.0%, 30.0%, and 30.3% in the presence of BPA, respectively, which was due to the π−π interactions, hydrophobic interactions, and H-bonds, resulting in the competitive adsorption between atrazine and BPA. This study contributes to the further understanding of the adsorption behavior for atrazine in co-solution.
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1. Introduction


Atrazine (2-chloro-4-(ethylamino)-6-isopropylamino-striazine), a typical endocrine disrupting substance [1], has been widely used in agricultural production to efficiently control broad leaves and annual weeds, which canenhance the crop yields and farm efficiency [2]. Atrazine is durable and highly mobile, and pollutes surface water and groundwater, which may do great harms to human health by affecting the central nervous, endocrine and immune systems [3]. However, Atrazine is difficult to be removed from contaminated environmental media due to its easy mobility, long-term preservation, and natural stability [4].



According to the reports, adsorption isregarded as a promising and effective method in wastewater treatment [5], providing a fast treatment for the pollutants removal [6,7]. In particular, with readily availability and low cost of materials, the adsorption effect of activated carbons (ACs) on natural organic compounds, metal ions, and synthetic organic matter is very effective [8,9]. ACs can be easily obtained from different agricultural by-products such as nuts, wheat, straw, soybeans, corn stover, and wood [10,11,12,13]. Therefore, pollutants removal through the adsorption onto ACs is an effective method.



To date, numerous studies have proved that atrazine removal through the adsorption of ACs is an effective method, but the adsorption performances and behaviors of different ACs are significantly different. For example, atrazine removal using ACs from wheat straw is via forming the π bond with atrazine in the adsorption process [11]; atrazine removal using ACs from corn stalks, poultry, rice straws, and pig manures is influenced mainly by the functional groups, which has small surface areas [12,14]. When atrazine coexists with Cu (II) in co-solution, the Cu (II) complexes can shield the hydrophobic and hydrophilic sites (carboxyl and hydroxyl) of atrazine adsorption [15]. However, the atrazine wastewater usually contains a variety of pollutants in a nature environment, and few studies had reported the effect of different substances in co-solution on the adsorption behavior of atrazine onto different adsorbents. Therefore, it is of great significance to study the adsorption behavior of atrazine in co-solution.



Bisphenol A (BPA) (2, 2-(4, 4-dihydroxy phenyl) propane), a typical endocrine disrupting substance [1], has been widely used as monomer for product food packaging, polyvinyl chloride (PVC), dental sealants, and baby bottles [16]. It can interfere with the endocrine system, and has hostile impacts on the environment even at trace level [17]. Humic acid (HA), from the decomposition of animal and plant matters in aquatic and terrestrial systems [18], is the most important active ingredient in soil, sediment, and surface water as well as the main natural organic matter (NOM) in groundwater. In addition, the NaCl, a non-negligible factor in the wastewater environment, which needs to be considered in the pollutant removal. In the natural environment, atrazine is likely to coexist with BPA, HA, and NaCl. However, the effect of BPA, HA, and NaCl on the adsorption of atrazine has received little attention. Thus, there are great application values to determine the effect of BPA, HA, and NaCl on the adsorption of atrazine.



Hence, this study mainly focuses on researching the adsorption performance of atrazine on ASAC, WAC, and WSAC in co-solution. To determine the adsorption kinetics and isotherms of atrazine in co-solution with BPA, the adsorption kinetics and isotherms of BPA in a single solution were analyzed. The effect of adsorption performance of atrazine in the presence of BPA was also studied, and the mechanism of competitive adsorption of atrazine and bisphenol A was discussed.Besides, the effect of the HA and NaCl on adsorption behavior of atrazine onto ASAC, WAC, and WSAC were determined.




2. Experiment


2.1. Materials and Methods


The WAC (wood), WSAC (walnut), and ASAC (apricot shells) were purchased from Henan Zhongbang Environmental Technology Co., Ltd. (Zhengzhou, China). The WAC, WSAC, and ASAC had been characterized by element analysis, BET analysis, and XPS analysis in our previous research (Table 1) [19].



The chemical reagents and chemicals used were analytical grade. Atrazine and BPA were purchased from Nanjing Zhongli New Material Technology Co., Ltd. (Nanjing, China) and Shanghai Maclean Biochemical Technology Co., Ltd. (Shanghai, China), respectively. HA and NaCl were purchased from Adamas. The major physicochemical properties of atrazine and BPA were shown in Table 2.




2.2. Adsorption of Atrazine and BPA onto the AC Samples


2.2.1. Adsorption of Atrazine Only


Atrazine solution (50 mL) and ACs (20.0 mg) were added into a 100 mL conical flask, and then sealed and agitated at 160 rpm in a water bath shaker (SHZ-B, Bo Xun Industrial Co., Ltd, Shanghai, China). The adsorption kinetics of atrazine (90 mg/L) onto ACs were studied at different adsorption times (1 s to 12 h) at 35 °C. The adsorption isotherms of atrazine were determined at different initial concentrations (60, 70, 80, 90, and 100 mg/L). The residual concentrations of atrazine were detected withHigh Performance Liquid Chromatography (HPLC, Agilent Technologies 1010, PaloAlto, CA, USA) equipped with a reversed-phase C18 column (5 mm, 4.6 mm×150 mm) at a wavelength of 222 nm. The mobile phase was 30:70 (v:v) of ultrapure water and methanol. Deionized water was used in the whole experiment. The pH of the solution was not adjustedfurther and the initial pH was 7.05.




2.2.2. Adsorption of BPA Only


The adsorption experiments were carried out with 50 mL BPA solution (80 mg/L) and 20.0 mg of adsorbents in a 100 mL conical flask. The method for adsorption kinetics determination was the same as the above description in 2.2.1. The adsorption isotherms of BPA were analyzed at different initial concentrations (20, 40, 60, 80, and 100 mg/L) at 35 °C. The residual concentrations of BPA were detected by HPLC at a wavelength of 278 nm. The mobile phase was 30:70 (v:v) of ultrapure water and methanol, at a flow of 1 mL/min.




2.2.3. Adsorption of Atrazine inCo-Solution


Atrazine and BPA co-solution was used by dissolving in 5% (v/v) ethanol solution considering the low solubility of atrazine and BPA in water. The batch adsorption experiments were carried out with 50 mL of co-solution and 20.0 mg of ACs in a 100 mL conical flask, and then sealed and agitated at 160 rpm in a water bath shaker. The adsorption kinetics of atrazine (90 mg/L) with BPA (50 mg/L) in co-solution were evaluated at different adsorption times (1 s to 12 h) at 35 °C. The adsorption isotherms of atrazine were analyzed at different initial concentrations (60, 70, 80, 90, and 100 mg/L) of atrazine with BPA (50 mg/L) in co-solution at 35 °C.



The effect of HA on the adsorption of atrazine was determined in different initial concentrations (60, 70, 80, 90, and 100 mg/L) of atrazine with HA (20 mg/L) onto the ACs in co-solution at 35 °C for 12 h. The effect of NaCl on adsorption of atrazine was evaluated at the initial concentration (90 mg/L) of atrazine with different initial concentrations of NaCl onto the samples in co-solution at 35 °C for 12h. The residual concentration of atrazine was detected by HPLC.





2.3. Data Calculation


The adsorption amount of the adsorbate (qt, mg/g) was calculated according to the following Equation (1):


qt = (C0 − Ct) V/M,



(1)




where C0 and Ct (mg/L) are the concentrations at the initial and given time t, respectively. V (mL) is the volume of the adsorbate solution, and M (mg) is the mass of the AC added to the flask.



The adsorption kinetics models, pseudo-first-order (Equation (2)), and pseudo-second-order (Equation (3)) were used to identify the adsorption equilibrium time [19].


qt = qe (1 − e−k1t),



(2)






t/qt = 1/(k2qe2) + t/qe,



(3)




where qe and qt (mg/g) are the adsorption amounts for the adsorbates onto the AC at the equilibrium and any time t (h), respectively. k1 (h−1) and k2 (g/(mg∙h)) are the kinetic constants.



The intra-particle diffusion model (Equation (4)) and film diffusion model (Equation (5)) were used [21] to identify diffusion mechanism of adsorption.


qt = kp·t1/2 + C,



(4)






−ln(1 − qt/qe) = kbft,



(5)




where kpmg/(g∙h1/2) and kbf (h−1) are rate constants for intra-particle diffusion and liquid film diffusion, respectively.



The experimental data were fitted with Langmuir (Equation (6)), Freundlich (Equation (7)), Temkin (Equation (8)), and Dubinin–Radushkevich (D–R) (Equation (9)) isotherm models [22]. The residual root-mean squared error (RMSE) [19] function values can be analyzed using the Equation (10):


qe = qmKLCe/(1 + KLCe),



(6)






qe = KFCe1/n,



(7)






qe = B ln (ACe),



(8)






Lnqe = lnqm − Kdln(1 + 1/Ce),



(9)






RMSE = [∑(qe exp n − qe cal n)2 /(n − 1)]1/2,



(10)






RL = 1/(1 + CmKL),



(11)




where qm (mg/g) is the maximum adsorption capacity; qe (mg/g) is the adsorption amount of the adsorbate onto the adsorbents at the equilibrium time; KL (L/mg) and KF (L/mg) are the Langmuir and Freundlich constants, respectively; n is the empirical parameter; b (J/mol), A (L/mg), R (8.314 J/(mol∙K)), and T (K) are the Temkin constants related to the thermal constant of adsorption, equilibrium binding constant, gas constant, and absolute temperature, respectively; Kd = R2T2/E2; E (J/mol) is the constant related to free energy; and RL is the dimensionless separation factor.





3. Results and Discussion


Table 3 displays the result of Boehm titrationand pHPZC. ASAC samples had the highest number of oxygen-containing functional groups and the lowest pHPZC. In addition, the amount of carboxyl groups, lactone groups, and carbonyl groups in WSAC was also reduced, and the number of surface basic functional groups was increased compared with ASAC, which was consistent with the results of XPS. At the same time, the reduction of acidic groups on the surface of activated carbons and the increase of pHPZC may be beneficial to the adsorption of pollutants.



3.1. Adsorption Kinetics


3.1.1. Adsorption Kineticsof BPA onto ACs


The adsorption behaviors of BPA onto WAC, WSAC, and ASAC were similar. The adsorption rates of BPA on WAC, WSAC, and ASAC were the fastest during the first 15 min, thereafter the adsorption rates slowed down, which was caused by the reduced amount of active sites of the adsorbents with the reaction going on [23]. When the adsorption progress reached equilibrium at 5 h, the order of adsorption capacity for BPA followed WSAC > WAC > ASAC (Figure 1). It is mainly determined by the order of BET surface areas, pore volume, and micropore volume: WSAC > WAC > ASAC (Table 1), because the pore structure and large surface area of ACs could increase the adsorption capacity for BPA in aqueous solution. What’s more, the polarity order of ACs was: WAC < WSAC < ASAC, and their hydrophobicity order was: WSAC > WAC > ASAC (please refer in the reference 19, hydrophobicity and aromaticity were also characterized in that paper). The lower polarity and higher hydrophobicity of WSAC was conducive to remove BPA by hydrophobic interactions. In addition, compared with WSAC and ASAC, the high aromaticity appearing in WAC could lead to the forming of the π–π interactions between aromatic ring of BPA and the aromatic compounds in samples to remove BPA from solution.



Furthermore, ACs might adsorb BPA by H-bonding interactions through the hydrophilic oxygen-containing groups of ACs reacting with hydroxyl groups of BPA [20]. While ASAC had more oxygen-containing groups than WSAC and WAC, leading to the lower adsorption capacity, which implied that H-bonding interactions were not the main factor that affected the adsorption of BPA, and the acidic oxygen-containing group of samples was not conducive to the removal of BPA [20]. Since the water molecule clusters formed by the acidic oxygen-containing groups on the samples adsorbed more water molecules from the solution, it prevented the target organic substances from entering the hydrophobic area of the ACs, and the acidic oxygen-containing group of samples weakened the sample’s ability to serve as a π donor, affecting the π−π dispersion interaction between the BPA aromatic ring and the aromatic compounds in sample [20,24]. In addition, the adsorption capacity of WAC (the lowest in acidic oxygen-containing groups) for BPA is higher compared with that of ASAC, which indicated that the adsorption mechanism of BPA onto WAC might be mainly affected by π–π interactions instead of H-bonding interaction [20]. Thus, the adsorption amount of WSAC for BPA was higher than that of WAC, indicating that the effect of surface area and pore structure on the adsorption of BPA was higher than that of chemical characters. The adsorption mechanism of WSAC for BPA was not only affected by π–π interactions and hydrophobic interactions, but also affected by H-bonding interactions [20]. Moreover, electrostatic attraction/repulsion between BPA and samples would occur becauseof surface charges. The adsorption kinetic parameters of BPA onto sample displayed better accordance with the pseudo-second-order model than pseudo-first-order model in Table 4. The qe,cal from pseudo-second-order model was consistent with the experimental data well. Therefore, the adsorption process of BPA onto WAC, WSAC, and ASAC can be well described by the pseudo-second-order kinetics model.




3.1.2. Influence of BPA on Adsorption Kinetics of Atrazine onto ACs.


The order of the BET surface areas, total pore volume, and micropore volume of WSAC, WAC, and ASAC were WSAC > WAC > ASAC. In addition, the ASAC showed less porosity in the range of micropores and mesopores compared with WACand WSAC. According to another study, the high porosity of the adsorbent facilitated the diffusion of contaminants into the internal pore system of the adsorbent, and the high specific surface area may provide interfaces for the adsorption of contaminants [3]. Therefore, the adsorption capacity of WSAC and WAC was higher than that of ASAC. In addition, the large π bond may constitute between the π–π* of samples, and between the aromatic ring of BPA and atrazine. The adsorption behaviors of atrazine with/without BPA onto WAC, WSAC, and ASAC were similar. The adsorption rates of atrazine with/without BPA onto WAC, WSAC, and ASAC were the fastest at first 1 h, after that the rates slowed down, which was because the concentration of atrazine and the active sites of the adsorbent sample reduced as the reaction going on [22]. The adsorption progress reached the equilibrium during 5 h (Figure 2). The adsorption kinetic parameters of atrazine with/without BPA onto sample showed better accordance with the pseudo-second-order model rather than the pseudo-first-order model shown in Table 5, which implied the chemical adsorption mechanism contained in the adsorption process [20]. The qe,cal from pseudo-second-order model was well consistent with the experimental data. The adsorption of atrazine on the ACs without BPA was affected by the porosity, specific surface area, and polarity of the ACs, as well as affected by π−π, H-bond, and hydrophobicity interactions [18]. Compared with the adsorption capacity of samples for atrazine in co-solution with BPA, the adsorption capacity of samples for atrazine without BPA was higher. According to the analysis about the adsorption kinetic of BPA in single solution, BPA could be absorbed by WAC, WSAC, and ASAC, and the adsorption performance of BPA was different in different samples. The hydrophobicity of BPA was stronger than atrazine, which lead to the hydrophobicity sites and pore structure of samples were occupied by BPA. In addition, the π–π interactions might occur between the aromatic ring of BPA and the aromatic compounds in samples, H-bonding interactions might occur between the hydrophilic groups (such as carboxyl and hydroxyl groups) of ACs and hydroxyl groups of BPA, and electrostatic attraction/repulsion might occur between BPA and ACs, which could lead to the adsorption active sites of atrazine occupied by BPA.





3.2. Adsorption Isotherms


3.2.1. Adsorption Isotherms of BPA onto ACs


As illustrated in Figure 3, the adsorption isotherms showed that the adsorption capacity of BPA onto WAC and WSAC increased with the BPA concentration increasing. The increase of the initial BPA concentration reinforced the driving force and mass transfer between BPA and ACs [19]. There is a slight increase in the isotherm of BPA-only onto ASAC, due to the ASAC had a smaller specific surface area and more acidic functional groups.



Compared with Freundlich, Temkin, and Dubinin-Radushkevic models, the Langmuir model was the best to describe the adsorption equilibrium of BPA onto WAC, WSAC, and ASAC (Table 6). It revealed that the adsorption process of BPA onto ACs was a molecular adsorption [20]. Based on the Langmuir model, according to RL, the adsorption process might be irreversible (RL = 0), favorable (0 < RL < 1), linear (RL = 1), and unfavorable (RL > 1). In this study, the value of RL was in the range of 0–1, indicating that the adsorption of BPA onto samples was a favorable process [25]. This result was agreed with the reports by Qin, et al. and Libbrecht, et al. [26,27].




3.2.2. Effect of BPA on Adsorption Isotherms of Atrazine on ACs


Adsorption isotherms showed that the adsorption capacity of atrazine onto WAC, WSAC, and ASAC increased with the atrazine concentration increasing. The adsorption capacity of ASAC, WAC, and WSAC for atrazine in the presence of BPA obviously decreased by 18.0%, 30.0%, and 30.3%, respectively (Figure 4), which indicated the competitive adsorption between BPA and atrazine.



The porosity and specific surface area of WAC and WSAC were higher compared with those of ASAC, which was conducive to the adsorption for BPA. Therefore, the competitive adsorption between BPA and atrazine is more obvious onto WAC and WSAC, and then the adsorption capacity of atrazine in co-solution decreased more than that of ASAC [3]. In addition, the KF value using WSAC in single solution is much higher than in the co-solution, and the KF value increased and the 1/n decreased of WAC from the single to the co-solution, which was ascribed to the competitive adsorption in co-solution. The adsorption capacity of WSAC for atrazine in co-solution decreased more than that of WAC. The reason was that the porosity and specific surface area of WSAC were higher that WAC, thus, it was more favorable for the adsorption of BPA. The hydrophobicity of BPA was better than that of atrazine according to the value of log Kow (Table 2) [28], leading to the different hydrophobic interactions with the adsorbents. According to the diameter and the structure of molecules, both of atrazine and BPA can enter the micropore structure of the adsorbents, resulting in the competitive adsorption between atrazine and BPA [3]. BPA might occupy the adsorption pores, thus reduce the adsorption capacity of adsorbents for atrazine. The competitive adsorption of BPA and atrazine might also be attributed to the interaction between BPA and the sample π−π, surface hydrophobic interaction, and hydrogen bonding, which reduced the effect of the adsorption of atrazine. Adsorption isotherms of ASAC, WAC, and WSAC for atrazine in co-solution were better fitted with the Freundlich model (Table 7), which was similar to that of single solute system.





3.3. Effect of HA on the Adsorption of Atrazine on ACs


Based on the results of batch experiment, the adsorption capacity of samples for atrazine decreased significantly in the presence of HA, as shown in Figure 5, which was mainly because the large size of the HA molecule did not match with the small pore structure of ACs, resulting that HA could not be adsorbed into the pores [29]. However, the adsorption for HA were mainly due to the adsorbent electrostatic or hydrophobic interactions. The hydrophobicity of WAC was higher than that of WSAC and ASAC, and the adsorption capacity increased with the pore size of ACs increasing. Moreover, more mesopores of ACs could absorb more HA [30]. Therefore, HA might be adsorbed on the surface and occupy a small amount of active sites of samples. There was not much difference in the mesopores between WAC and WSAC, thereby the adsorption capacity of WAC and WSAC for atrazine in the presence of HA reduced almost same amount (Table 8). In addition, the R2 for the Freundlich fitting of atrazine in the presence of HA are comparable with all other models: WAC: 0.91, 0.98, 0.95 and 0.93, for WSAC: 0.90, 0.99, 0.98 and 0.91, ASAC: 0.95, 0.89 and 0.92, which indicated that the adsorption isotherm of atrazine in the presence of HA fitted well with the Freundlich model.




3.4. Effect of NaCl Concentrations on the Adsorption of Atrazine on ACs


The amount of atrazine adsorbed by the sample slightly increased in the presence of high NaCl concentration, and the increase of NaCl concentration had a little positive effect on the adsorption performance of atrazine onto ACs, as shown in Figure 6a. The possible reason was that the H-bond was formed between the water clusters and the H2O molecules, and then broke at the high concentration of NaCl, resulting in the appearing of the hydrophobic functional groups, which might improve the adsorption of atrazine by increasing amounts of NaCl [15].




3.5. Adsorption Mechanisms of Atrazine


The presence of other substances is important for studying the effects of ASAC, WAC and WSAC on the adsorption mechanism for atrazine. According to our previous studies, the adsorption mechanisms of atrazine onto ACs in single solution mainly included the π–π interactions between the aromatic rings of samples and the heterocyclic ring of atrazine [31], the hydrophobic interactions between hydrophobic substances of samples and atrazine [3], and the H-bond between the carbonyl oxygen groups of the samples and N–H in the heterocycle of atrazine [32]. Raposo et al. also researched the adsorption mechanism of poly (o-methoxyaniline), and affirmed the chemical bonds by thermal stimulation adsorption experiments. The experimental results displayed that the adsorption process was controlled by the H-bond and electrostatic interactions [33]. When BPA coexisted with atrazine, the adsorption capacity of atrazine decreased obviously, which was because the value of RL was within the range of 0–1, indicating that the adsorption of BPA onto sample was a favorable process. It mainly caused by the π–π interactions between the aromatic compounds in sample and the aromatic ring of BPA, the hydrophobic interactions between hydrophobic substances of samples and BPA, and the H-bonding interactions between oxygen-containing groups (such as carboxyl and hydroxyl groups) of ACs and hydroxyl groups of BPA [19], which lead to BPA occupied the adsorption site (Figure 7). In addition, the high micropore count of samples promoted the adsorption capacity for atrazine and BPA, which lead to BPA occupied the active sites of atrazine. When HA or NaCl coexisted with atrazine, the adsorption capacity of atrazine onto samples slightly decreased. When HA coexisted with atrazine, the competitive adsorption appeared, which was mainly caused by HA absorbed onto the adsorbent surface [26]. The adsorption mechanisms for HA were mainly the electrostatic or hydrophobic interactions: HA occupied a small amount of active sites; the coexisting cations in tap water occupied the adsorption site of atrazine [15]. When the high concentration of NaCl coexisted with atrazine in solution, the adsorption capacity of atrazine increased slightly, which is caused by the expositing of the sample’s hydrophobic functional groups: H-bonds, forming between the water clusters and the H2O molecules on the sample surface, was broken at the high concentration of NaCl, which was beneficial to improve the adsorption capacity of atrazine [15].





4. Conclusions


Adsorption kinetics of ASAC, WAC, and WSAC for atrazine was fitted with the pseudo-second-order kinetics model, and the isotherm was consistent with the Freundlich model with/without BPA in solution. When BPA coexisted with atrazine in solution, the adsorbed atrazine amount onto samples decreased. The competitive adsorption between atrazine and BPA onto samples might be attributed to the π−π interactions, hydrophobic interactions, and H-bonds, which lead to BPA occupied the active site of activated carbon for atrazine. In addition, in the co-solution of HA and atrazine, the adsorbed atrazine amount decreased significantly because the active sites for atrazine were occupied by the HA. Moreover, an increased concentration of NaCl in the co-solution was beneficial to the adsorption of atrazine by the samples due to the increased broken H-bonds, which leads to the expositing of hydrophobic functional groups of the samples.







Author Contributions


The manuscript was completed through contributions of all authors. Z.W. and Y.X. planned the project and designed the experiments. Z.W., X.W., Y.X., X.H., X.Y., analyzed the data and written the manuscript.




Funding


This work was supported financially by funding from the National Natural Science Foundation of China (21868034) and the International Science and Technology Cooperation Program of Shihezi University (GJHZ201601).




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Zacharewski, T. Identification and assessment of endocrine disruptors: Limitations of in vivo and in vitro assays. Environ. Health Perspect. 1998, 106, 577–582. [Google Scholar] [PubMed]

	



Ouyang, W.; Huang, W.; Wei, P.; Hao, F.; Yu, Y. Optimization of typical diffuse herbicide pollution control by soil amendment configurations under four levels of rainfall intensities. J. Environ. Manag. 2016, 175, 1–8. [Google Scholar] [CrossRef] [PubMed]

	



Tan, G.; Sun, W.; Xu, Y.; Wang, H.; Xu, N. Sorption of mercury (II) and atrazine by biochar, modified biochars and biochar based activated carbon in aqueous solution. Bioresour. Technol. 2016, 211, 727–735. [Google Scholar] [CrossRef] [PubMed]

	



Gardi, I.; Nir, S.; Mishael, Y.G. Filtration of triazine herbicides by polymer-clay sorbents: Coupling an experimental mechanistic approach with empirical modeling. Water Res. 2015, 70, 64–73. [Google Scholar] [CrossRef] [PubMed]

	



Mandal, A.; Singh, N. Kinetic and isotherm error optimization studies for adsorption of atrazine and imidacloprid on bark of Eucalyptus tereticornis L. J. Environ. Sci. Health B 2016, 51, 192–203. [Google Scholar] [CrossRef] [PubMed]

	



Masson, S.; Gineys, M.; Delpeux-Ouldriane, S.; Reinert, L.; Guittonneau, S.; Béguin, F.; Duclaux, L. Single, binary, and mixture adsorption of nine organic contaminants onto a microporous and a microporous/mesoporous activated carbon cloth. Microporous Mesoporous Mater. 2016, 234, 24–34. [Google Scholar] [CrossRef]

	



Aljeboree, A.M.; Alshirifi, A.N.; Alkaim, A.F. Kinetics and equilibrium study for the adsorption of textile dyes on coconut shell activated carbon. Arabian J. Chem. 2017, 10, S3381–S3393. [Google Scholar] [CrossRef]

	



Sudhakar, P.; Mall, I.D.; Srivastava, V.C. Adsorptive removal of bisphenol-A by rice husk ash and granular activated carbon—A comparative study. Desalin. Water Treat. 2016, 57, 12375–12384. [Google Scholar] [CrossRef]

	



He, X.; Wu, Z.; Sun, Z.; Wei, X.; Wu, Z.; Ge, X. A novel hybrid of β-cyclodextrin grafted onto activated carbon for rapid adsorption of naphthalene from aqueous solution. J. Mol. Liq. 2018, 255, 160–167. [Google Scholar] [CrossRef]

	



Prajapati, Y.N.; Bhaduri, B.; Joshi, H.C.; Srivastava, A.; Verma, N. Aqueous phase adsorption of different sized molecules on activated carbon fibers: Effect of textural properties. Chemosphere 2016, 155, 62–69. [Google Scholar] [CrossRef]

	



Wang, P.; Yin, Y.; Guo, Y.; Wang, C. Preponderant adsorption for chlorpyrifos over atrazine byr: Experimental and theoretical studies. Rsc. Adv. 2016, 6, 10615–10624. [Google Scholar] [CrossRef]

	



Liu, N.; Charrua, A.B.; Weng, C.H.; Yuan, X.; Ding, F. Characterization of biochars derived from agriculture wastes and their adsorptive removal of atrazine from aqueous solution: A comparative study. Bioresour. Technol. 2015, 198, 55–62. [Google Scholar] [CrossRef] [PubMed]

	



Du, C.; Xue, Y.; Wu, Z.; Wu, Z. Microwave-assisted one-step preparation of macadamia nut shell-based activated carbon for efficient adsorption of reactive blue. New J. Chem. 2017, 41, 15373–15383. [Google Scholar] [CrossRef]

	



Jung, C.; Park, J.; Lim, K.H.; Park, S.; Heo, J.; Her, N.; Oh, J.; Yun, S.; Yoon, Y. Adsorption of selected endocrine disrupting compounds and pharmaceuticals on activated biochars. J. Hazard. Mater. 2013, 263, 702–710. [Google Scholar] [CrossRef] [PubMed]

	



Zhou, Y.; Zhang, F.; Tang, L.; Zhang, J.; Zeng, G.; Luo, L.; Liu, Y.; Wang, P.; Peng, B.; Liu, X. Simultaneous removal of atrazine and copper using polyacrylic acid-functionalized magnetic ordered mesoporous carbon from water: Adsorption mechanism. Sci. Rep. 2017, 7, 43831. [Google Scholar] [CrossRef] [PubMed]

	



Huang, D.; Tang, Z.; Peng, Z.; Lai, C.; Zeng, G.; Zhang, C.; Xu, P.; Cheng, M.; Wan, J.; Wang, R. Fabrication of water-compatible molecularly imprinted polymer based on β-cyclodextrin modified magnetic chitosan and its application for selective removal of bisphenol a from aqueous solution. J. Taiwan Inst. Chem. Eng. 2017, 77, 113–121. [Google Scholar] [CrossRef]

	



Koduru, J.R.; Lingamdinne, L.P.; Singh, J.; Choo, K.H. Effective removal of bisphenol-a (bpa) from water using a goethite/activated carbon composite. Process Saf. Environ. Prot. 2016, 103, 87–96. [Google Scholar] [CrossRef]

	



Wen, T.; Fan, Q.; Tan, X.; Chen, Y.; Chen, C.; Xu, A.; Wang, X. A core–shell structure of polyaniline coated protonic titanate nanobelt composites for both Cr(VI) and humic acid removal. Polym. Chem. 2016, 7, 785–794. [Google Scholar] [CrossRef]

	



Wei, X.; Wu, Z.; Wu, Z.; Ye, B.C. Adsorption behaviors of atrazine and Cr (III) onto different activated carbons in single and co-solute systems. Powder Technol. 2018, 329, 207–216. [Google Scholar] [CrossRef]

	



Njoku, V.O.; Islam, M.A.; Asif, M.; Hameed, B.H. Preparation of mesoporous activated carbon from coconut frond for the adsorption of carbofuran insecticide. J. Anal. Appl. Pyrolysis 2014, 110, 172–180. [Google Scholar] [CrossRef]

	



Kuo, C.Y.; Wu, C.H.; Wu, J.Y. Adsorption of direct dyes from aqueous solutions by carbon nanotubes: Determination of equilibrium, kinetics and thermodynamics parameters. J. Colloid Interface Sci. 2008, 327, 308–315. [Google Scholar] [CrossRef] [PubMed]

	



Xue, Y.; Du, C.; Wu, Z.; Zhang, L. Relationship of cellulose and lignin contents in biomass to the structure and rb-19 adsorption behavior of activated carbon. New J. Chem. 2018, 42, 16493–16502. [Google Scholar] [CrossRef]

	



Zhou, L.; Richard, C.; Ferronato, C.; Chovelon, J.-M.; Sleiman, M. Investigating the performance of biomass-derived biochars for the removal of gaseous ozone, adsorbed nitrate and aqueous bisphenol A. Chem. Eng. J. 2018, 334, 2098–2104. [Google Scholar] [CrossRef]

	



Liu, G.; Li, X.; Campos, L.C. Role of the functional groups in the adsorption of bisphenol an onto activated carbon: Thermal modification and mechanism. J. Water Supply Res. Technol. AQUA 2017, 66, 105–115. [Google Scholar] [CrossRef]

	



Huang, X.; Lv, D.; Yan, L.; Zhang, G. Effects of water factors on the effectiveness of EDC adsorption on novel tailored activated carbon. Water Air Soil Pollut. 2016, 227, 398. [Google Scholar] [CrossRef]

	



Qin, L.; He, X.W.; Li, W.Y.; Zhang, Y.K. Molecularly imprinted polymer prepared with bonded beta-cyclodextrin and acrylamide on functionalized silica gel for selective recognition of tryptophan in aqueous media. J. Chromatogr. A 2008, 1187, 94–102. [Google Scholar] [CrossRef]

	



Libbrecht, W.; Vandaele, K.; Buysser, K.D.; An, V.; Thybaut, J.W.; Poelman, H. Tuning the pore geometry of ordered mesoporous carbons for enhanced adsorption of bisphenol-a. Materials 2015, 8, 1652. [Google Scholar] [CrossRef] [PubMed]

	



Zhou, J.; Chen, H.; Huang, W.; Arocena, J.M.; Ge, S. Sorption of atrazine, 17α-estradiol, and phenanthrene on wheat straw and peanut shell biochars. Water Air Soil Pollut. 2016, 227, 7. [Google Scholar] [CrossRef]

	



Liu, J.; Cao, J.; Chen, H.; Zhou, D. Adsorptive removal of humic acid from aqueous solution by micro- and mesoporous covalent triazine-based framework. Colloids Surf. A 2015, 481, 276–282. [Google Scholar] [CrossRef]

	



Libbrecht, W.; Verberckmoes, A.; Thybaut, J.W.; Van, D.V.P.; De, C.J. Tunable large pore mesoporous carbons for the enhanced adsorption of humic acid. Lang. ACS J. Surf. Colloids 2017, 33, 67–69. [Google Scholar] [CrossRef]

	



Radwan, E.K.; Hany, H.; Ghafar, A.; Moursy, A.S.; Langford, C.H.; Bedair, A.H.; Achari, G. Preparation and characterization of humic acid–carbon hybrid materials as adsorbents for organic micro-pollutants. Environ. Sci. Pollut. R 2015, 22, 12035–12049. [Google Scholar] [CrossRef] [PubMed]

	



Sun, K.; Gao, B.; Zhang, Z.; Zhang, G.; Zhao, Y.; Xing, B. Sorption of atrazine and phenanthrene by organic matter fractions in soil and sediment. Environ. Pollut. 2010, 158, 3520. [Google Scholar] [CrossRef] [PubMed]

	



Raposo, M.; Oliveira, O.N. Energies of adsorption of poly(o-methoxyaniline) layer-by-layer films. Langmuir 2000, 16, 2839–2844. [Google Scholar] [CrossRef]








[image: Materials 11 02558 g001 550]





Figure 1. The adsorption kinetic curves of BPA onto ACs in single solution. 
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Figure 2. Influence of BPA on adsorption kinetics of atrazine onto WAC (a); WSAC (b); ASAC (c). 
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Figure 3. Adsorption isotherm of BPA onto ACs at 35 °C. 
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Figure 4. Effect of BPA on adsorption isotherms of atrazine onto WAC (a), WSAC (b), ASAC (c). 
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Figure 5. Effect of HA on the adsorption of atrazine onto WAC (a), WSAC (b), ASAC (c) (CHA = 20 mg/L). 
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Figure 6. Effect of NaCl concentrations on the adsorption of atrazine on ACs. 
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Figure 7. The adsorption mechanisms of atrazine for ACs onto samples in the presence of other substances (Notes: (a). π–π interactions; (b). Hydrophobic effect; (c). H-bond). 
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Table 1. Elemental composition and textural characteristics of the adsorbents.
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	Parameters
	ASAC
	WAC
	WSAC





	N%
	0.31
	0.30
	0.58



	C%
	47.98
	72.86
	67.88



	H%
	0.58
	0.52
	0.89



	S%
	0.66
	1.32
	0.91



	O,diff%
	50.47
	25.00
	29.74



	N/C atomic ratio
	0.006
	0.004
	0.009



	H/Catomic ratio
	0.012
	0.007
	0.013



	O/C atomic ratio
	1.052
	0.341
	0.438



	(O+N)/C atomic ratio
	1.058
	0.345
	0.447



	BET specifics surface area (m2/g)
	276.15
	553.33
	614.21



	Total pore volume (cm3/g)
	0.21
	0.41
	0.46



	Micropore volume (cm³/g)
	0.12
	0.25
	0.28



	Average pore size (nm)
	3.69
	3.41
	3.40



	π-π*
	4.76×10−5
	5.24
	7.67
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Table 2. Major physicochemical properties of atrazine and BPA.
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	Chemicals
	Structural Formula
	log Kow
	Molecular Size (nm3)
	References





	Atrazine
	 [image: Materials 11 02558 i001]
	2.18
	0.96×0.84×0.3
	[12]



	BPA
	 [image: Materials 11 02558 i002]
	3.32
	0.94×0.53×0.43
	[20]







(Note: log Kow = Octanol-water part