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Abstract

:

Polyamide (PA) and bisphenol A (BPA) are selected as typical microplastic and endocrine-disrupting chemicals in this study. The adsorption of BPA on the surface of PA and the effect of PA on the transport behavior of BPA in groundwater are systematically investigated using a combination of batch experiments, column experiments and numerical models. The results of scanning electron microscope (SEM) and Fourier transform infrared spectra (FTIR) show that the surface of PA particles is changed significantly after adsorption of BPA. The isothermal adsorption process of BPA can be simulated by the Langmuir model and the Freundlich model. Kinetic adsorption, on the other hand, can be fitted by a quasi-first-order adsorption model, and the adsorption results indicate that the maximum adsorption of BPA on PA reaches 13 mg·g−1. The results of the column experiments suggest that the mass recovery rate of BPA decreases with PA content, and increases with flow velocity, while initial concentration has no apparent influence on BPA transport. In addition, due to the hydrolysis of BPA, the mass recovery rate of BPA does not change with pH under conditions of pH < 10.2 and increases substantially to 94% when pH > 10.2. Moreover, Ca2+ has a significant inhibitory effect on the transport of BPA, while Na+ has no apparent influence on the transport of BPA. The transport process of BPA in porous media is simulated using a single-point kinetic model, and the fitted mathematical relationships for the variation of kinetic parameters with environmental factors are obtained by regression analysis.
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1. Introduction


More than 240 million tons of plastic are consumed globally each year. As plastic consumption continues to increase, the environmental problems caused by microplastic pollution attract more and more attention from all over the world [1]. Microplastics are plastic particles less than 5 mm in size formed after natural physicochemical and biological weathering and crushing [2,3]. The main sources of microplastic pollutants are fine plastic particles in personal care products, and the degradation of large plastics and discharge of domestic sewage, where fine plastic particles in personal care products are called primary microplastics and those formed by degradation are called secondary microplastics [4]. A large proportion of these fine microplastic particles enter the environment, such as oceans, rivers, soil and groundwater, and the ingestion of microplastics by marine organisms, such as fish, shellfish and seabirds, has been reported in relevant studies [5,6,7,8]. Most of the current research on microplastic pollution focuses on the marine area, but the detection of microplastics in soil groundwater has become more frequent in recent years [9]. Microplastics include polyolefines, fluoroplastics, vinyl plastics, styrene plastics, acrylonitrile-butadinene-styrene, styrene-butadiene, styrene-acrylonitrile, polymers based on acrylate, polyacrylonitrile, polyesters, polyamide (PA), etc. [6]. Among them, PA is one of the major microplastics detected in large quantities in soil-groundwater systems [10]. The abundance of PA in the soil can reach 14.7–158.5 units/kg, while it can also reach 15.2 units/L in groundwater environments. The detected PA microplastic particles are generally small in size (50–100 μm) [4]. After entering groundwater, microplastic particles can not only adsorb heavy metals and organic contaminants, but also act as a carrier of contaminants to enhance the mobility of contaminants, thus causing more serious groundwater pollution and even contamination of underground drinking water sources [10,11,12].



Bisphenols refer to compounds with two hydroxyphenyl structures, of which bisphenol A (diphenol propane, 2,2-bisphenol propane, BPA) is one of the most produced and used bisphenols in the world [13,14,15]. BPA is widely used in many fields, such as the manufacture of engineering plastics, dental composites, and sealants [14,16]. BPA has been proven to be an endocrine disruptor, which causes a large impact on groundwater resources and the environment [17]. BPA can interfere with the endocrine and reproductive systems of the organism and disrupt the hormonal balance in the organism. In addition, BPA can pass from the mother to the fetus via the placenta, causing serious effects on fetal growth [18]. The average detected concentration of BPA in groundwater in the United States is 0.0041~1.9 μg·L−1, and the detected concentration of BPA in groundwater in the UK is even as high as 20 μg·L−1, which retains estrogenic activity at concentrations below 1 × 10−3 μg·L−1 [19]. Currently, the global production of BPA is up to 7 million tons per year, resulting in a large amount of BPA entering the environment, causing serious contamination and endangering human health through food and drinking water [17]. The highest detected concentrations of BPA in landfill leachate, rivers, and drinking water reached 17.2 × 103 μg·L−1, 12 μg·L−1, and 0.1 μg·L−1, respectively [20]. The migration pattern of BPA in porous media has been investigated limitedly, such as the study of the transport pattern of BPA and BPS in quartz sand and limestone porous media [20,21,22]. The results of these studies indicate that xylenes strongly inhibit the migration of BPA in quartz sand, and that the mobility of BPA in limestone porous media is less than that in quartz sand. However, the interaction between microplastics and BPA remains unclear, and the combined effect of microplastics and environmental factors on the transport of BPA in groundwater is still not systematically investigated.



There is a lack of research on the BPA transport behaviors influenced by microplastics and hydrochemical factors. It is critical to systematically understand the combined effects of microplastics and hydrochemical factors on BPA transport for assessing associated environmental risks in natural aquifers. Therefore, the combined effects of microplastics and hydrochemical factors on the transport of bisphenols in groundwater are explored. PA and BPA are selected as typical microplastics and bisphenol contaminants, and combined effects are investigated systematically by a combination of batch experiments, column experiments, and numerical models. The objectives of this research include: (1) investigate the magnitude of the adsorption capacity of PA on BPA; (2) determine the mobility of BPA in saturated porous media containing PA; (3) investigate the combined effects of PA and hydrochemical factors (pH, flow velocity, initial concentration, and ionic strength) on the transport of BPA; and (4) build transport models of BPA based on experimental results to simulate and predict the transport behavior of BPA in porous media.




2. Materials and Methods


2.1. Experimental Material


The microplastic polyamide-66 (PA66, CAS 32131-17-2) with a particle size of 0.1 mm and BPA (CAS 80-05-7, >99%) were purchased from China Jie Cheng Plastic Technology Co., Ltd. (Shenzhen, China) and Shanghai Aladdin Biochemical Technology Co., Ltd. (Shanghai, China), respectively. The molecular structures of PA66 and BPA are shown in Figure S1, with the molecular formulae (C12H22N2O2)n and C15H16O2, respectively. The BPA solution was prepared by accurately weighing 100 mg of BPA dissolved in methanol solution and diluted to 1 L with ultrapure water, keeping the mass fraction of methanol solution less than 0.1% during the dilution process to obtain 100 mg·L−1 BPA solution, which was finally stored at 4 °C under light-proof conditions. The forms of BPA under different pH conditions are shown in Figure S2.



The transport of BPA in porous media was investigated by column experiments, in which quartz sand (QS) with a particle size of 0.35–0.45 mm was used as a typical porous media packed in columns, and NaCl and CaCl2 solutions with different ionic strengths were used as background solutions. Before column experiments, QS was rinsed with tap water to remove large particles of impurities, followed by soaking in 10% nitric acid for 24 h to remove metal oxides, organic matter, and other impurities from the surface of the QS, and finally washed with ultrapure water to neutral and then dried at 105 °C.




2.2. Material Characterization


The PA microplastic were dried and mixed with KBr in the ratio of 1:100, then ground into powder and finally put into the tablet press to produce and use Fourier transform infrared spectra (FTIR) to determine the structure. The QS and PA microplastics before and after BPA adsorption were glued to the sample stage with conductive adhesive tape and gold sprayed to improve the conductivity of the material, and then the surface morphology was observed using scanning electron microscope (SEM, Ultra-55, Zeiss, Jena, Germany).




2.3. Batch Experiments


2.3.1. Isothermal Adsorption Experiments


Isothermal adsorption experiments were performed using 50 mL colorimetric tubes as reaction vessels. An amount of 25 mL of different concentrations of BPA solution (0, 20, 40, 60, 80, 100 mg·L−1) was added into the colorimetric tubes, followed by 0.1 g of PA microplastic particles or QS, and finally the adsorption equilibrium was reached by shaking at 25 °C and 220 rpm for 24 h. Samples were taken using a disposable syringe with a 0.22 μm needle-type filter to measure BPA concentration.



The amount of BPA adsorbed by PA microplastic particles p0 is:


   p 0  =      C 0  − C   V  m   



(1)




where p0 is the amount of BPA adsorbed on PA (M·M−1); C0 is the initial concentration of BPA solution (M·L−3); C is the remaining BPA concentration at the end of adsorption (M·L−3); 𝑉 is the volume of BPA solution (L3); 𝑚 is the mass of sorbent PA or QS (M).



Isothermal adsorption experiments were analyzed using Langmuir and Freundlich isothermal adsorption models:


  p =    p m   K L  C   1 +  K L  C    



(2)






  p =  K F   C  − n    



(3)




where Equation (2) is Langmuir isothermal model; Equation (3) is Freundlich isothermal adsorption model; p is the amount of BPA adsorbed by PA or QS (M·M−1); pm is the maximum amount of BPA adsorbed by PA or QS (M·M−1); KL is the adsorption constant of the Langmuir isothermal model; KF and n are the adsorption constants of the Freundlich isothermal model.




2.3.2. Kinetic Adsorption Experiments


Kinetic adsorption experiments were also conducted using 50 mL colorimetric tubes as reaction vessels. Firstly, 25 mL of 60 mg·L−1 BPA solution was added into the colorimetric tube, followed by 0.1 g of PA microplastic particles or QS, and finally shaken under conditions of 25 °C and 220 rpm for adsorption. Samples were taken at t = 1, 5, 10, 30, 60, 120, 300, 600, and 1440 min to measure BPA concentration. The kinetic adsorption process was simulated using quasi-first-order and quasi-second-order kinetic equations:


  p =  p  m 1     1 −  e  −  k 1  t      



(4)






  p =    p  m 2  2   k 2  t   1 +  p  m 2    k 2  t    



(5)




where Equation (4) is the quasi-first-order kinetic equation; Equation (5) is the quasi-second-order kinetic equation; pm1 is the maximum amount of BPA adsorbed by PA or QS for quasi-first-order kinetic equation (M·M−1); pm2 is the maximum amount of BPA adsorbed by PA or QS for quasi-second-order kinetic equation (M·M−1); k1 and k2 are the adsorption constants of quasi-first-order and quasi-second-order kinetic adsorption equations, respectively.





2.4. BPA Transport Experiment


BPA transport experiments were performed in columns with an inner diameter of 2.5 cm and a length of 20 cm. Using the wet method to pack QS into the column, first we added a certain volume of ultrapure water to the column, then added a certain amount of QS (keeping QS always below the water level) and repeated the packing process until the column was fully packed by QS. During the packing process, QS was continuously stirred by a glass rod to remove air and compacted using a small hammer. The porosity of the QS packed in the column is 0.45. A 50 μm screen was placed at both ends of the column to make water flow uniformly in the column. Ultra-pure water was first injected into the column for about 10 h to remove impurities from QS packed in the column. At the beginning of the experiment, 10 pore volumes (PVs) of background solution, 1 PV of BPA solution, and 8 PV of background solution were injected into the column sequentially by a peristaltic pump, and the BPA concentration in the effluent samples was determined by automatic sampling and collection of the effluent solution using an automatic sample collector throughout the experiment. The experimental setup diagram is shown in Figure S3.




2.5. BPA Transport Model


The transport process of BPA in porous media containing PA was simulated using a single-site deposition kinetic model [23,24,25,26] based on advection–dispersion equation:


  D    ∂ 2   C B    ∂  z 2    − v   ∂  C B    ∂ z   =   ∂  C B    ∂ t   +  ρ θ    ∂  S B    ∂ t    



(6)






   ρ θ    ∂  S B    ∂ t   = k  C B    1 −    S B     S  max        



(7)




where CB is the concentration of BPA (M·L−3); t represents time (T); ρ denotes the bulk density of porous media (M·L−3); θ is porosity; SB is the concentration of BPA adsorbed on the surface of the adsorption site (M·M−1); D represents the hydrodynamic dispersion coefficient (L2·T−1); z is the direction parallel to the flow (L); ν represents the flow velocity of the water flow in column (L·T−1); k is the adsorption coefficient of BPA (T−1); Smax is the maximum concentration of BPA adsorbed on the surface of the adsorption site (M·M−1).



The above model is solved using Hydrus-1D to fit BPA column experiments to obtain the values of parameters k and Smax, where the value of D is obtained by fitting the breakthrough curves (BTCs) of tracer experiments.





3. Results and Discussion


3.1. Characterization of Materials


The surface functional groups of PA before and after the adsorption of BPA were analyzed and compared by FTIR (Figure S4). It can be seen that the absorption peaks of the stretching and bending vibrations of N-H are at 3435 cm−1, 1541.5 cm−1, and 683.5 cm−1, respectively. Simultaneously, the absorption peaks of the coupling and stretching vibrations of C-N are at 3089 cm−1 and 1202 cm−1, respectively. At these characteristic peaks, it can be seen that the absorption peaks of PA after the adsorption experiments are slightly shifted toward the low wave number and the intensity of the absorption peaks is reduced, which is due to the formation of hydrogen bonds by combining the amide bonds on the PA surface with the hydroxyl groups on BPA. The formation of hydrogen bonds makes the bonding electron cloud density decrease, the chemical bonding force constantly decreases, the stretching vibration absorption shifts to the low wave number, and the intensity of the absorption peak decreases.



The SEM images of QS and PA microplastic before and after the adsorption experiments are shown in Figure 1. The surface of QS is smooth and flat (Figure 1a), which does not have the conditions for BPA adsorption, and no BPA is found to be adsorbed on its surface after the adsorption experiments. In contrast, there are more folds and bumps on the surface of the PA microplastic, which provide better conditions for the adsorption of BPA. As seen in Figure 1d, more BPA is adsorbed on the surface of the PA microplastic, indicating that PA has a good adsorption effect on BPA.




3.2. Adsorption


The results of the isothermal adsorption of BPA by PA and QS are shown in Figure S5a. As shown in Figure S5a, the isothermal adsorption of BPA on PA microplastics and QS can be well simulated by the Langmuir and Freundlich models with correlation coefficients R2 above 0.99 (Table S1). It can be seen from Figure S5a that the adsorption of BPA by PA is strong and the adsorption amount continues to increase with BPA concentration. The adsorption amount is at a low level when BPA concentration is low. This is because the PA adsorption sites are not sufficiently occupied and are underutilized. Under the condition of high BPA concentration, the adsorption sites are gradually utilized and the adsorption amount increases. No significant extreme values appear in Figure S5a, indicating that the adsorption capacity of PA on BPA has not yet reached a maximum value. However, the adsorption of BPA by QS is almost zero, indicating that QS does not have a significant adsorption effect on BPA. The stronger adsorption of PA on BPA is mainly due to the presence of amide bonds (-C(O)NH-) on the PA surface that can act as acceptors for hydrogen bonding, while BPA contains hydroxyl groups (-OH) that can act as donors for hydrogen bonding. Simultaneously, hydrogen bonding (2–40 kJ·mol−1) is much greater than hydrophobic interaction (5 kJ·mol−1), so PA has a strong adsorption capacity to BPA [27].



The kinetic adsorption results of BPA on PA are shown in Figure S5b. It can be seen that BPA is rapidly adsorbed on PA, and the adsorption equilibrium approaches at t = 720 min with a maximum adsorption amount of 13 mg·g−1. At the reaction time t = 300 min, the adsorption of BPA on PA has exceeded 90% of the total adsorbed amount. The quasi-first-order and quasi-second-order kinetic equations are used to simulate the adsorption process, and the fitted results with fitted parameters are shown in Figure S5b and Table S2. The correlation coefficient R2 obtained by the quasi-first-order kinetic model (0.82) is much larger than that of the quasi-second-order kinetic model (0.29), which suggests that the adsorption of BPA on PA is more suitable to be described by the quasi-first-order kinetic model.




3.3. BPA Transport under Different Conditions


3.3.1. Initial Concentration


The BTCs of BPA with different initial concentrations are shown in Figure 2a. It can be seen that the initial concentration of BPA has no obvious influence on the mass recovery rate (43.7–49.9%). This is consistent with the results of isothermal adsorption experiments, where the adsorption amount p0 is almost linearly related to the BPA concentration C0. Therefore, the mass recovery rate of BPA does not change when the BPA concentration is changed. In addition, the trailing phenomenon of BTCs under conditions of high BPA concentration can be observed, because the adsorption sites on the PA surface are occupied more rapidly by BPA under higher BPA concentrations [21,28]. As a result, a BPA solution with a high concentration will flow out more quickly and reduce the degree of subsequent trailing.



The transport model based on single-point kinetics has a good effect on the simulation of BPA transport under different initial concentrations (R2 > 0.92). When the BPA concentration increases from 15 mg·L−1 to 75 mg·L−1, the value of the BPA adsorption coefficient (k) increases from 1.28 × 10−3 min−1 to 4.35 × 10−3 min−1, the maximum deposition concentration Smax is increased from 0.693 mg·g−1 to 6.63 mg·g−1, while the mass recovery rate of BPA decreases from 90.2% to 72.3%, and the peak of C/C0 apparently did not change (Figure 3, Figure 4, Figure 5 and Figure 6, Table 1). When the BPA concentration exceeds 75 mg·L−1, the values of k and Smax do not change significantly with BPA concentration, which is consistent with the experimental results (Table 1), indicating that the adsorption sites on the PA surface are occupied by BPA under the conditions of high BPA concentration. The mobility of BPA remains at a constant level and no longer changes significantly when BPA concentration > 75 mg·L−1.




3.3.2. Flow Velocity


The BTCs of BPA under different flow velocities (0.102 cm·min−1, 0.163 cm·min−1, 0.204 cm·min−1, 0.244 cm·min−1, 0.306 cm·min−1) are shown in Figure 2b. It can be seen that the flow velocity has a significant effect on the BPA transport. When the flow rate is 0.102 cm·min−1, the mass recovery rate of BPA is low, only 36%. Experimental results suggest that the mass recovery rate of BPA gradually increases with flow velocity, and high flow velocity can significantly increase the mass recovery rate of BPA. This is due to the fact that BPA has more contact time with PA particles in the porous media under low flow velocity, and the adsorption of BPA on the PA surface is more adequate and complete. In addition, the high flow velocity can increase the shear force of the water flow, leading to some BPA that has attached to the surface of the media to return to the liquid phase, thus increasing the mass recovery rate of BPA [29,30,31].



Results obtained by the transport model based on the single-point kinetic agree well with experimental observations (R2 > 0.91). When the flow rate increases from 0.102 cm·min−1 to 0.306 cm·min−1, the value of k obtained from the model inversion decreases from 3.27 × 10−3 min−1 to 2.75 × 10−5 min−1, and Smax decreases from 3.90 mg·g−1 to 2.79 mg·g−1, indicating that the adsorption of BPA is enhanced under conditions of low flow velocity, which is consistent with the experimental results. Regression analysis shows that the values of k, Smax, the mass recovery rate of BPA, and the peak value of C/C0 are correlated with the flow velocity (Figure 3 and Figure 4, Table 2). Both k and Smax decrease with flow velocity, while the mass recovery rate of BPA and peak value of C/C0 increase with flow velocity (Figure 3, Figure 4, Figure 5 and Figure 6).




3.3.3. Mass Fraction of PA


When the mass fraction of PA in the column increases from 0% to 0.3%, the corresponding BTCs of BPA are shown in Figure 2c. As can be seen from Figure 5c and Figure 6c, both the peak value of C/C0 and the mass recovery rate of BPA decrease significantly with the mass fraction of PA contained in porous media. When the mass fraction of PA is 0%, the mass recovery rate of BPA is up to 90%. When the mass fraction of PA increases to 0.3%, the mass recovery rate of BPA decreases to 21%. In addition, the trailing phenomenon of BTCs is more obvious under the condition of a high mass fraction of PA [32,33,34]. After the injection of 8 PVs of background solution, the BPA concentration in the effluent of the group containing 0.3% PA is ten times higher than that of the group without PA. The above experimental results show that PA has a significant influence on the adsorption and retention of BPA in saturated porous media. Therefore, the higher the mass fraction of PA, the stronger the adsorption and retention of BPA in porous media.



Based on the experimental results, the ADE with a single-point kinetic deposition model is applied to simulate the transport of BPA in porous media. The model results are in good agreement with the experimental results (Table 1). Using regression analysis, the fitted mathematical relationships of k, Smax, the mass recovery rate of BPA, and the peak value of C/C0 are obtained (Table 2). Higher values of k and Smax indicate weaker mobility of BPA in porous media. The results of transport suggest that both k and Smax increase with the mass fraction of PA, while the peak values of C/C0 and the mass recovery rate of BPA decrease with the mass fraction of PA.




3.3.4. pH


The BTCs of BPA under different pH conditions are shown in Figure 2d. When the background solution gradually increases from weakly acidic to neutral and weakly basic, the mass recovery rate of BPA is unchanged and maintained at about 40%. When the pH of the background solution is 3, the mass recovery rate of BPA slightly increases to 49%. This may be due to the fact that the large amount of hydrogen ions contained in the background solution under low pH conditions preempts the adsorption sites on the surface of PA particles, resulting in some BPA not being adsorbed. When the pH of the background solution increases to 11, the mass recovery rate of BPA increases dramatically to 94%. BPA exists in three different forms under different pH conditions, where 2 pKa are present in Figure S2. When the pH is low, the BPA in the solution is mainly composed of BPA with a molecular state. The amount of ionic BPA in the solution gradually increases with pH. When the pH of the background solution is further increased, the two hydroxyl groups on the BPA molecule are hydrolyzed to release hydrogen ions. When pH > 10.2, the chemical form of BPA is dominated by Bis(OH)O- and BisO22−, and the amide bond on the PA surface is unable to form hydrogen bonds with the hydroxyl groups on the BPA surface, resulting in the inability of BPA to adsorb on the PA surface [27,28,35,36].



The transport model based on the single-point kinetic is effective in simulating the transport process of BPA with a good fit (R2 > 0.97). When the pH increases from 3 to 11, the value of k decreases from 3.25 × 10−3 min−1 to 2.47 × 10−3 min−1, Smax increases from 4.16 mg·g−1 to 2.65 mg·g−1, the peak value of C/C0 increases from 0.496 to 0.944, and the mass recovery rate of BPA increases from 79.2% to 94.4%. These results indicate that the mobility of BPA is positively correlated with pH.




3.3.5. Ionic Types and Strengths


The BTCs of BPA under different ionic types and strengths are shown in Figure 2e,f. As can be seen from Figure 2f, the effect of Ca2+ on the transport of BPA in saturated porous media is significantly greater than that of Na+ on the transport of BPA under the same ionic strength condition (0.3 mmol·L−1). In addition, the mass recovery rate of BPA decreases from 49% to 36% when the Ca2+ concentration in the background solution is increased from 0 mmol·L−1 to 0.1 mmol·L−1. The above results indicate that Ca2+ can significantly inhibit the transport of BPA in the saturated porous media containing PA. When the ionic strength of Na+ and Ca2+ in the background solution is increased from 0.1 mmol·L−1 to 0.4 mmol·L−1, the mass recovery rate of BPA is 42–50% and 31–38%, respectively, indicating that the effect of ion type on BPA transport is more significant than the effect of ionic strength on it. This is due to the fact that BPA is mainly present in solution in an uncharged or partially charged form, so changing the ionic strength has a limited effect on its transport in saturated porous media [37].



The results of the BPA transport model show that when ionic strength (Na+) is increased, k increases from 1.44 × 10−3 min−1 to 3.54 × 10−3 min−1, Smax increases from 1.48 mg·g−1 to 5.77 mg·g−1, the mass recovery rate of BPA decreases from 86.8% to 79.3% and the peak value of C/C0 decreases from 0.465 to 0.425 (Figure 3e, Figure 4e, Figure 5e and Figure 6e). Meanwhile, the BPA transport model obtains R2 greater than 0.96 (Table 1), indicating that the transport model based on the single-point kinetic can accurately simulate and predict the transport of BPA in the column. The fitted relationships between BPA transport parameters and ionic strength are presented in Table 2. Furthermore, when the electrolyte in the background solution is changed to a divalent cation (Ca2+), the decrease in the mass recovery rate of BPA is greater as ionic strength increases, indicating that the divalent cation inhibits the mobility of BPA in the porous media with greater intensity. These results suggest that the mobility of BPA is weak under the conditions of the existence of divalent cation and high ionic strength.






4. Conclusions


In this study, the adsorption of BPA on PA and the combined effect of PA microplastic and hydrochemical factors on the transport of BPA in saturated porous media are investigated by a combination of batch experiments, column experiments, and numerical models. The results obtained by batch experiments indicate that the adsorption capacity of PA on BPA is much larger than that of QS. The isothermal adsorption results of BPA on PA and QS can be simulated by Langmuir and Freundlich models with a high value of R2, while the simulation result of the quasi-first-order kinetic adsorption model is better than that of the quasi-second-order kinetic adsorption model for kinetic adsorption experiments.



Column experimental and model results suggest that the mobility of BPA is inhibited significantly as the mass fraction of PA increases. When the pH < 10.2, the mobility of BPA does not change significantly with pH. However, when pH exceeds 10.2, the mobility of BPA is strengthened by the conditions of high pH. This phenomenon is due to the hydrolysis of BPA and the ionization of hydrogen ions from the two hydroxyl groups on the BPA molecule, which in turn prevents the BPA from forming hydrogen bonds with the PA and thus from being adsorbed onto the PA. Due to the decrease in contact time between BPA and PA under the condition of high BPA concentration, the mass recovery rate of BPA increases dramatically with the initial concentration of BPA. Moreover, ionic types and strengths also have an apparent influence on the mobility of BPA. Compared with the monovalent ion (Na+), the divalent ion (Ca2+) can significantly inhibit the mobility of BPA in porous media containing PA. These findings can provide basic reference and guidance for the prediction of endocrine disruptor migration behavior in soil-groundwater systems, the accurate assessment of the environmental risks of endocrine disruptors, and the application of the numerical model in the field of the remediation of endocrine-disrupting chemicals.
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Figure 1. SEM Images of QS and PA: (a) SEM of QS before adsorption; (b) SEM of QS after adsorption; (c) SEM of PA before adsorption; (d) SEM of PA after adsorption. 
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Figure 2. BTCs of BPA under different conditions: (a) initial concentration of BPA; (b) flow velocity; (c) the mass fraction of PA contained in porous media; (d) pH; (e) ionic strength (Na+); (f) ionic strength (Ca2+). 
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Figure 3. The variation in BPA desorption coefficient (k) with different environmental factors: (a) initial concentration of BPA; (b) flow velocity; (c) the mass fraction of PA contained in porous media; (d) pH; (e) ionic strength (Na+); (f) ionic strength (Ca2+). 
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Figure 4. The variation in the maximum solid-phase concentration of deposited BPA (Smax) with different environmental factors: (a) initial concentration of BPA; (b) flow velocity; (c) the mass fraction of PA contained in porous media; (d) pH; (e) ionic strength (Na+); (f) ionic strength (Ca2+). 
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Figure 5. The variation in BPA recovery rate with different environmental factors: (a) initial concentration of BPA; (b) flow velocity; (c) the mass fraction of PA contained in porous media; (d) pH; (e) ionic strength (Na+); (f) ionic strength (Ca2+). 
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Figure 6. The variation in the peak value of C/C0 (PC/C0) with different environmental factors: (a) initial concentration of BPA; (b) flow velocity; (c) the mass fraction of PA contained in porous media; (d) pH; (e) ionic strength (Na+); (f) ionic strength (Ca2+). 
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Table 1. Summary of experimental conditions and model results.
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No.

	
CBPA 1

(mg·L−1)

	
ν 2

(cm·min−1)

	
PPA 3

(%)

	
pH

	
IS 4 (mM)

	
PC/C0 5

	
RC 6

(%)

	
Model Results




	
Na+

	
Ca2+

	
k7

(min−1)

	
Smax 8 (mg·g−1)

	
R2






	
1

	
15

	
0.204

	
0.1

	
7

	
\

	
\

	
0.437

	
90.2

	
1.28 × 10−3

	
0.693

	
0.942




	
2

	
30

	
0.204

	
0.1

	
7

	
\

	
\

	
0.465

	
86.8

	
1.44 × 10−3

	
1.48

	
0.928




	
3

	
45

	
0.204

	
0.1

	
7

	
\

	
\

	
0.474

	
83.0

	
1.65 × 10−3

	
2.36

	
0.923




	
4

	
60

	
0.204

	
0.1

	
7

	
\

	
\

	
0.462

	
76.1

	
2.35 × 10−3

	
3.81

	
0.958




	
5

	
75

	
0.204

	
0.1

	
7

	
\

	
\

	
0.499

	
72.3

	
4.35 × 10−3

	
6.63

	
0.977




	
6

	
90

	
0.204

	
0.1

	
7

	
\

	
\

	
0.454

	
66.3

	
4.34 × 10−3

	
7.01

	
0.976




	
7

	
30

	
0.102

	
0.1

	
7

	
\

	
\

	
0.366

	
71.7

	
3.27 × 10−3

	
3.90

	
0.913




	
8

	
30

	
0.163

	
0.1

	
7

	
\

	
\

	
0.468

	
70.5

	
3.15 × 10−3

	
3.00

	
0.958




	
9

	
30

	
0.244

	
0.1

	
7

	
\

	
\

	
0.543

	
79.7

	
8.21 × 10−5

	
2.88

	
0.981




	
10

	
30

	
0.306

	
0.1

	
7

	
\

	
\

	
0.593

	
79.5

	
2.75 × 10−5

	
2.79

	
0.987




	
11

	
30

	
0.204

	
0.0

	
7

	
\

	
\

	
0.905

	
96.7

	
1.02 × 10−3

	
1.51

	
0.997




	
12

	
30

	
0.204

	
0.05

	
7

	
\

	
\

	
0.730

	
94.3

	
1.03 × 10−3

	
2.01

	
0.947




	
13

	
30

	
0.204

	
0.15

	
7

	
\

	
\

	
0.430

	
79.1

	
1.21 × 10−3

	
3.04

	
0.953




	
14

	
30

	
0.204

	
0.2

	
7

	
\

	
\

	
0.344

	
69.0

	
1.48 × 10−3

	
3.09

	
0.904




	
15

	
30

	
0.204

	
0.25

	
7

	
\

	
\

	
0.262

	
67.7

	
1.95 × 10−3

	
3.16

	
0.859




	
16

	
30

	
0.204

	
0.3

	
7

	
\

	
\

	
0.217

	
62.7

	
2.13 × 10−3

	
4.11

	
0.779




	
17

	
30

	
0.204

	
0.1

	
3

	
\

	
\

	
0.496

	
79.2

	
3.25 × 10−3

	
4.16

	
0.974




	
18

	
30

	
0.204

	
0.1

	
5

	
\

	
\

	
0.409

	
68.7

	
2.84 × 10−3

	
4.11

	
0.983




	
19

	
30

	
0.204

	
0.1

	
9

	
\

	
\

	
0.393

	
70.9

	
2.56 × 10−3

	
3.91

	
0.979




	
20

	
30

	
0.204

	
0.1

	
11

	
\

	
\

	
0.944

	
98.4

	
2.47 × 10−3

	
2.65

	
0.991




	
21

	
30

	
0.204

	
0.1

	
7

	
100

	
\

	
0.493

	
85.1

	
3.10 × 10−3

	
4.39

	
0.985




	
22

	
30

	
0.204

	
0.1

	
7

	
200

	
\

	
0.502

	
79.4

	
3.18 × 10−3

	
4.76

	
0.977




	
23

	
30

	
0.204

	
0.1

	
7

	
300

	
\

	
0.462

	
81.3

	
3.40 × 10−3

	
5.34

	
0.964




	
24

	
30

	
0.204

	
0.1

	
7

	
400

	
\

	
0.425

	
79.3

	
3.54 × 10−3

	
5.77

	
0.974




	
25

	
30

	
0.204

	
0.1

	
7

	
\

	
100

	
0.362

	
67.0

	
2.50 × 10−3

	
3.85

	
0.965




	
26

	
30

	
0.204

	
0.1

	
7

	
\

	
200

	
0.390

	
60.4

	
3.08 × 10−3

	
4.31

	
0.986




	
27

	
30

	
0.204

	
0.1

	
7

	
\

	
300

	
0.349

	
62.8

	
3.21 × 10−3

	
4.73

	
0.960




	
28

	
30

	
0.204

	
0.1

	
7

	
\

	
400

	
0.396

	
62.7

	
3.32 × 10−3

	
5.04

	
0.982








1 CBPA is initial concentrations of BPA; 2 ν is flow velocity; 3 PPA is the mass fraction of PA contained in porous media; 4 IS is ionic strength; 5 PC/C0 is the peak value of C/C0; 6 Rc is the mass recovery rate of BPA; 7 k is desorption coefficient of BPA; 8 Smax is the maximum solid phase concentration of deposited BPA.
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Table 2. The fitted equations of BPA transport parameters, peak value of C/C0, and mass recovery rate of BPA.
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	Parameter
	k1 (min−1)
	Smax 2 (mg·g−1)
	PC/C0 3
	RC 4 (%)





	CBPA 5 (mg·L−1)
	  k = 4.71 ×   10   − 5    C  B P A   + 9.46 ×   10   − 5    

(R2 = 0.863)
	   S  m a x   = 9.24 ×   10   − 2    C  B P A   − 1.18  

(R2 = 0.951)
	   P  C / C 0   = 3.91 ×   10   − 4    C  B P A   + 4.43 ×   10   − 1    

(R2 = 0.368)
	   R C  = − 3.19 ×   10   − 1    C  B P A   + 95.8  

(R2 = 0.989)



	ν 6 (cm·min−1)
	  k = − 1.88 ×   10   − 2   ν + 5.39 ×   10   − 3    

(R2 = 0.848)
	   S  m a x   = − 4.90 ν + 4.10  

(R2 = 0.704)
	   P  C / C 0   = 1.09 ν + 2.76 ×   10   − 1    

(R2 = 0.953)
	   R C  = 4.88 ×   10  1  ν + 6.55 ×   10  1   

(R2 = 0.784)



	PPA7 (%)
	  k = 3.97 ×   10   − 3    P  P A   + 8.18 ×   10   − 4    

(R2 = 0.881)
	   S  m a x   = 7.76  P  P A   + 1.59  

(R2 = 0.941)
	   P  C / C 0   = − 2.30  P  P A   + 8.37 ×   10   − 1    

(R2 = 0.956)
	   R C  = − 1.20 ×   10  2   P  P A   + 96.9  

(R2 = 0.963)



	pH
	  k = − 9.16 ×   10   − 5   p H + 3.41 ×   10   − 3    

(R2 = 0.904)
	   S  m a x   = − 1.61 ×   10   − 1   p H + 4.88  

(R2 = 0.659)
	   P  C / C 0   = 4.40 ×   10   − 2   p H + 2.23 ×   10   − 1    

(R2 = 0.354)
	   R C  = 2.03 p H + 63.0  

(R2 = 0.378)



	ISNaCl 8 (mM)
	  k = 4.49 ×   10   − 6   I  S  N a C l   + 2.03 ×   10   − 3    

(R2 = 0.775)
	   S  m a x   = 4.45 ×   10   − 3   I  S  N a C l   + 3.96  

(R2 = 0.993)
	   P  C / C 0   = − 9.02 ×   10   − 5   I  S  N a C l   + 4.85 ×   10   − 1    

(R2 = 0.313)
	   R C  = − 1.88 ×   10   − 2   I  S  N a C l   + 90.1  

(R2 = 0.276)



	ISCaCl2 9 (mM)
	  k = 4.48 ×   10   − 6   I  S  C a C l 2   + 1.82 ×   10   − 3    

(R2 = 0.851)
	   S  m a x   = 4.82 ×   10   − 3   I  S  C a C l 2   + 3.24  

(R2 = 0.968)
	   P  C / C 0   = − 2.08 ×   10   − 4   I  S  C a C l 2   + 4.40 ×   10   − 1    

(R2 = 0.336)
	   R C  = − 2.57 ×   10   − 2   I  S  C a C l 2   + 74.5  

(R2 = 0.295)







1k is desorption coefficient of BPA; 2 Smax is the maximum solid phase concentration of deposited BPA; 3 PC/C0 is the peak value of C/C0; 4 Rc is the mass recovery rate of BPA; 5 CBPA is initial concentrations of BPA; 6 ν is flow velocity; 7 PPA is the mass fraction of PA contained in porous media; 8 ISNaCl is the ionic strength of Na+; 9 ISCaCl2 is the ionic strength of Ca2+.
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