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Pharmaceuticals and personal care products (PPCPs) have drawn increasing concern of environmental health as they are continuously released into the environment. This study examined the effects of birnessite (δ-MnO2) on the transport and retention of five PPCPs in porous media under steady saturated flow conditions. Considering that natural birnessite occurs as discrete particles and small nodules, birnessite-coated sand was used to mimic the natural regime of birnessite in the environment. Batch isotherm experiments were conducted using uncoated and birnessite-coated sand; results showed that the difference in the affinity of the five PPCPs was correlated to their polarity characteristics. Column experiments were conducted by mixing 0, 10, and 20% birnessite-coated sands with the uncoated sands. These three percentages are equivalent to three contents of manganese (Mn) in the experimental columns (0, 55, and 109 μg Mn g−1 sand). Results suggested that polar compounds (such as bisphenol-A, tetracycline, and ciprofloxacin) had a higher affinity to birnessite-coated sands than the weak polar compounds (such as ibuprofen and carbamazepine) because the polarity was favorable to electrostatic attraction and oxidative reaction. Overall, birnessite decreased the mobility of polar PPCPs but exerted no significant effect on the mobility of weak polar PPCPs under continuous flow conditions. The polarity-based correlation extended traditional electrostatic theory while well interpreting the complicated effects of birnessite on the adsorption and transport of PPCPs, especially neutral or non-dissociated compounds like carbamazepine.
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INTRODUCTION
Global economic and population growth drives high production and usage volumes of pharmaceuticals and personal care products (PPCPs). PPCPs have been significantly detected in wastewater, surface water, and drinking water in recent decades (Liu and Wong 2013; Kai et al., 2014; Palmiotto et al., 2018; Radwan et al., 2020). However, traditional water and wastewater treatment plants are mainly operated to remove the classical contaminants (solid, nutrients, and organic matters), not focusing on removing PPCPs (Ben et al., 2018; Oberoi et al., 2019). Fick et al. (2009) reported that ciprofloxacin concentrations were as high as 6.5 mg L−1 in the effluent of a wastewater treatment plant. Ebele et al. (2017) showed that the concentrations of pharmaceuticals, such as ciprofloxacin, could be up to 31 mg L−1 in the effluent. Karpov et al. (2021) pointed out that organic contaminants can accumulate on mineral surfaces at high concentrations. Reclaimed water irrigation and sludge land application have led to a significant residue of PPCPs in soils (Qin et al., 2015; Ebele et al., 2017; Papaioannou et al., 2020; Picó et al., 2020). Most PPCPs are enriched in the surface soil (0–20 cm) and can persist for a long time (Chen et al., 2013; Liu et al., 2020). Some PPCPs can pass through soil layers and transport into groundwater (Qin et al., 2015; Lee et al., 2019). Xu et al. (2009) found that triclosan, ibuprofen, and carbamazepine have the potential to move into deep soil profile and groundwater. Duran-Alvarez et al. (2012) reported that bisphenol-A is mainly retained at 0–10 cm depth of soils, while ibuprofen can reach a soil depth of 30–40 cm. Ma et al. (2018) detected PPCPs at a depth of 16 m with a concentration as high as 12.5 μg kg−1. Lyu et al. (2019) used the Hydrus-1D model to simulate the leaching potential of PPCPs after long-term irrigation with reclaimed water and reported that many PPCPs occurred in the shallow groundwater after a decade of the irrigation. Turner et al. (2019) found that PPCPs with high mobility such as carbamazepine, ibuprofen, caffeine, and DEET could be detected in groundwater in concentrations up to 2.35 μg L−1. Therefore, understanding transport behaviors of different PPCPs in soils is particularly important for the accurate assessment of groundwater risk.
The transport behavior of PPCPs in irrigated soils is determined by many factors, including soil organic matter, soil texture, mineral types, metal oxides, and soil pH (Zhang et al., 2008a; Xing et al., 2016; Qin et al., 2017; Xing et al., 2020). Xing et al. (2016) indicated that soil colloids can facilitate the transport of PPCPs in soil. Qin et al. (2017) demonstrated that soil organic matter can affect the retention and transport of PPCPs in soil. In recent years, metal oxides (especially aluminum oxides, iron oxides, and manganese dioxide), which are ubiquitous in the soil and have high surface reactivity, have attracted increasing attention for mediating the liquid-solid processes (e.g., adsorption, hydrolysis, and oxidation) of PPCPs via multiple mechanisms (Zhang et al., 2008b; Han et al., 2017). The influences of aluminum oxides and iron oxides on the adsorption of organic pollutants in soils have been well addressed (Leal et al., 2013; Han et al., 2017). However, few studies have been conducted to address the effect of manganese oxides on the transport of PPCPs. Li et al. (2017) reported that the content of manganese oxides in moist soil was 5.5 mmol kg−1. Many types of manganese dioxide, for example, hollandite (α-MnO2), pyrolusite (β-MnO2), ramsdellite (γ-MnO2), and birnessite (δ-MnO2), exist in soils. As one of the major manganese oxides in soils, birnessite has small particle sizes and internal structure, leading to high surface reactivity owing to cation vacancies in its manganese octahedral layer, and protonation/deprotonation of singly and doubly coordinated surface hydroxyl groups (Essington and Vergeer, 2015). Birnessite has a zero point of charge (pHpzc) in 0.97–1.6 (Tan et al., 2008), making its surface negatively charged in a wide range of soil pH (Essington and Vergeer, 2015). The adsorption of PPCPs on the birnessite surface is pH-dependent and stronger at lower pH due to change in the speciation of both PPCPs and birnessite (Zhang and Huang, 2003; Zhang et al., 2008a). Thus far, studies have been mostly focused on the effects of pure birnessite materials on the adsorption and oxidative transformation of PPCPs. Most recently, Karpov et al. (2018) and Karpov et al. (2021) found the transformation products of organic compounds by birnessite-containing minerals. The effect of birnessite on the transport of PPCPs remains unclear. The objective of this study was to investigate the transport behaviors of PPCPs in birnessite-containing porous media. Five PPCPs, including ibuprofen, carbamazepine, bisphenol-A, tetracycline, and ciprofloxacin, were compared to address the birnessite-PPCPs interactions under continuous saturated flow conditions. The results of this study are expected to provide mechanistic insights into the fate and transport of PPCPs in manganese-rich soils, such as fine earth of steppe and forest-steppe soils (Vodyanitskii et al., 2004).
MATERIALS AND METHODS
Chemicals
Five PPCPs were selected based on their extensive application, high residual concentrations in sewage and sludge, and large differences in physical and chemical properties (such as biodegradation rate, water solubility, octanol-water partition coefficient, and pKa). They are environmental estrogens bisphenol-A, anticonvulsant carbamazepine, antibiotic tetracycline, antibacterial ciprofloxacin, and antiphlogistic ibuprofen (Table 1). The PPCPs were purchased from Tokyo Chemical Industry (Tokyo, Japan), with ≥98% purity, with physico-chemical properties presented in Table 1. A mixed stock solution (500 mg L−1) was prepared in pure methanol except for tetracycline (200 mg L−1), which was prepared in ultrapure water produced by ultrapure water filters (Synergy® Water Purification Systems, Merck KGaA, Darmstadt, Germany). Reagents and all other chemicals (NaCl, NaBr, NaH2PO4, Na2HPO4, KMnO4, and HCl) used in the experiments were of analytical grade and purchased from Kermel Industry (Tianjin, China).
TABLE 1 | Physico-chemical properties of the target PPCPs in this study.
[image: Table 1]Porous Media
The porous media used in this study were quartz sand and birnessite-coated quartz sand. The grain size of the sand (ultrapure with 99.8% SiO2, Sinopharm Chemical Reagent Co., Ltd., Shanghai, China) ranged from 0.5 to 1.0 mm. Before use, the sand was cleaned with a 1 M HNO3 solution at 20°C for at least 12 h to remove impurities and reduce surface heterogeneity (Xing et al., 2016). The sand was then rinsed with deionized water to reach neutral pH and dried overnight at 105°C. The birnessite was synthesized following the procedure of Mckenzie. (1971) by reacting potassium permanganate (KMnO4) with hydrochloric acid (HCl). Briefly, 200 g of sand was added to 200 ml of 0.4 mol L−1 KMnO4 (dissolved in ultrapure water at 65°C), and the mixed suspension was heated to 100°C. The solution was boiled for 1 h after dropwise addition of HCl (0.1 M 50 ml) and reduced to 70°C until evaporation of all of the solution. During this process, the sand was continually stirred using a glass rod. The birnessite was then rinsed with ultrapure water to remove red residues suspended in the solution. Finally, the sand was freeze-dried (Alpha 1-4 LSCplus, Marin Christ, Osterode, Germany) and stored at room temperature (20 ± 1°C) until use. X-ray diffraction analysis (Rigaku D/max 2400, Rigaku Corporation, Tokyo, Japan) equipped with a copper target (CuKα1 radiation, λ = 1.5418) indicated that birnessite had poor crystalline structure, as only quartz diffraction peaks were detected (Supplementary Figure S1). The manganese content of birnessite was measured to be 545 μg g−1 using UV-spectrophotometry (UH5300 UV/VIS spectrophotometry, Hitachi, Tokyo, Japan) after citric acid dissolution. The specific surface area of the sand and birnessite-coated sand were 16.8 m2 g−1 and 31.1 m2 g−1, respectively, as determined using the Brunauer–Emmet–Teller (BET) (ASAP 2460, Micrometritics Instrument Corp., United States) nitrogen adsorption method. The zeta potentials of sand and birnessite in the background solution (2 mM NaCl buffered with NaH2PO4 and Na2HPO4, pH 5.8 ± 0.2) were -36.37 ± 2.88 mV and -17.77 ± 2.72 mV, respectively, as measured using a zeta potential analyzer (NanoBrook 90 Plus Zeta, Brookhaven, New York, United States).
Adsorption Isotherm Experiment
Adsorption isotherm experiments were carried out to identify the affinity of PPCPs to the uncoated and birnessite-coated sands in the same background solution as used for the zeta potential measurements. Specifically, the uncoated sands (25 mg) or the birnessite-coated sands (25 mg) were added to the 30 ml glass centrifuge tube that contained 10 ml of mixed PPCPs solution. The mixed PPCPs were prepared by spiking each PPCP into the centrifuge tube at five different concentrations (0, 0.5, 1.0, 1.5, and 2.0 mg L−1 each PPCP). Triplicate tubes were shaken horizontally in the dark at 200 rpm at room temperature (25 ± 1°C for 24 h to reach equilibrium (Bei, 2014; Xing et al., 2016). Then, the suspensions were centrifuged (UNIVERSAL 320 centrifuge, Hettich, Tuttlingen, Germany) at 4480 × g for 15 min before 0.8 ml of the supernatant was decanted to a HPLC vial and stored in a −10°C refrigerator for analysis.
Transport Experiment
Three column experiments were carried out to investigate the influence of different percentages of birnessite-coated sand on the transport of the five PPCPs under steady saturated flow conditions. The experimental system consisted of stainless-steel columns (16 cm in height and 1 cm in inner diameter), peristaltic pumps, and fraction collectors. The columns were tightly dry-packed with the sand, which contained 0, 10, or 20% of birnessite-coated sand in the uncoated sand. These percentages were equivalent to manganese contents of 0, 55, or 109 μg Mn g−1, respectively. The bulk density of the three columns was 1.52, 1.81, and 1.73 g cm−3, respectively. A thin nylon mesh with a pore size of 30 μm was placed at each end of the column to prevent leakage of sand grains. Control column experiments without the sand indicated that there were no losses of the PPCPs due to hydrolysis, volatilization, adsorption, and degradation in the experimental system. After the packing, CO2 gas was pumped through the column for ∼1 h to displace entrapped air from the sand packing. The columns were then saturated by introducing ∼20 pore volumes of the background solution at a constant flow rate of 0.2 ml min−1 (equivalent to a Darcy velocity of 15 cm h−1) upward into the column (Tian et al., 2019). Then, ∼9,000 pore volumes of the PPCPs solution, which contained 1 mg L−1 of each PPCP and 0.4 mM NaBr, were continuously introduced into the columns containing 0, 10, and 20% birnessite-coated sand at pore velocity of 29.41, 39.18, and 35.92 cm h−1, respectively. The Br-was used as a conservative tracer to quantify solute dispersity and hydrodynamic conditions. After injection of the PPCPs solution, the columns were then eluted with the background solution to examine the desorption of PPCPs. Finally, the column was flushed with ∼2,000 pore volumes of a low surface tension solution (38.5 mN m−1 created by adding 20% v/v ethanol to the background solution). The purpose of the flushing was to determine the amounts of PPCPs adsorbed via hydrophobic interactions (Qin et al., 2017; Xing et al., 2020). All the solutions used in this study were degassed prior to use. Effluent samples (5 ± 0.2 ml each) were continuously collected into glass tubes every 20 min during the entire experiments with a fraction collector (Fraction Collector CF-2, Spectrum, United States).
Data Modeling
The Freundlich model was used to describe the adsorption equilibrium isotherms of the five PPCPs on uncoated and birnessite-coated sands (Freundlich, 1906):
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where qe (mg kg−1) is the amount of PPCPs absorbed at equilibrium and pe (mg L−1) is the concentration of PPCPs in the solution at equilibrium. KF (L1/n mg1-1/n kg−1) and n (dimensionless) are the fitted constants (Sposito, 1980). A value of n close to zero implies the heterogeneity of surface sites (Essington, 2015). KF (L1/n kg−1 mg1-1/n) is related to the adsorption affinity of PPCPs to uncoated or birnessite-coated sand. However, the KF values are generally not comparable among uncoated or birnessite-coated sand because their n values are different. In this study, KF is numerically equal to the amount of adsorbed PPCPs at equilibrium when pe is unity (1 mg L−1).
A Hydrus-1D software was used to simulate the transport behaviors of Br− (conservative tracer) and PPCPs in the saturated sand columns. Specifically, the transport and elution of Br−1 was described using the classical convection-dispersion model:
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where c (mg L−1) is the concentration of each of PPCPs, t (h) is time, v (cm h−1) is the pore water velocity, x (cm) is the column depth, and D (cm2 h−1) is the dispersion coefficient obtained through the fitting.
A one-dimensional convection-dispersion equation with two kinetic adsorption sites was used to simulate the transport of PPCPs through the sand columns:
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where ρb (g cm−3) is the bulk density of sand, θ (cm−3 cm−3) is the water content, S (mg kg−1) is the total adsorption, S1 (mg kg−1) is the adsorption on Type-1 sites (defined as instantaneous and reversible sites), and S2 (mg kg−1) is the adsorption on Type-2 sites (assumed as kinetic and irreversible sites). The two-site kinetic retention model has been successfully employed to simulate the transport of PPCPs in iron oxide-coated sands, limestone porous media, and soils (Xing et al., 2016; Zakari et al., 2016; Shi et al., 2018; Shi et al., 2019). The dispersion coefficients estimated from the Br− breakthrough curves were used to simulate the transport processes of the five PPCPs. Researchers described that the Type-1 site and Type-2 site are the surface locations of quartz sand and metal oxide impurity, respectively (Chen and Huang, 2011; Karpov et al., 2018; Xing et al., 2020). In this study, S1 and S2 refer to adsorption at silica sites and birnessite sites, respectively. katt1 (h−1) and kdet1 (h−1) are the first-order adsorption and desorption rates on Type-1 sites, respectively. katt2 (h−1) is the first-order adsorption rate on Type-2 sites. ψt (dimensionless) is the function to account for time-dependent retention. ψx (dimensionless) is depth-dependent retention, which is a constant parameter as 1 in this study. As shown in other studies (Wang et al., 2012a; Wang et al., 2012b; He et al., 2017), the two-site model fitted the data well. The equations of ψt and ψx were chosen as follows:
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where Smax1 is the parameter of Type-1 sites, dc is the median diameter of sand or birnessite-coated sand, and β is the empirical factor controlling the shape of the spatial distribution curves.
Analysis
The concentration of Br− in the effluent was measured using a Dionex ICS-900 series IC system with an IonPac AS11-HC4-mm anion-exchange column (Dionex. Sunnyvale, California, United States). The mobile phase consisted of sodium hydroxide and ultrapure water (30:70, v/v), with a flow rate of 1 ml min−1. The detection limit was 0.01 mg L−1. PPCPs samples were measured using HPLC (Agilent 1260 series, Agilent Technologies, California, United States) with a C18 column (150 × 4.6 mm, 5 μm particle size, Thermo Scientific, Florida, United States) and detected by UV detector at a wavelength of 227 nm. The injection volume of a sample was 20 μL. The calibration curve was established with eight diluted standards concentrations ranging from 0 to 2 mg L−1. The mobile phase consisted of ammonium dihydrogen phosphate-phosphoric acid buffer (0.12%, pH 3.6 ± 0.2) and methanol. The following multistep HPLC-gradients consisted of (A) ammonium dihydrogen phosphate-phosphoric acid buffer (0.12%, pH 3.6 ± 0.2) and (B) methanol: 0→5 min 95% A, 5→15 min 40% A, 15→16 min 20% A, 16→25 min 15% A, 25→30 min, 15% A, and 30→35 min 95% A. The flow rate was 0.3 ml min−1. Samples were quantified using external standards in the range of 0.1–2 mg L−1. The limit of detection (LOD) was ∼50 μg L−1, which was taken as a signal-to-noise ratio of 5:1. The limit of quantification (LOQ) was ∼100 μg L−1 and defined as a signal-to-noise ratio of 10:1. Therefore, the measured concentrations smaller than 0.1 mg L−1 might be inaccurate and were used only for reference.
RESULTS AND DISCUSSION
Adsorption of Pharmaceuticals and Personal Care Products on Birnessite-Coated Sand
A one-way ANOVA statistical analysis based on Duncan’s multiple range tests was carried out to compare treatment means between groups using SPSS 26.0. p < 0.05 was defined as the significance level. Adsorption isotherm experiments were conducted to quantify the adsorption and affinities of PPCPs on the uncoated and birnessite-coated sands (Figure 1). The control experiments showed no adsorption of PPCPs on the centrifugal tubes and column tubing and no release of PPCPs from the uncoated and birnessite-coated sand. The results showed that strong polar PPCPs have a relatively higher affinity to the birnessite-coated sand than to the uncoated sand. The affinity of tetracycline to the birnessite-coated sand (KF = 104.03 L1/n mg1-1/n kg−1) was significantly higher than that to the uncoated sand (KF = 81.64 L1/n mg1-1/n kg−1). Likewise, KF of ciprofloxacin increased by 63% (Table 2). The higher affinities of tetracycline and ciprofloxacin on birnessite-coated sand is possibly due to a higher specific surface area and more adsorption sites of porous media in the columns containing the birnessite-coated sand compared to the uncoated sand columns (Chen and Huang 2011, Balgooyen et al., 2017; Yoon et al., 2017). In this study, the measured zeta potential of sand and birnessite-coated sand were -36.37 ± 2.88 mV and -17.77 ± 2.72 mV, respectively, indicating that both birnessite-coated sand and sand were negatively charged. These two compounds are weakly acidic according to their pKa values (Table 1) and were positively charged in the experimental solution. Therefore, electrostatic attraction played a role in their strong adsorption (Jiang et al., 2015a; Xing et al., 2016). These results are consistent with those in the studies by Figueroa and MacKay (2005), Leal et al. (2013), and Xing et al. (2016), who demonstrated that specific adsorption mechanisms of tetracycline and ciprofloxacin include electrostatic attraction and surface complexation. In comparison, bisphenol-A was electrically neutral with higher log Kow (Table 1) than tetracycline and ciprofloxacin. The higher KF values of bisphenol-A calculated in the experiments might result from its oxidation reactions with birnessite in addition to van der Waals interaction (Zhang et al., 2008b; Lin et al., 2009; Chen and Huang 2011; Lin et al., 2013; Balgooyen et al., 2017). This polarity dependence of the adsorption of PPCPs on birnessite-coated sand provides a general framework for evaluating the affinities of various PPCPs at liquid-solid interfaces. This framework extends the electrostatic theory, which cannot explain the adsorption of neutral PPCPs (e.g., bisphenol-A and carbamazepine).
[image: Figure 1]FIGURE 1 | Adsorption isotherm of PPCPs on uncoated sand and birnessite-coated sand. The lines denote the results of Freundlich modeling. qe, the amount of PPCPs absorbed at equilibrium; pe, the concentration of PPCPs in the solution at equilibrium.
TABLE 2 | Freundlich adsorption isotherm model parameters for the PPCPs.
[image: Table 2]Table 2 shows that weak polar PPCPs (i.e., ibuprofen and carbamazepine) (KF = 7.09–9.67 L1/n mg1-1/n kg−1) had lower affinities than the polar compounds (i.e., bisphenol-A, tetracycline, and ciprofloxacin) (KF = 13.40–162.60 L1/n mg1-1/n kg−1) to both uncoated and birnessite-coated sands. Ibuprofen was negatively charged, and electrostatic repulsion dominated its interactions with uncoated and birnessite-coated sands. In comparison, carbamazepine was electrically neutral and non-dissociated under the experimental conditions (pH = 5.8 ± 0.2); the weak electrical attraction leads to low adsorption to both uncoated and birnessite-coated sands (Supplementary Table S1).
Transport of Strong Polar Pharmaceuticals and Personal Care Products
Bromide transport of all column experiments is plotted in Figure 2. The stability and consistency of its transport behaviors and complete mass recovery suggest that the flow conditions were well controlled and the effects of pore water velocity and sand bulk density on ionic dispersity were minimal during the flow-through experiments.
[image: Figure 2]FIGURE 2 | Breakthrough and elution of Br− from sand columns containing 0, 10, and 20% birnessite-coated sand.
Birnessite-coated sand significantly decreased the transport of strong polar PPCPs (e.g., bisphenol-A, tetracycline, and ciprofloxacin). Bisphenol-A broke through the 0% birnessite-coated sand column after three pore volumes, the 10% birnessite-coated sand column after seven pore volumes, and the 20% birnessite-coated sand column after 28 pore volumes. The effluent C/C0 of bisphenol-A plateaued at 1.00, 0.89, and 0.84 after injection of 100, 1,000, and 1,200 pore volumes of the input solution to the columns containing 0, 10, and 20% of birnessite-coated sand, respectively. Similarly, tetracycline breakthrough was delayed from 3 pore volumes to 6 pore volumes and to 11 pore volumes as the birnessite-coated sand percentage increased from 0 to 10 and 20%, respectively. The effluent C/C0 of tetracycline plateaued at 1.01, 0.89, and 0.86 after injection of 200, 420, and 1700 pore volumes of the input solution into the columns containing 0, 10, and 20% of birnessite-coated sand, respectively. Ciprofloxacin was detected in the effluent after 4, 33, and 43 pore volumes of input solution into the columns containing 0, 10, and 20% of birnessite-coated sand, respectively. The effluent C/C0 of ciprofloxacin plateaued at 0.96, 0.87, and 0.72 after 250, 730, and 1170 pore volumes when the birnessite-coated sand accounted for 0, 10, and 20%, respectively.
The fitted model parameters explained the above results well. The fitted katt1 values of bisphenol-A (7.21–112.4 h−1) were much larger than the katt2 values (0.02–0.96 h−1). This difference suggests that the fraction of instantaneous reversible adsorption dominated the adsorption process of bisphenol-A on the uncoated and birnessite-coated sands while the kinetic irreversible adsorption was negligible. Increases in the values of katt1 and katt2 with the proportion of birnessite-coated sand in the columns suggested that birnessite-coated sand provided more adsorption sites than the uncoated sand (Zhang et al., 2008a; Lin et al., 2009; Chen and Huang 2011; Balgooyen et al., 2017). The irreversible adsorption was verified by flushing of bisphenol-A (Mflu), which increased with the amount of birnessite-coated sand in the columns (Table 3; Figure 3). However, the irreversibility of adsorption did not lead to the high recovery of bisphenol-A. Our results showed that the total mass recovery (Mtot) decreased from 95 to 85% when the percentage of birnessite-coated sand increased from 0 to 20% in the columns. This mass loss was very likely caused by the oxidation of bisphenol-A on birnessite-coated sand. The previous study indicated that bisphenol-A was susceptible to oxidation on birnessite even at a low concentration (0.21 mg Mn g−1 sand), which was 2-fold lower than that in our study (Lin et al., 2013).
TABLE 3 | Fitted transport parameters and mass recovery of five PPCPs.
[image: Table 3][image: Figure 3]FIGURE 3 | Flushing of PPCPs with low surface tension solution (20% v/v ethanol added to the background solution) from 0, 10, and 20% birnessite-coated sand columns.
Similarly, the instantaneous reversible adsorption dominated the adsorption of tetracycline and ciprofloxacin, as indicated by the much higher katt1 values than katt2 values (Table 3). The katt1 and katt2 values were 4–10 times higher in the columns containing 20% of the birnessite-coated sand compared to the 0% birnessite-coated sand column. This birnessite effect is attributed to the electrostatic attraction of tetracycline and ciprofloxacin to birnessite, as demonstrated in the adsorption isotherm experiments (Jiang et al., 2015b; Xing et al., 2016). The effluent mass recovery (Meff) of tetracycline decreased from 94 to 88% when the birnessite-coated sand increased from 0 to 20% in the columns. However, no tetracycline was eluted (Mflu) from the birnessite-containing columns with the low surface tension solution. This result suggests that the adsorbed tetracycline might be oxidized by birnessite (Chen and Huang, 2011) or adsorbed irreversibly on birnessite. Karpov et al. (2018) found that birnessite behaves as a fast and efficient oxidizer with polar organic tetracycline. Ciprofloxacin showed a similar decrease in Meff as the proportion of birnessite-coated sand increased. Later, the adsorbed ciprofloxacin was eluted by the low surface tension solution from the birnessite-coated sand columns, with more detected in the effluent from the columns with a higher percentage of birnessite-coated sand. This trend suggests that chemical reactions were not involved in the adsorption of ciprofloxacin on the uncoated and birnessite-coated sands.
Transport of Weak Polar Pharmaceuticals and Personal Care Products
Results indicated that birnessite-coated sand did not significantly influence the transport of weak polar compounds (i.e., ibuprofen and carbamazepine). The max C/C0 values of ibuprofen and carbamazepine in the effluent reached equilibrium after ∼200 pore volumes (Figure 4), and the recovery rates were larger than 97% after ∼2,000 pore volumes of input solution. This high recovery rate is attributed to the low adsorption affinity of ibuprofen and carbamazepine to the uncoated and birnessite-coated sands, consistent with the results of adsorption isotherm experiments. This result suggests that ibuprofen and carbamazepine did not react with the quartz sand and birnessite under the saturated flow conditions. The katt1 of ibuprofen was 1 and 2 times higher in the columns containing 10 and 20% of birnessite-coated sand compared to the uncoated sand column (Table 3). Increases in the values of katt1 and katt2 for ibuprofen with the proportion of birnessite-coated sand in the columns suggested that birnessite-coated sand provided more adsorption sites than the uncoated sand, possibly due to a higher specific surface area and more adsorption sites of birnessite-coated sand than uncoated sand. However, the katt1 and katt2 were similar for carbamazepine in the columns containing 0, 10, and 20% of birnessite-coated sand, suggesting that carbamazepine has low affinities with both uncoated and birnessite-coated sand due to the weak electrical attraction.
[image: Figure 4]FIGURE 4 | Breakthrough and elution of PPCPs from sand columns containing 0, 10, and 20% birnessite-coated sand.
In addition, ibuprofen and carbamazepine were not detected at a significant level during the elution with the low surface tension solution (i.e., 20% v/v ethanol mixed with the background solution) (Figure 4). This result indicates that hydrophobic interaction was not involved in the interactions of ibuprofen and carbamazepine with the birnessite-coated sand (Zhuang et al., 2005; Zhuang et al., 2010). This result is supported by the study of He et al. (2012), who reported relatively low adsorption of carbamazepine on birnessite at a pH higher than 5.16. They attributed the adsorption to a result of van der Waals interactions, leading to the high leaching potential of carbamazepine in natural soils (Gielen et al., 2009; García-Santiago et al., 2017).
CONCLUSION
This study demonstrated that the adsorption affinity of PPCPs to birnessite-coated sand depended on their molecular polarity. Strong polar PPCPs (such as bisphenol-A, tetracycline, and ciprofloxacin) had strong adsorption and, thereby, low mobility in birnessite-containing porous media. The adsorbed strong polar PPCPs on birnessite-containing porous media were reversible and could be eluted by low surface tension solution. Weak polar PPCPs (such as ibuprofen and carbamazepine) exhibited weak adsorption, leading to high mobility and low retention in birnessite-containing porous media. These results extended our understanding of the varying effects of metal oxides on the fate and transport of PPCPs. The study provides important implications for predicting and controlling the environmental behaviors of PPCPs in a geochemically heterogeneous subsurface environment. Considering simplification of the porous media and flow conditions used in this study, future investigations should examine the effects of unsaturated flow and soil aggregate structure on the role of birnessite.
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