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With a layered structure, layered double hydroxide (LDH) has potential applications in remediation of anionic contaminants, which has been a hot topic for recent years. In this study, a Cl type Mg-Al hydrotalcite (Cl-LDH) was prepared by a co-precipitation method. The adsorption process of three pharmaceuticals and personal care products (PPCPs) [tetracycline (TC), diclofenac sodium (DF), chloramphenicol (CAP)] by Cl-LDH was investigated by X-ray diffraction (XRD), Zeta potential, dynamic light scattering (DLS), BET, Fourier transform infrared (FTIR) spectroscopy, and molecular dynamics simulation. The results showed that the adsorption equilibrium of TC and DF could be reached in 120 min, and the maximum adsorption capacity of the TC and DF were 1.85 and 0.95 mmol/g, respectively. The isothermal adsorption model of TC was fitted with the Freundlich adsorption model, and the isothermal adsorption model of DF was fitted with the Langmuir adsorption model. The adsorption dynamics of TC and DF followed the pseudo-second-order model. The adsorption mechanisms of the three PPCPs into Cl-LDH were different based on the experimental results and molecular dynamics simulation. The TC adsorption on Cl-LDH was accompanied by the electrostatic interactions between the negative charge of TC and the positive charge of Cl-LDH. The uptake of DF was attributed to anion exchange and electrostatic interaction. Cl-LDH does not adsorb CAP due to no electrostatic interaction. The molecular dynamic simulation further confirmed different configurations of three selected PPCPs, which were ultimately responsible for the uptake of PPCPs on Cl-LDH.
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INTRODUCTION

For the past decades, a wide range of pharmaceutical and personal care products (PPCPs) have been repeatedly observed in natural waters all over the world (Richardson et al., 2005; Nakada et al., 2007; Sui et al., 2015). Owing to their bioaccumulation and biological activity, possible impacts of PPCPs on the human health and ecological safety have received a lot of concerns (Suárez et al., 2008; Sun et al., 2016). Due to the high demands of PPCPs in curing diseases and sustaining economic development in agriculture and livestock farming, the global production of PPCPs was over 1 × 106 tons in 1993, and the production keep increasing. Among PPCPs, Tetracycline (TC) was reported as the most widely used in animal feed. However, the majority of used TC was hard to be metabolized by animals or human beings, resulting in a considerable amounts as high as 80–90% of initial value or its metabolites being released to the external environment (Ahmadi et al., 2017). The environmental concentrations of TC was about 1.12 μg/L (Jie and Shuhe, 2015). Another widely used non-steroidal anti-inflammatory drug was Diclofenac sodium (DF), which had potential threats in municipal wastewaters and surface waters (Huang et al., 2017). The environmental concentrations of DF could reach 28.4 μg/L (Qi et al., 2015). As a broad-spectrum antibiotic, chloramphenicol (CAP) was widely used in both animal and human medicine. Nevertheless, CAP had severe side-effects on humans, such as bone marrow suppression, aplastic anemia acute leukemia, “gray baby syndrome” etc. (Sai et al., in press). Therefore, environmental pollution caused by abuse of PPCPs is becoming more and more serious. In order to eliminate the potential risk of the PPCPs, it is necessary to get rid of the PPCPs in natural waters. Accordingly, many methods have been developed to remove the PPCPs, such as physical (Kim and Tanaka, 2009), chemical (Huber et al., 2005), and biological treatments (Suarez et al., 2010).

Adsorption is an old, simple yet effective method. Eco-friendly adsorbents that adsorption process could remove hazardous chemicals efficiently without special facilities and unknown byproducts has been successfully utilized for the removal of antibiotics from aqueous solutions. Adsorbents for antibiotics removal, such as silicate (Sun et al., 2017), clay minerals (Lv et al., 2017), mesoporous materials (Zhang et al., 2015; Li et al., 2017), and layered double hydroxides (LDHs) (Monash and Pugazhenthi, 2014) have been extensively studied. LDHs constitute an important class of layered materials, which have potential applications in remediation of anionic contaminants (Prasanna and Vishnu Kamath, 2008). The chemical formula can be typically expressed as “[M(II)1−xM(III)x(OH)2]x+(An−)x/n•mH2O,” in which the M(II) and M(III) are divalent and trivalent cations, represented by Mg2+ and Al3+ or many other transition metal cations (Jobbágy and Regazzoni, 2011; Peng et al., 2015). An− stands for an interlayer anion with a negative charge n, and m represents the number of interlayer water molecules. The value of x has a range of 0.17 and 0.33. Many anions or anionic complexes (both organic and inorganic) can be incorporated into the crystal structure of LDHs. The LDHs can be abbreviated as [MII-MIII-A], where MII can be occupied by Zn2+, Mg2+, Cu2+, Mn2+, and Ca2+ ions; MIII stands for Al3+, Cr3+, Fe3+, and Ga3+; An− refers to Cl−, [image: image], [image: image], and [image: image] (Liao et al., 2012). Due to their high anionic exchange capacities, especially, the anions are mainly extracted through ionic exchange with anions in the interlayer of LDHs. On the other hand, adsorption performance of the LDHs is affected by the surface properties of the LDHs (surface area, micropore surface area, and pore size distribution). LDHs have been considered as one of the most promising adsorbents for removing antibiotics. Thus, Cl-LDH could be a useful adsorbent to remove PPCPs.

In this study, we synthesized Cl-LDH by co-precipitated method and applied them as adsorbents for the removal of the three PPCPs (TC, DF, and CAP) from aqueous solution; to investigate the effect of pH, adsorbents time and PPCPs concentration; to discuss the adsorbent mechanism of PPCPs on Cl-LDH by theoretical calculations. In addition, the molecular dynamics simulation was also carried out to reveal the configuration of PPCPs in the interlayer space and the interactions between PPCPs and the layer structure of Cl-LDH, which helped to understand the adsorption mechanism of Cl-LDH. The purpose of this paper was to explore the possibility of using Cl-LDH for the removal of TC and DF and develop eco-friendly adsorbents.

METHODS AND EXPERIMENT

Preparation of Mg-Al-Cl LDH

All reagents used in this study were of analytical grade and used without further purification. The Cl-LDH was synthesized through a co-precipitated method based on a previous study (Vreysen and Maes, 2008; Yue et al., 2017). Stoichiometric ratio of MgCl2•6H2O (24.396 g, 0.12 mol) (Beijing Chemical Works, AR) and AlCl3•9H2O (7.2429 g, 0.03 mol) (Beijing Chemical Works, AR) were dissolved in 150 mL deionized water, marked as solution A. NaOH (12.0 g, 0.3 mol) (Beijing Chemical Works, AR) and NaCl (1.7532 g, 0.03 mol) (Beijing Chemical Works, AR) were dissolved in 150 mL boiled deionized water to form solution B. Solution A and solution B were added dropwise using a burette at a rate of two drops per second into a three-necked flask simultaneously, and the mixture was stirred to be homogeneous and the pH-value was kept around 10. The slurry was aged for 12 h at 70°C. After being centrifuged, the precipitate was collected and washed with deionized water for several times, and then LDHs sample was obtained after drying at 110°C for 24 h. During the entire process of the experiment, an inert atmosphere of N2 was used to prevent the influence of carbonate ions.

Adsorption Experiments

0.015 g Cl-LDH and 25 mL PPCPs (pH = 7) solution were mixed in a 50 mL centrifuge tube for all batch studies. For the isotherm study, the initial concentrations of TC (Shanghai Yiji Industrial Co., AR), DF (Chizhou Kelon Import and Export Co., AR), and CAP (Shenzhen Shijin Valley Technology Co., AR) solutions varied from 0.03 to 3.0 mmol/L. The kinetic study of PPCPs (pH = 7) was conducted at initial concentrations of 2.4 mmol/L for all the three PPCPs. For the pH study, same initial concentrations of PPCPs solutions with different pH-values (3, 4, 5, 7, 9, 11) were prepared to investigate the effect of pH on the adsorption characteristics of PPCPs. The mixtures were shaken in a water bath (CHA-S) with a speed of 150 rpm at room temperature for 24 h except for the kinetic study in which mixtures were shaken from 1 to 1,440 min. After that, the mixtures were centrifuged by high speed centrifuge (TG18K-1, DongWang instrument) at 4,500 rpm for 5 min. Then, the supernatant solutions were analyzed using the UV/VIS spectrophotometer (T6 New Century) to determine the equilibrium PPCPs concentration. PPCPs removal was identified by the difference between the initial and final solution concentrations. All batch experiment was run in duplicates.

Methods of Analyses

The structures of the samples were analyzed using a Rigaku D/Max-IIIa X-ray diffraction analyses diffractometer (XRD) with Ni-filtered CuKα radiation at 30 kV and 20 mA. Samples were scanned from 3 to 70° (2θ) at 8°/min with a scanning step of 0.01°/step. A 1° divergent slit and scatter slit and 0.3 mm receiving slit were used.

Fourier transform infrared (FTIR) spectra were collected on a Nicolet-560 spectrometer (Thermal Nicolet Co., USA) from 400 to 4,000 cm−1 with a nominal resolution of 4 cm−1. For each spectrum 16 runs were collected and averaged. The hydrotalcite samples for FTIR measurement were prepared by adding approximately 1 wt% of the sample powder to dry KBr powder, and the mixture was pressed into tablet.

The equilibrium PPCPs concentrations were analyzed by a UV/VIS spectrophotometer (T6 New Century). The optimum wavelength of TC, DF, and CAP were 357, 276, and 278 nm, respectively.

Analyzer dynamic light scattering (DLS) and Zeta-potential of the material were studied on zeta-potential (ELSZ-1000, Otsuka Electronics Co., Ltd., Japan). The BET specific surface area was determined by surface area analyzer (ASAP 2020HD, Micromeritics Instrument Corporation, USA).

RESULTS AND DISCUSSION

Characterization of CL-LDH

Figure 1 showed the XRD pattern of the as-prepared Cl-LDH sample. It was apparently that a series of symmetric (00l) peaks at lower 2θ-values of Cl-LDH could be well-indexed to clay minerals containing layered structure LDHs. The main strong peak neared 2θ = 11.3°, corresponding to d = 0.7852 nm, and the other sharp peak neared 2θ = 22.7°, corresponding to d = 0.3920 nm, were attributed to basal reflections. The sharpness and intensity of the peaks indicated a highly crystalline structure of Cl-LDH. The typical d (003)-value of Cl-LDH was 0.7852 nm, which agreed well with the values reported by other researchers in the literature (Özgümüş et al., 2013; Peng et al., 2015).


[image: image]

FIGURE 1. X-ray diffraction pattern of Cl-LDH.



The zeta potential of Cl-LDH was 36.2 mV, indicating that Cl-LDH had a good dispersity in water (Liu et al., 2017; Li et al., 2018). The DLS method resembled the size distribution of Cl-LDH in the range of 200–620 nm. The SEM image (Figure S1) of as prepared Cl-LDH reproved the size distribution of LDH as well. The BET surface of Cl-LDH was 34.85 m2/g, indicating that Cl-LDH had a strong adsorption ability.

Effect of pH

The pH of the solution should be considered to be an important factor affecting the adsorbate process due to its impact on the degree of ionization of pollutant species and the surface charge of the adsorbent (Figure 2). When pH < pHPZC, the surface of Cl-LDH (pH < 9.6) was positively charged due to isomorphic substitution of Mg2+ ions by Al3+ ions. The zeta potential value of Cl-LDH was 36.2 mV which was measured at pH around 7, suggesting positively charged surfaces. TC was a yellow crystalline substance with a molecular weight of 480.9 g/mol, and the structure of TC was given in Figure 3A. In aqueous solutions three different groups of the molecule could undergo protonation–deprotonation reactions according to varying pH of solution. As shown in Figure 3B, three values of the dissociation constants (pKa1 ≈ 3.4; pKa2 ≈ 7.5; pKa3 ≈ 9.3) had been determined experimentally that corresponds to existence of the protonated ([image: image]), neutral zwitterionic ([image: image]), monoanionic (TCH−), and dianionic (TC−2) forms of TC (Sassman and Lee, 2005; Soori et al., 2016). It could be easily seen that the bigger the pH-value was, the more amount of anionic species was. When the pH-value of equilibrium solution was < 9, the adsorption amount of TC increased quickly with increasing pH. The maximum adsorption amount of TC was 2.16 mmol/L when pH = 9, which was attributed to the electrostatic interactions between the negative charge of TC and the positive charge of Cl-LDH. Whereas when pH > pHpzc, namely, pH > 9.6 for Cl-LDH, the surface charge of Cl-LDH became negative and repulsive to the negatively charged TC species, which caused the result that the adsorption amount decreased with the increasing of pH.


[image: image]

FIGURE 2. Effect of pH on adsorption amount.
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FIGURE 3. Chemical structure of tetracycline (A), diclofenac sodium (C), chloramphenicol (D), and scheme of TC protonation/deprotonation (B).



The adsorption capacity at pH-values lower than the pKa (4.2) of DF was smaller than that at pH of 5.0, because DF was in the form of neutral molecules (–COOH) (Liu et al., 2017; Sun et al., 2017) and the structure of DF was given in Figure 3C. On increasing the pH from 5.0 to 9.0, the adsorption capacity reached maximum and kept constant due to DF in the form of anions (–COO−) at pH > pKa, finally decreased at pH > 9.0. The zeta potential of the Cl-LDH indicated that there was a positive surface charge on Cl-LDH at pH < 9.6, but surface positive charge decreased at pH > 9.6. This increases the electrostatic attraction between the negatively charged DF and Cl-LDH, which results in increased adsorption at pH < 9.6. Correspondingly the electrostatic attraction decreases due to the decrease of surface positive charge of Cl-LDH from 9.6 to 11 resulting in the decreased adsorption. The results suggested that the electrostatic interactions between anionic DF and cationic Cl-LDH could be the main driving forces for adsorption.

For CAP that the structure of CAP was given in Figure 3D, no uptake was observed on Cl-LDH. In the water solution, CAP molecule existed as a cation and was positively, so Cl-LDH had no electrostatic interaction with CAP.

Cl-LDH Sorption Isotherm

The adsorption isotherms of Cl-LDH on different initial concentrations of TC, DF, and CAP were shown in Figure 4A. With increasing concentrations, the adsorption amount of TC increased rapidly. When the initial concentration was 2.4 mmol/L (the equilibrium concentration of 1.3 mmol/L), the adsorption amount reached 1.82 mmol/g. And when the equilibrium concentration was 1.85 mmol/L (the initial concentration of 2.4 mmol/L), the maximum adsorption amount of DF reached saturation about 0.95 mmol/g. The adsorption amount of CAP on Cl-LDH had no obvious change with the increase of initial concentration, and when the equilibrium concentration was 2.39 mmol/L (the initial concentration 2.4 mmol/L), the maximum adsorption amount was only 0.02 mmol/g.


[image: image]

FIGURE 4. Adsorption of DF, TC, and CAP by Cl-LDH at room temperature (A), the Langmuir and Freundlich fitting of the uptake of TC and DF on Cl-LDH (B–E).



The uptake of TC and DF on Cl-LDH were fitted using both Langmuir and Freundlich sorption models. The Langmuir model assumed that the uptake of specific homogeneous surface by monolayer sorption without interaction between adsorbed ions, which could be written by the following equation (Huang et al., 2016):

[image: image]

in which qe (mmol/g) and qmax (mmol/g) were the amount of adsorbed TC and DF at equilibrium time and the maximum theoretical adsorption capacity, respectively. Ce (mmol/L) stood for the equilibrium solution concentration, and Kl (L/mmol) referred to the adsorption equilibrium parameter. The parameters qmax and Kl could be obtained from the intercept and the slope of a plot of 1/qe against Ce.

The Freundlich equation was developed empirically, with no theoretical basis. It was useful for describing the sorption of ions by chemical adsorption and surface precipitation reactions. This model, which was appropriate for heterogeneous systems, could be expressed by the following equation:

[image: image]

where KF and 1/n were characteristic parameters related to the sorption capacity and sorption intensity of the system, respectively. The values of KF and 1/n were calculated from a linear plot of lnqe against lnCe.

Figures 4B–E illustrated the Langmuir and Freundlich fitting of the uptake of TC and DF on Cl-LDH, and the adsorption isotherm parameters for TC and DF were summarized in Table 1. It was obvious that the Langmuir fitting had a bigger R2-value than Freundlich fitting, indicating the DF adsorption onto the surface of the Cl-LDH was monolayer, in contrast to TC adsorption onto the surface of the Cl-LDH was multilayer. The fitted TC and DF maximum sorption capacities were 1.85 and 0.95 mmol/g, respectively. Gao et al. (2012) reported the maximum adsorption capacity that the removal of TC by graphene oxide is 0.65 mmol/g, and Li et al. (2010) reported the maximum adsorption capacity for TC by smectite is 0.40 mmol/g. Meanwhile, the complete different behavior between TC and DF uptake may reflected totally different mechanisms of their uptake on Cl-LDH the same experimental condition.


Table 1. Langmuir and Freundlich parameters for the TC and DF onto Cl-LDH.

[image: image]



Cl-LDH Sorption Kinetics

The effect of contact time on the adsorption amount of Cl-LDH at room temperature was investigated, and the adsorption capacity of DF, TC, and CAP onto Cl-LDH as a function of time was depicted in Figure 5. With the increasing reaction time, the adsorption amount of TC and DF increased gradually then reaches saturation, while adsorption amount of CAP was small and showed no obvious change. The rate of TC and DF uptake was rapid in the first 60 min, where adsorption amount were 1.24 and 0.74 mmol/g for TC and DF, respectively. After that, the adsorption saturation was reached in 120 min, with the maximum adsorption amount of 1.72 and 0.91 mmol/g for TC and DF, respectively. At the initial stage, the high adsorption rate might be attributed to abundant vacant active sites on Cl-LDH surfaces available for adsorption. With a gradual reducing quantity of active sites, the electrostatic repulsive force played the leading role in the TC and DF loading on Cl-LDH. Thus, the adsorption of TC and DF slowed down, and finally the adsorption equilibrium was established.


[image: image]

FIGURE 5. Adsorption amount of DF, TC, and CAP onto Cl-LDH as a function of time (A), and the linear plot of pseudo-second-order model fit of DF and TC adsorption on Cl-LDH (B).



In order to understand the mechanism of adsorption and evaluate the TC and DF adsorption performance of Cl-LDH adsorbent, the pseudo-first-order kinetic, and pseudo-second-order kinetic models were applied to analyze the dynamics adsorption experimental data. The kinetic models were expressed as follows (Ho and Mckay, 1998; Fu et al., 2015):

The pseudo-first-order kinetic model:

[image: image]

The pseudo-second-order kinetic model:

[image: image]

where k1 (1·min−1) and k2 (g·mol−1·min−1) were the pseudo-first-order equilibrium rate constant and the pseudo-second-order equilibrium rate constant, respectively; q1 and q2 (mmol·g−1) were the TC and DF adsorption amount at equilibrium; qt (mmol·g−1) was the amount of the TC and DF adsorbed at time t.

The experimental data could be well fitted with the pseudo-second-order model. The values of qe and k2 could be calculated from the interception and slope of the linear equation of t/qt against t (Figure 5). The parameters of pseudo-second-order kinetic for TC and DF were summarized in Table 2.


Table 2. Pseudo-second-order model constants for the TC and DF adsorption on Cl-LDH.

[image: image]



The adsorption capacities of TC and DF in the kinetic study were 1.75 and 0.93 mmol/g, respectively. The result was in good accordance with the results obtained from the experiment data (1.72 and 0.91 mmol/g for TC and DF). The effect of the contact time on the desorption of extent of TC and DF was also discussed in Supplementary Information.

XRD Analyses

The XRD patterns of Cl-LDH samples before and after adsorption of TC, DF, and CAP were shown in Figure 6. Spacing values of (003) remained approximately the same, indicating that anion exchange, especially exchanged with interlayer anion did not account for the high loading efficiency of TC. So the sorption of TC on Cl-LDH were all on the external surfaces. The d003 peak of Cl-LDH shifted toward smaller angle after the adsorption of DF, of different initial concentrations and different reaction time, as revealed by Figures 6B,E, suggesting the adsorption of DF was based on intercalation of Cl-LDH. Besides, no newly-appeared or no shift in peak was observed in CAP experiment, (Figures 6C,F) which meant the adsorption of CAP was mainly on the external surfaces of Cl-LDH or Cl-LDH tended not to adsorb CAP. The results of molecular simulation (Figure S2) was in good agreement with the XRD results.


[image: image]

FIGURE 6. X-ray diffraction pattern of Cl-LDH before and after adsorption of TC, DF, and CAP. (A–C) Patterns of Cl-LDH after TC, DF, and CAP adsorption with different initial concentrations, respectively. (D–F) XRD patterns of Cl-LDH after TC, DF, and CAP adsorption at different reaction time, respectively.



Zeta Potential Determination

Zeta potential was an indicator for the surface charge as well as the surface hydrophobicity, and the zeta potential of Cl-LDH before and after adsorption was illustrated by Figure 7. The Cl-LDH had a zeta potential of 36.2 mV (pH = 7), indicating positively charged surfaces. As the initial concentrations went up, there was a significant decrease of zeta potential during the adsorption of TC onto Cl-LDH, which was caused by the electrostatic attraction between TC and Cl-LDH. It agreed well with the results from XRD analysis of TC/Cl-LDH. The adsorption of TC onto Cl-LDH was a process of charge neutralization on the external faces. The zeta potential of DF/Cl-LDH showed a smaller decrease compared with TC/LDH. Combined with the result from XRD analysis, the adsorption of DF might probably be consisted of two parts: electrostatic attraction on the surface and intercalation into Cl-LDH layers. Nevertheless, the zeta potential of CAP/Cl-LDH remained almost the same after adsorption despite the increase of the initial concentrations, which reproved that the adsorption of CAP onto Cl-LDH tended to be poor.


[image: image]

FIGURE 7. Zeta potential of Cl-LDH after TC, DF, and CAP adsorption.



FTIR Analyses

The FTIR spectra of Cl-LDH samples before and after adsorption of TC, DF, and CAP were shown in Figure 8. In the spectra of Cl-LDH adsorbed TC, the broad peak located in the region of 3,100–3,400 cm−1 related to O–H stretching vibrations. The fingerprint peaks of TC range from 1,600 to 750 cm−1 emerge on the FTIR spectra of Cl-LDH after adsorption, which indicated that the TC had been effectively adsorbed on Cl-LDH. The band at 1,581.45 cm−1, which could be attributed (C = C) vibration in aromatic rings. The band at 1,328.21 cm−1 was due to the C–O stretching vibration of phenol group, as shown in Figure 8A. The DF phases primarily appeared in four characteristic bands: the peak at 1,669 cm−1 was due to the C = O stretching vibration, the peak of 1,448 cm−1 referred to the flexural vibration of the CH2, the peak of 1,301 cm−1 was attributed to the C–N extension, and the peak of 478 cm−1 corresponded to the C–Cl stretching vibration, as shown in Figure 8B. For CAP-adsorbed Cl-LDH, there showed no obvious characteristic vibration peak of CAP. It suggested CAP could not be adsorbed by Cl-LDH, as shown in Figure 8C.


[image: image]

FIGURE 8. FTIR spectra of CL-LDH after adsorption of TC (A), DF (B), and CAP (C).



CONCLUSIONS

An Cl-LDH was synthesized, characterized, and examined for removal of the three chosen PPCPs (TC, DF, and CAP) from aqueous solution. According to XRD pattern, the prepared adsorbent had a typical LDH nanostructure. TC sorption on Cl-LDH followed the Freundlich type isotherm, and DF sorption on Cl-LDH followed the Langmuir type isotherm. The TC and DF sorption by Cl-LDH fitted the pseudo-second-order model well. The novel adsorbent shown a high adsorption capacity of TC and DF (1.82 and 0.95 mmol/g). The adsorption mechanism of PPCPs into Cl-LDH were proved to be different. The TC adsorption on Cl-LDH was accompanied by the electrostatic interactions between the negative charge of TC and the positive charge of Cl-LDH. The uptake of DF was attributed to negative exchange and electrostatic interaction. Cl-LDH did not adsorb CAP due to no electrostatic interaction. The molecular dynamic simulation further confirmed different configurations of three selected PPCPs were ultimately responsible for the uptake of PPCPs on Cl-LDH. The overall results of the present study suggested the efficient use of Cl-LDH for the removal of TC and DF from the aqueous solution.

AUTHOR CONTRIBUTIONS

GL and LL designed the experiments. EL and CY carried out the experiments and analyzed the data. YL carried out the experiments. All authors discussed the results, EL, GL, and ZL wrote the paper. The manuscript has been reviewed and approved by all authors.

FUNDING

This present work was supported by the National Natural Science Foundations of China (Grant No. 51604248), the Fundamental Research Funds for the Central Universities (Grant No. 2652017338 and 2652017380).

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fchem.2018.00016/full#supplementary-material

REFERENCES

 Ahmadi, M., Ramezani Motlagh, H., Jaafarzadeh, N., Mostoufi, A., Saeedi, R., Barzegar, G., et al. (2017). Enhanced photocatalytic degradation of tetracycline and real pharmaceutical wastewater using MWCNT/TiO2 nano-composite. J. Environ. Manage. 186, 55–63. doi: 10.1016/j.jenvman.2016.09.088

 Fu, J., Chen, Z., Wang, M., Liu, S., Zhang, J., Zhang, J., et al. (2015). Adsorption of methylene blue by a high-efficiency adsorbent (polydopamine microspheres): kinetics, isotherm, thermodynamics and mechanism analysis. Chem. Eng. J. 259, 53–61. doi: 10.1016/j.cej.2014.07.101

 Gao, Y., Li, Y., Zhang, L., Huang, H., Hu, J., Shah, S. M., et al. (2012). Adsorption and removal of tetracycline antibiotics from aqueous solution by graphene oxide. J. Colloid Interface Sci. 368, 540–546. doi: 10.1016/j.jcis.2011.11.015

 Ho, Y. S., and Mckay, G. (1998). Kinetic models for the sorption of dye from aqueous solution by wood. Process Saf. Environ. 76, 183–191. doi: 10.1205/095758298529326

 Huang, Q., Deng, S., Shan, D., Wang, Y., Wang, B., Huang, J., et al. (2017). Enhanced adsorption of diclofenac sodium on the carbon nanotubes-polytetrafluorethylene electrode and subsequent degradation by electro-peroxone treatment. J. Colloid Interface Sci. 488, 142–148. doi: 10.1016/j.jcis.2016.11.001

 Huang, X., Liu, Y., Liu, S., Tan, X., Ding, Y., Zeng, G., et al. (2016). Effective removal of Cr(vi) using β-cyclodextrin–chitosan modified biochars with adsorption/reduction bifuctional roles. RSC Adv. 6, 94–104. doi: 10.1039/C5RA22886G

 Huber, M. M., Korhonen, S., Ternes, T. A., and von Gunten, U. (2005). Oxidation of pharmaceuticals during water treatment with chlorine dioxide. Water Res. 39, 3607–3617. doi: 10.1016/j.watres.2005.05.040

 Jie, Z., and Shuhe, W. (2015). The distribution and eco toxicology of tetracycfine in soil and water environment and its degradation: a review. Acta Ecol. Sin. 35, 2819–2825. doi: 10.5846/stxb201306111662

 Jobbágy, M., and Regazzoni, A. E. (2011). Dissolution of nano-size Mg–Al–Cl hydrotalcite in aqueous media. Appl. Clay Sci. 51, 366–369. doi: 10.1016/j.clay.2010.11.027

 Kim, I., and Tanaka, H. (2009). Photodegradation characteristics of PPCPs in water with UV treatment. Environ. Int. 35, 793–802. doi: 10.1016/j.envint.2009.01.003

 Li, B., Ma, J., Zhou, L., and Qiu, Y. (2017). Magnetic microsphere to remove tetracycline from water: adsorption, H2 O2 oxidation and regeneration. Chem. Eng. J. 330, 191–201. doi: 10.1016/j.cej.2017.07.054

 Li, L., Qi, G., Wang, B., Yue, D., Wang, Y., and Sato, T. (2018). Fulvic acid anchored layered double hydroxides: a multifunctional composite adsorbent for the removal of anionic dye and toxic metal. J. Hazard. Mater. 343, 19–28. doi: 10.1016/j.jhazmat.2017.09.006

 Li, Z., Chang, P. H., Jean, J. S., Jiang, W. T., and Wang, C. J. (2010). Interaction between tetracycline and smectite in aqueous solution. J. Colloid Interface Sci. 341, 311–319. doi: 10.1016/j.jcis.2009.09.054

 Liao, L., Zhao, N., and Xia, Z. (2012). Hydrothermal synthesis of Mg–Al layered double hydroxides (LDHs) from natural brucite and Al(OH)3. Mater. Res. Bull. 47, 3897–3901. doi: 10.1016/j.materresbull.2012.07.007

 Liu, T., Xie, Z., Zhang, Y., Fan, J., and Liu, Q. (2017). Preparation of cationic polymeric nanoparticles as an effective adsorbent for removing diclofenac sodium from water. RSC Adv. 7, 38279–38286. doi: 10.1039/C7RA06730E

 Lv, G., Li, Z., Elliott, L., Schmidt, M. J., MacWilliams, M. P., and Zhang, B. (2017). Impact of tetracycline-clay interactions on bacterial growth. J. Hazard. Mater. doi: 10.1016/j.jhazmat.2017.09.029. [Epub ahead of print].

 Monash, P., and Pugazhenthi, G. (2014). Utilization of calcined Ni-Al layered double hydroxide (LDH) as an adsorbent for removal of methyl orange dye from aqueous solution. Environ. Prog. Sustain. 33, 154–159. doi: 10.1002/ep.11771

 Nakada, N., Shinohara, H., Murata, A., Kiri, K., Managaki, S., Sato, N., et al. (2007). Removal of selected pharmaceuticals and personal care products (PPCPs) and endocrine-disrupting chemicals (EDCs) during sand filtration and ozonation at a municipal sewage treatment plant. Water Res. 41, 4373–4382. doi: 10.1016/j.watres.2007.06.038

 Özgümüş, S., Gök, M. K., Bal, A., and Güçlü, G. (2013). Study on novel exfoliated polyampholyte nanocomposite hydrogels based on acrylic monomers and Mg–Al–Cl layered double hydroxide: synthesis and characterization. Chem. Eng. J. 223, 277–286. doi: 10.1016/j.cej.2013.02.098

 Peng, C., Yu, J., Zhao, Z., Fu, J., Zhao, M., Wang, W., et al. (2015). Preparation and properties of a layered double hydroxide deicing additive for asphalt mixture. Cold Reg. Sci. Technol. 110, 70–76. doi: 10.1016/j.coldregions.2014.11.013

 Prasanna, S. V., and Vishnu Kamath, P. (2008). Chromate uptake characteristics of the pristine layered double hydroxides of Mg with Al. Solid State Sci. 10, 260–266. doi: 10.1016/j.solidstatesciences.2007.09.023

 Qi, M., Zhihao, Z., Xiuwen, C., Pu, W., and Huiling, L. (2015). Research progress in the pollution situation and treatment methods for diclofenac in water. Shangdong Chenm. Indus. 44, 66–68. doi: 10.19319/j.cnki.issn.1008-021x.2015.16.026

 Richardson, B. J., Lam, P. K., and Martin, M. (2005). Emerging chemicals of concern: pharmaceuticals and personal care products (PPCPs) in Asia, with particular reference to Southern China. Mar. Pollut. Bull. 50, 913–920. doi: 10.1016/j.marpolbul.2005.06.034

 Sai, N., Wu, Y., Sun, Z., Yu, G., and Huang, G. (in press). A novel photonic sensor for the detection of chloramphenicol. Arab. J. Chem. doi: 10.1016/j.arabjc.2016.06.015

 Sassman, S. A., and Lee, L. S. (2005). Sorption of Three Tetracyclines by Several Soils: assessing the role of pH and cation exchange. Environ. Sci. Technol. 39, 7452–7459. doi: 10.1021/es0480217

 Soori, M. M., Ghahramani, E., Kazemian, H., Al-Musawi, T. J., and Zarrabi, M. (2016). Intercalation of tetracycline in nano sheet layered double hydroxide: an insight into UV/VIS spectra analysis. J. Taiwan Inst. Chem. Eng. 63, 271–285. doi: 10.1016/j.jtice.2016.03.015

 Suárez, S., Carballa, M., Omil, F., and Lema, J. M. (2008). How are pharmaceutical and personal care products (PPCPs) removed from urban wastewaters? Rev. Environ. Sci. Biol. 7, 125–138. doi: 10.1007/s11157-008-9130-2

 Suarez, S., Lema, J. M., and Omil, F. (2010). Removal of pharmaceutical and personal care products (PPCPs) under nitrifying and denitrifying conditions. Water Res. 44, 3214–3224. doi: 10.1016/j.watres.2010.02.040

 Sui, Q., Cao, X., Lu, S., Zhao, W., Qiu, Z., and Yu, G. (2015). Occurrence, sources and fate of pharmaceuticals and personal care products in the groundwater: a review. Emerg. Contam. 1, 14–24. doi: 10.1016/j.emcon.2015.07.001

 Sun, K., Shi, Y., Wang, X., Rasmussen, J., Li, Z., and Zhu, J. (2017). Organokaolin for the uptake of pharmaceuticals diclofenac and chloramphenicol from water. Chem. Eng. J. 330, 1128–1136. doi: 10.1016/j.cej.2017.08.057

 Sun, Q., Li, Y., Li, M., Ashfaq, M., Lv, M., Wang, H., et al. (2016). PPCPs in Jiulong river estuary (China): spatiotemporal distributions, fate, and their use as chemical markers of wastewater. Chemosphere 150, 596–604. doi: 10.1016/j.chemosphere.2016.02.036

 Vreysen, S., and Maes, A. (2008). Adsorption mechanism of humic and fulvic acid onto Mg/Al layered double hydroxides. Appl. Clay Sci. 38, 237–249. doi: 10.1016/j.clay.2007.02.010

 Yue, X., Liu, W., Chen, Z., and Lin, Z. (2017). Simultaneous removal of Cu(II) and Cr(VI) by Mg-Al-Cl layered double hydroxide and mechanism insight. J. Environ. Sci. 53, 16–26. doi: 10.1016/j.jes.2016.01.015

 Zhang, Z., Liu, H., Wu, L., Lan, H., and Qu, J. (2015). Preparation of amino-Fe(III) functionalized mesoporous silica for synergistic adsorption of tetracycline and copper. Chemosphere 138, 625–632. doi: 10.1016/j.chemosphere.2015.07.014

Conflict of Interest Statement: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

The reviewer WW, and handling Editor declared their shared affiliation.

Copyright © 2018 Li, Liao, Lv, Li, Yang and Lu. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.

OPS/images/inline_3.gif
S0}





OPS/images/inline_2.gif
[ole:y





OPS/images/inline_5.gif
TCH;





OPS/images/inline_4.gif
TCH}





OPS/images/inline_1.gif
NO;





OPS/images/fchem-06-00016-t002.jpg
Adsorbent

C-LOH

Tc
K2 de
(g-mmol=1 (mmol/g)

~min~1)

0.03 175

R?

0991

DF
Kz de
(g-mmol=1 (mmol/g)

-min=1)

0.13 098

R

0.998





OPS/images/cover.jpg
’ frontiers
in Chemistry

The Interactions Between Three
Typical PPCPs and LDH









OPS/images/crossmark.jpg
©

2

i

|





OPS/images/logo.jpg
, frontiers
in Chemistry





OPS/images/fchem-06-00016-g005.gif
s

Adsorption Amount (mmol/g)
z

g

-
e sso

R0995

=087 x+9.6707
R=09909

S 8 9 il

“Time (min) Time (min)





OPS/images/fchem-06-00016-g006.gif





OPS/images/fchem-06-00016-g003.gif





OPS/images/fchem-06-00016-g004.gif
‘Adsorption Amount (mmol/g)

os:

0o o o,

B i I I I I el
Equilibrium Concentration (mmolL)






OPS/images/fchem-06-00016-t001.jpg
Adsorbent Langmuir equation Freundlich equation

qm K R? K n R2
(mmol/g)  (L/mmol) (mol™-1/n1/n
-1
g7
C 185 119 0998 105 138 0999

OF 095 114 099% 153 069 0983





OPS/images/fchem-06-00016-g007.gif





OPS/images/fchem-06-00016-g008.gif
Transmittance

‘Transmittance

@™ " Wavenumber en')

g e

AR

oo 0 e e oo v 0
‘Wavenumber (cm)






OPS/images/fchem-06-00016-g001.gif
" 2 Theta ( degree )





OPS/images/fchem-06-00016-g002.gif
@noww) unowy wopdiospy

oH





OPS/images/math_2.gif
g, =





OPS/images/math_1.gif





OPS/images/math_4.gif





OPS/images/math_3.gif
L}
3
2303

log(g, ~¢,) =logq, ~





