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Abstract

:

Pollution caused by antibiotics has brought significant challenges to the ecological environment. To improve the efficiency of the removal of tetracycline (TC) from aqueous solutions, a composite material consisting of TiO2 and phosphoric acid-treated peanut shell biochar (p-BC) has been successfully synthesized in the present study by the sol-gel method. In addition, the composite material was characterized using various techniques, including scanning electron microscopy (SEM), Fourier-transform infrared spectroscopy (FTIR), X-ray diffraction (XRD) spectroscopy, X-ray photoelectron spectroscopy (XPS), photoluminescence (PL) spectroscopy, and ultraviolet–visible diffuse reflectance spectroscopy (UV-vis DRS). The XPS and FTIR analyses revealed the formation of a new Ti–O–C bond, while the XRD analysis confirmed the presence of TiO2 (with an anatase phase) in the composite material. Also, the PL analyses showed a notable decrease in the recombination efficiency of electrons and holes, which was due to the formation of a composite. This was further supported by the UV-vis DRS analyses, which revealed a decrease in bandgap (to 2.73 eV) of the composite material and led to enhanced light utilization and improved photocatalytic activity. Furthermore, the effects of pH, composite dosage, and initial concentration on the removal of TC were thoroughly examined, which resulted in a maximum removal efficiency of 95.3% under optimal conditions. Additionally, five consecutive cycle tests demonstrated an exceptional reusability and stability of the composite material. As a result of the experiments, the active species verified that ·O2− played a key role in the photodegradation of TC. Four possible degradation pathways of TC were then proposed. As a general conclusion, the TiO2/p–BC composite can be used as an efficient photocatalyst in the removal of TC from aqueous solutions.
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1. Introduction


Antibiotics have been widely used to treat various bacterial diseases in humans and livestock all over the world [1]. However, only a small portion of the antibiotics can be absorbed and utilized in the body, and a high portion of antibiotics is discharged into the in vitro environment in the form of original drugs or primary metabolites [2]. Furthermore, residual antibiotics can cause antibiotic resistance bacteria (ARB) and antibiotic resistance genes (ARGs) [3], which threaten human health and ecosystem security. As one of the major broad-spectrum antibiotics, tetracycline (TC) is widely used for the treatment of human and animal infection diseases [4], especially in the livestock industry. In recent years, the abuse and wanton discharge of TC has led to its detection in surface water [5], groundwater [6], and sediment [7]. The physicochemical properties and structure of TC have difficulties regarding their degradation in the environment [8]. The environmental accumulation of TC has aroused widespread concern [9]. It is necessary to remove TC from contaminated water to minimize the environmental and ecological risks.



Up to now, researchers have developed a variety of technologies for the removal of TC from contaminated water. They include microbial degradation [10], chemical oxidation [11], physical adsorption [12], and membrane separation [13]. Among these, adsorption was a preferred method for the removal of various pollutants, which was due to its low cost and easy operation. Biochar is the material created by pyrolysis of available waste biomass under the condition of limiting oxygen, which usually has a high specific surface area and rich functional groups. Biochar or modified biochar, as an adsorbent by which it has been possible to remove TC from contaminated water, has received extensive attention. Chen et al. [14] reported on the adsorption capacity of TC, which increased from 150.2 mg g−1 to 166.3 mg g−1 when using the phosphoric acid-modified biochar. However, the main disadvantage of the adsorption technology was that TC was only transferred from one phase to the other, and it was not destroyed or disappeared [15].



As an environmentally friendly technology, photocatalysis has been used for the degradation of a variety of organic pollutants [16]. TiO2 is a photocatalyst that is most widely studied for water purification [17,18], which has here been used due to its low cost, high stability, minimum photo-corrosion, high photo-activity, and low toxicity. Zhang et al. [19] found that TiO2 can be removed by approximately 55% of TC in an aqueous solution. However, TiO2 also has some disadvantages, such as small surface area, low light utilization, quick recombination of electron–hole pairs, easy agglomeration, low reactivity for low concentrations of contaminants, and difficulties in recovering in aqueous solutions. All these disadvantages limit the use of TiO2 for contaminated water treatments. Researchers have used various methods to modify TiO2 for the improvement of its photocatalytic removal of pollutants and its wide applicability. Xu et al. [20] reported on P-doped TiO2, which had a smaller band gap value and could use more light energy than pure TiO2 for a red shift of the absorption spectrum. Some studies have also loaded TiO2 onto various materials, such as carbon nanotubes [21] and graphene [22]. Although the photocatalytic effect has been improved, the cost was high, and there was a lack of practical applications. Due to its high adsorption capacity and economic performance, biochar has received large attention as an excellent support material for TiO2. Lu et al. [23] prepared a TiO2–biochar composite catalyst and used it for the photocatalytic degradation of methyl orange. The modification by phosphoric acid may increase the specific surface area of biochar [24], which is beneficial for the adsorption of pollutants and the loading of TiO2. Also, the combination of biochar and TiO2 can reduce the band gap value and enhance the use of visible light [25], which is due to the formation of new states above the VB of the composite [26]. In fact, the adsorption of pollutants from the liquid phase to the solid surface of biochar is more conducive to photocatalytic degradation [27].



In the present study, phosphoric acid-treated peanut shell biochar (p-BC) has been used as a support material in the preparation of the TiO2/p-BC composite, which has been characterized by SEM, FTIR, XRD, XPS, PL, and UV–vis DRS. The adsorption and photocatalytic performance have been evaluated by the removal efficiency of TC. The reusability of the composite was also studied by a recyclability experiment, and the photocatalytic degradation mechanism and the degradation pathways of TC were finally proposed.




2. Results and Discussion


2.1. Characterization


2.1.1. SEM


The surface morphologies of p-BC, TiO2, and TiO2/p-BC were examined by SEM analyses. The results showed a smooth and porous structure of p-BC (Figure 1a). As can be seen in Figure 1b, the TiO2 particles showed irregular agglomerated morphologies with random shapes. As compared with the p-BC, the surface morphology of TiO2/p-BC (Figure 1c) was much rougher, with an accumulation of many TiO2 particles. Thus, the pore structure of TiO2/p-BC was severely blocked.




2.1.2. XPS Analyses


The survey spectrum of TiO2/p-BC is presented in Figure 2a. According to the five peaks that are related to C1s, N1s, O1s, P2p, and Ti2p core levels, this spectrum clearly shows that the composite material mainly contains C, N, O, P, and Ti elements, respectively. As can be seen in Figure 2b, the C1s spectrum was deconvoluted into three peaks at 284.68 eV, 286.08 eV, and 289.48 eV, which corresponded to C–C, C–O, and C=O bonds, respectively. The high-resolution N1s spectrum in Figure 2c shows two peaks at 400.01 eV and 401.38 eV, which correspond to C=N–C and C–NHx bonds, respectively. Furthermore, the O1s spectrum was divided into two peaks at 530.68 eV and 531.98 eV, which corresponded to the O–Ti and O–H bonds (Figure 2d). Also, Figure 2e shows the high-resolution P2p spectrum with peaks at 134.20 and 135.15 eV, representing C–O–P and O=P–O, respectively. This spectrum indicated that the preparation of biochar by phosphoric acid-modified peanut shell was successful and that the phosphorus element was present in the prepared composite material. The fitting of the Ti2p spectrum is shown in Figure 2f, with characteristic peaks of Ti 2p2/3 and Ti 2p1/2 at 459.26 eV and 464.94 eV, respectively. This result indicated that the titanium element in the composite mainly existed in the form of Ti4+ [28]. Also, the binding energies of Ti 2p1/2 and Ti 2p3/2 were higher than the corresponding ones in pure TiO2 (458.5 eV and 464.3 eV, respectively), which was due to the fact that the C atoms in the composite affected the electron cloud density around the Ti and O atoms, thereby forming Ti–O–C bonds [19].




2.1.3. XRD Analyses


The XRD patterns of p-BC, TiO2, and TiO2/p-BC are displayed in Figure 3a. For p-BC, the broad peak at about 25 degrees is the characteristic diffraction peak of p-BC. For TiO2, the peaks at about 25.26, 28.61, 37.79, 48.04, 54.02, 55.01, 62.65, 68.73, 70.51, and 75.15 degrees corresponded to the 101, 110, 004, 200, 105, 211, 204, 116, 220, and 215 crystalline planes, respectively, of anatase TiO2 (JCPDS No. 21-1272) [29]. Furthermore, the XRD pattern of TiO2/p-BC lacked the characteristic diffraction peak of p-BC, which might be due to the overlap of characteristic peaks of TiO2 at similar positions. Also, the characteristic diffraction peaks of anatase TiO2 were present in the TiO2/p-BC pattern, which indicated that the anatase phase of TiO2 was successfully synthesized to p-BC, and the crystalline form of TiO2 was not affected in this process. These results are consistent with previous reports [29,30].




2.1.4. FTIR Analyses


The FTIR results of p-BC, TiO2, and TiO2/p-BC are shown in Figure 3b. The characteristic peaks at about 3415 cm−1 were assigned to –OH stretching vibrations and the peaks at about 1627 cm−1 corresponded to stretching vibrations of C=O and C=C [31]. Furthermore, the characteristic Ti–O peak of TiO2 (at about 473 cm−1) was observed in the spectrum of TiO2/p-BC [32]. Also, the peak at 1066 cm−1 was assigned to Ti–O–C stretching vibration, which suggested that new chemical bonds were formed between TiO2 and p-BC [33]. These results indicated that TiO2/p-BC was successfully prepared, and it was consistent with the SEM and XRD results.




2.1.5. PL Analyses


PL spectra have been used to evaluate the electron and hole recombination efficiency of different photocatalytic materials [34]. In general, the low and high PL intensities of the PL spectra indicated low and high recombination rates, respectively, of TiO2 and TiO2/p-BC (Figure 3c). However, the PL intensity of TiO2/p-BC was much lower than that of TiO2, which indicated that TiO2/p-BC had low recombination efficiency of electrons and holes. In addition, this indicated a high photocatalytic activity of TiO2/p-BC. As an explanation of these results, the conducting p-BC can assist in the transfer of photogenerated electrons, thereby preventing the recombination of electrons and holes [35].




2.1.6. UV-Vis DRS Analyses


The UV-vis DRS spectra of TiO2 and TiO2/p-BC are presented in Figure 4a. For TiO2, the strong adsorption was obtained for a wavelength less than 400 nm, which indicates that they had no obvious absorption in the visible light. However, TiO2/p-BC showed obvious absorption above the wavelength of 400 nm. This indicated that TiO2/p-BC had improved light utilization and higher photocatalytic activity as compared with TiO2. Furthermore, the bandgaps (Eg) of TiO2 and TiO2/p-BC were 3.21 eV and 2.73 eV, respectively (Figure 4b), which were calculated by using the Kubelka-Munk equation [36]. This result indicated that the addition of p-BC contributed to the reduction of the Eg of the composite. According to the Mott–Schottky equation [37], the flat band potential (EFB) of TiO2 and TiO2/p-BC were determined as −0.50 eV and −0.83 eV, respectively (Figure 4c). Generally, the lower conduction band potential (ECB) of n-type semiconductors was approximately equal to EFB [38]. Based on the above analyses, the upper valence band potentials (EVB) of TiO2 (2.71 eV) and TiO2/p-BC (1.90 eV) could be estimated.





2.2. Effect of Solution pH


2.2.1. Comparison of Removal Efficiency


Figure 5 shows the removal efficiency for three different samples on TC. The data show that p-BC can achieve a high removal efficiency of about 75.8% on TC. However, adsorption played a major role in this process, and light hardly contributed to the removal of TC. The adsorption only transfers TC from solution to p-BC, which may cause secondary pollution to the environment. The removal efficiency of TC by TiO2 alone was 24.4 %. The adsorption of TiO2 was weak, and photocatalytic was mainly responsible for the removal of TC. TiO2/p-BC composite has excellent adsorption and photocatalytic effects on TC at the same time, and the removal efficiency was 94.5%. Compared with p-BC and TiO2 alone, the removal efficiency of TC was increased by 18.7% and 70.1%, respectively. The recovered TiO2/p-BC was sonicated in 30 ml deionized water for 30 min, and no TC was detected in the solution by the ultraviolet spectrophotometer, indicating that the adsorbed TC has been photocatalytically degraded. The synergistic effect of adsorption and photocatalysis was beneficial in improving the removal efficiency of TC by the TiO2/p-BC composite.




2.2.2. Effect of Solution pH


The initial pH value of the solution was a key parameter in the process of photocatalysis, which influenced the adsorption and photodegradation removal of pollutants. The zeta charge (pHPZC) of TiO2/p-BC was determined, as can be seen in Figure 6a. Also, at pH 4.23, the surface charge of TiO2/p-BC was neutral. However, the surface charge was positive at pH values less than 4.23 and negative for pH values larger than 4.23. Also, the TC molecules had three different forms at different pH values: TC+ (pH < 3.3), TC0 (3.3 < pH < 7.7), and TC− and TC2− (pH > 7.7) [39]. The effects of pH on the removal of the TC are shown in Figure 6b. For the initial pH value of the solution, there were repulsive forces between the positive charges on the surface, which resulted in a low removal efficiency. Furthermore, the interactions between the charges on the surface were weak.




2.2.3. Effect of the TiO2/p-BC Dosage


The effects of TiO2/p-BC on the removal of TC are shown in Figure 7a. As can be seen in Figure 7a, with an increase in composite dosage from 0.025 g L−1 to 0.1 g L−1, the removal efficiency increased from 47.4% to 96%. It thereafter increased with a further increase in the composite dosage (at a minor level). The removal of TC by the composite mainly included two processes: the adsorption of p-BC (dark stage) and the photocatalytic degradation of TiO2 (light stage). Figure 7b shows the contribution of adsorption and photocatalytic degradation to the TC removal for different composite dosages. The results showed that the removal of TC by the removal of adsorption increased with an increase in composite dosage. With the dosage increase from 0.025 g L−1 to 0.1 g L−1, the removal of TC by photocatalytic degradation increased from 27.3% to 50.7%. For a further increase in the composite dosage, the removal of photocatalytic degradation diminished further. The reason for this observation was that the high composite concentration blocked the penetration of light, thereby reducing the utilization of light [40]. Therefore, the composite dosage was selected as 0.1 g L−1. At this dosage, the composite showed a high adsorption capacity and photocatalytic removal of TC and also ensured a high total removal efficiency.




2.2.4. Effect of Initial TC Concentration


The effects of the initial concentration on the removal of TC are shown in Figure 8a. With the increase in initial TC concentration from 20 mg L−1 to 50 mg −1, the removal efficiency decreased from 95.5% to 75.8%. Also, Figure 8b shows the contribution of adsorption and photocatalytic degradation to the TC removal under different initial concentrations. The results showed that adsorption played a key role in the removal of TC at the initial concentration of 20 mg L−1, while the photocatalytic degradation contributed with a lesser degree to the removal. When the initial concentration was 30 mg L−1, the composite had considerable adsorption and photocatalytic removal effect on TC, and the total removal efficiency was larger than 95%. Thereafter, with an increase in the initial concentration, the total removal efficiency of TC was less than 90%. One of the reasons was that the adsorption site of the composite was unchanged, and the increase in TC concentration led to a decrease in adsorption removal efficiency. In addition, the increase in TC concentration reduced the penetration of light and prevented light from reaching the surface of the composite, thereby reducing the utilization of light [41].





2.3. Reusability Test of TiO2/p-BC


The reusability of the photocatalyst is related to the economic feasibility of the photocatalytic process, and it can also indicate the stability of the photocatalyst. In the present study, the reusability of TiO2/p-BC has been evaluated by five successive photocatalysis experiments for the removal of TC. As can be seen in Figure 9, the removal efficiencies were 95.3%, 93.5%, 89.9%, 87.8%, and 86.5% after five cycles. Although the removal efficiency decreased slightly after each cycle, the removal efficiency of TC by TiO2/p-BC remained above 86% after five cycles, indicating that it had excellent reusability and stability. The decrease in removal efficiency could be attributed to the accumulation of intermediates on the TiO2/p-BC surface [30,42] and the detachment of a small amount of TiO2 [43].




2.4. Photocatalytic Removal Mechanism


Based on the above analysis results, a possible photocatalytic degradation mechanism of TC by TiO2/p-BC has been proposed (Figure 10). It was found that p-BC, with an abundant porous structure and rich in functional groups, was an excellent carrier of TiO2 and an adsorbent for the adsorption of TC. It, thereby, provided more contact opportunities for TiO2 and TC. In addition, studies have confirmed that the combination with biochar was beneficial for the reduction of the bandgap energy of the photocatalyst. Compared with TiO2 (3.21 eV), the bandgap of TiO2/p-BC was 2.73 eV. In addition, the potentials of the conduction band (CB) and valence band (VB) were −0.83 eV and 1.90 eV, respectively. For sunlight excitation, the TiO2/p-BC could generate electrons (e−) from the valence band to the conduction band, with resulting holes (h+) in the valence band. Acting as both an electron donor and acceptor, p-BC inhibited the recombination of electron-hole pairs through electron transport. The e− could react with O2 to generate ·O2−, and the h+ could react with H2O to generate ·OH [4]. Therefore, ·O2−, ·OH, and h+ were all involved in the photocatalytic degradation of TC and eventually converted to CO2 and H2O.



To explore the photocatalytic degradation mechanism of TC by TiO2/p-BC, an active species capturing experiment was designed. BQ, IPA, and EDTA-2Na were then added to the reaction system as quenchers for ·O2−, ·OH, and h+, respectively. The results (Figure 11) showed that the removal efficiency of TC decreased from 95.3% to 59.1%, 88.2%, and 74.7% in the presence of BQ, IPA, and EDTA-2Na, respectively. This indicated that ·O2− made an important contribution to the photocatalytic degradation of TC, which was not the case for ·OH and h+.



The intermediate products of TC photodegradation were analyzed by LCMS. The samples were detected after 15 min of illumination. The characteristic peak at m/z = 445 corresponded to the TC molecule. Also, the O2−, ·OH and h+ that were generated in the reaction attacked the TC molecules, resulting in a C–C, C=C, C–N, and C–O cleavage in generating various intermediates. The became eventually degraded into CO2, H2O, and other small molecules. Based on the m/z value in the LCMS results (Figure S1 Supporting Information), four possible pathways for the photocatalytic degradation of TC have then been proposed (Figure 12).





3. Materials and Methods


3.1. Materials


The peanut shell was obtained from a local market in Jinan, Shandong, China. Also, tetrabutyl titanate (99%), TC (99%), benzoquinone (BQ; 97%), ethylenediaminetetraacetic acid disodium salt (EDTA-2Na; 99%), and isopropyl alcohol (IPA; 99%) were purchased from Shanghai Macklin Biochemical Co. Ltd., Shanghai, China. In addition, anhydrous ethanol, glacial acetic acid, phosphoric acid, NaOH, and hydrochloric acid were purchased from Tianjin Fuyu Fine Chemical Co. Ltd., Tianjin, China. Furthermore, nitric acid was purchased from Shanghai Sinopharm Chemical Reagent Co. Ltd., Shanghai, China. All chemical reagents were analytically pure and without the need for further purification. Also, deionized water was used throughout all experiments.




3.2. Preparation of Modified Biochar (p-BC) and Composite Photocatalyst (TiO2/p-BC)


The peanut shell was first cleaned with deionized water and then dried in an oven at 75 °C. Thereafter, it was crushed through a 100-mesh sieve. The method used for the following activation by the phosphoric acid was based on the previous work by Zhao et al. [44]. Briefly, 10 g of the peanut shell was impregnated with 30 mL of 50% H3PO4 for 24 h at room temperature. After filtration, the impregnated sample was dried in an oven at 110 °C for 5 h. Thereafter, the sample was placed in a crucible and pyrolyzed in a furnace at 500 °C for 2 h, with a slow rate of 5 °C min−1 in an N2 atmosphere. As the next step, the sample was washed with deionized water until the filtrate had a neutral pH value. In the following step, the sample was dried in an oven at 110 °C and ground through a 100-mesh sieve to obtain a phosphoric acid-modified biochar (p-BC).



The TiO2/p-BC composite was prepared through a modified sol–gel method [32]. The specific steps are as follows: (1) 6 mL of tetrabutyl titanate was added dropwise to 16 mL of anhydrous ethanol. Thereafter, the solution was stirred for 20 min to obtain a homogeneous solution, which was labeled as A. (2) Ten mL of anhydrous ethanol, 1.3 mL of deionized water, 0.7 mL of glacial acetic acid, and 0.7 mL of nitric acid (40 wt.%) were mixed into a homogeneous solution, and was labeled as B. (3) B was added dropwise to the A solution to obtain a mixed solution. Two grams of p-BC were added to this solution and stirred for 4 h before a static aging for 48 h. After 48 h, the gel was dried in an oven at 80 °C for 24 h and ground through a 100 mesh sieve. Finally, the solid was pyrolyzed in a furnace at 500 °C for 2 h, with a slow rate of 5 °C min−1 in an N2 atmosphere. Thereby, the TiO2/p-BC composite was obtained. The preparation process of the TiO2/p-BC composite is displayed in Figure 13. Pure TiO2 was prepared by the same method as above, except for the omission of p-BC.




3.3. Characterizations


The surface morphologies and structures of the samples were characterized by scanning electron microscopy (SEM) (MIRA LMS, TESCAN, Brno, Czech Republic) with the working test parameters at 0.2–30 kV acceleration voltage. In addition, the surface chemical compositions and element-binding states of TiO2/p-BC were analyzed by X-ray photoelectron spectroscopy (XPS) (K-Alpha, Thermo Scientific, Norristown, PA, USA) with Al Kα X-ray excitation source. Also, the crystalline phase of TiO2/p-BC was examined by X-ray diffraction spectroscopy (XRD) (MiniFlex600, Rigaku, Tokyo, Japan) with Cu Kα radiation. Fourier-transform infrared spectroscopy (FTIR) (Nicolet iS20, Thermo Scientific, Norristown, PA, USA) was used to analyze the surface functional groups of the samples using KBr pellets in the range of 400–4000 cm−1. Furthermore, the migration efficiency of the photoinduced electrons and holes was evaluated by photoluminescence spectroscopy (PL) at the excitation wavelength of 355 nm. (FLS1000, Edinburgh, UK). Ultraviolet–visible diffuse reflectance spectroscopy (UV-vis-DRS) (UV-3600, Shimadzu, Kyoto, Japan) was used to evaluate the optical absorption performance of TiO2/p-BC. The zeta potential of the TiO2/p-BC was analyzed by nanoparticle size and zeta potential analyzer (DLS) (Zetasizer Nano ZS90, Malvern, UK). Finally, the TC concentration in the solutions was determined by an ultraviolet spectrophotometer at 356 nm, and a liquid chromatograph mass spectrometer (LCMS) (Ultimate 3000 UHPLC-Q, Thermo Scientific, Norristown, PA, USA) was used for the analyses of the intermediate products in the photodegradation process.




3.4. Photocatalytic Experiments


The photocatalytic experiments were conducted in a photochemical reactor (CME-PC4, microenerg, Beijing, China) with a 500 W xenon lamp as the sunlight source. For these experiments, 0.03 g of a photocatalyst and 30 mL of a 30 mg L−1 TC solution were evenly mixed in a quartz tube. Thereafter, this tube was placed in a dark environment for 1 h to ensure an adsorption/desorption equilibrium. As the next step, the photocatalytic reaction was conducted for a duration of 1 h. Three milliliters of the reaction solution was, thereafter, filtered through a 0.45 μm membrane, and the concentration of the residual TC in the solution was measured by a UV spectrophotometer. Magnetic stirrers were then used to ensure a uniform mixing of the solution during adsorption and photocatalytic degradation under dark conditions. Finally, the effective factors, with their ranges, for the removal of TC were especially investigated, including pH value (3–11), TC initial concentration (20 mg L−1–50 mg L−1), and photocatalyst dosage (0.025 g L−1–0.15 g L−1). The reusability of the photocatalyst was also evaluated by performing five repetitive cycles. After the photocatalytic experiment, the photocatalyst was recovered by filtration and washed several times. Thereafter, it was dried at 75 °C for the next coming use. The condition for each photocatalytic operation was identical to the one used for a fresh photocatalyst.





4. Conclusions


In the present study, the TiO2/p-BC composite photocatalytic material has been prepared for the removal of TC. The characterization showed that the TiO2 (with an anatase phase) was successfully synthesized to p-BC, and the crystalline form of TiO2 was not affected in this process. Compared with TiO2, the TiO2/p-BC had a lower bandgap (2.73 eV) and recombination rates of electrons and holes. Thus, the TiO2/p-BC demonstrated a higher light utilization and photocatalytic activity. Under the optimum conditions of an initial pH value of 5 in the solution, a composite dosage of 0.1 g L−1, and an initial TC concentration of 30 mg −1, the removal efficiency of TC by TiO2/p-BC reached 95.3%. The removal efficiency remained above 86% after five consecutive cycles, which indicated that TiO2/p-BC had excellent reusability and stability. Furthermore, the active species capturing experiment verified that ·O2− made an important contribution to the photocatalytic degradation of TC, which was not the case with ·OH and h+. At a low cost, the environmentally friendly, recyclable, and reusable photocatalytic material TiO2/p-BC can be used for the efficient removal of TC and other organic pollutants.
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Figure 1. SEM images of (a) p-BC, (b) TiO2, and (c) TiO2/p-BC. 
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Figure 2. XPS spectra of TiO2/p-BC: (a) survey, (b) C 1s, (c) N 1s, (d) O 1s, (e) P 2p, and (f) Ti 2p. 
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Figure 3. (a) XRD and (b) FTIR patterns of p-BC, TiO2, and TiO2/pBC. (c) PL emission spectra of TiO2 and TiO2/pBC. 
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Figure 4. (a) UV–vis DRS spectra of TiO2 and TiO2/p-BC, (b) calculated corresponding bandgaps, and (c) corresponding Mott–Schottky curves. 
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Figure 5. TC removal performance of different samples. 
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Figure 6. (a) Point of zeta charge of TiO2/p-BC. (b) Removal efficiency of TC by TiO2/p-BC at different pH values. 
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Figure 7. (a) Removal efficiency of TC at different dosages of TiO2/p-BC. (b) Proportion of photocatalytic oxidation and adsorption at different dosages. 
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Figure 8. (a) Removal efficiency of TC at different initial concentrations of TiO2/p-BC. (b) Proportion of photocatalytic oxidation and adsorption at different initial concentrations. 
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Figure 9. Cycles for the photodegradation of TC in the presence of TiO2/p-BC. 
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Figure 10. Schematic illustration of the TiO2/p-BC photocatalytic enhancement mechanism in the TC degradation. 
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Figure 11. Quenching experiments of active species during the photocatalytic degradation of TC by TiO2/p-BC (scavenger dosage: 0.1 mmol L−1). 
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Figure 12. Possible degradation pathways of TC. 
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Figure 13. Schematic for the preparation of TiO2/p-BC. 
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