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Abstract

:

In an endeavor to tackle environmental problems, the photodegradation of microcystin-LR (MC-LR), one of the most common and toxic cyanotoxins, produced by the cyanobacteria blooms, was examined using nanostructured TiO2 photocatalysts (anatase, brookite, anatase–brookite, and C/N/S co-modified anatase–brookite) under UV-A, solar and visible light irradiation. The tailoring of TiO2 properties to hinder the electron–hole recombination and improve MC-LR adsorption on TiO2 surface was achieved by altering the preparation pH value. The highest photocatalytic efficiency was 97% and 99% with degradation rate of 0.002 mmol L−1 min−1 and 0.0007 mmol L−1 min−1 under UV and solar irradiation, respectively, using a bare TiO2 photocatalyst prepared at pH 10 with anatase to brookite ratio of ca. 1:2.5. However, the bare TiO2 samples were hardly active under visible light irradiation (<25%) due to a large band gap. Upon UV, solar and vis irradiation, the complete MC-LR degradation (100%) was obtained in the presence of C/N/S co-modified TiO2 with a degradation rate constant of 0.26 min−1, 0.11 min−1 and 0.04 min−1, respectively. It was proposed that the remarkable activity of co-modified TiO2 might originate from its mixed-phase composition, mesoporous structure, and non-metal co-modification.






Keywords:


anatase/brookite; non-metal co-modification; emerging pollutants; cyanotoxins; microcystin-LR; photodecomposition












1. Introduction


Cyanobacteria (blue-green algae) are naturally present in aquatic environments. The increase in nutrient concentration, global water temperature, and sunlight intensity results in cyanobacterial blooms, named harmful algal blooms (HABs) [1]. It should be pointed that, besides a decrease in ecosystem stability, HABs might also cause a production of highly active toxic compounds, known as cyanotoxins, during cell lysis, which is of special concern for drinking water sources [1,2,3]. Moreover, the presence of cyanotoxins can increase the chemical oxygen demand, microbial growth, and disinfection in the water distribution systems [3]. The intoxication resulting from cyanotoxins, present in drinking water, has been reported worldwide [3,4]. Cyanotoxins represent a significant threat to all living organisms on the earth since they can poison and even kill animals and humans. Additionally, they can also accumulate in various animals, such as fish and shellfish, and thus cause toxemia, such as shellfish poisoning [5]. Furthermore, an oxidative stress to plants by cyanotoxin results in tissue necrosis, influencing a proper plant growth [6]. For example, in 1996 in Brazil, 76 humans suffering from dialysis failure died because of the exposure to the high doses of cyanotoxins through polluted intravenous fluids [5,7]. In China, cyanotoxins were suspected of liver cancer resulting from drinking of polluted water [7,8,9]. Moreover, it was proposed that cyanotoxins-polluted water led to the development of colorectal cancer [7,10]. Cyanotoxins are classified into hepatotoxins (microcystins, nodularin), neurotoxins (anatoxins, saxitoxins, β-methylamino- L-alanine), dermatotoxins (lipopolysaccharide, lyngbyatoxins, aplysiatoxin) and cytotoxins (cylindrospermopsin) [4,7]. Microcystins (MCs), strong hepatotoxin, are considered the most widespread cyanotoxin in different environments [11,12]. So far, more than 100 variants of MCs have been identified in the environment [3]. Among them, microcystin-leucine arginine (MC-LR) is the most common and toxic [1,2,3,4,5,6,7,8,9,10,11,12]. MC-LR causes an inhibition of protein phosphatase type 1 and PP2 A, resulting in neoplasm [3]. The provisional guideline value for MCLR in drinking water should be lower than 1.0 µg L−1, as proposed by the World Health Organization (WHO) [13]. However, traditional water treatment processes are not sufficient for MC-LR removal [1,3,13,14]. Recently, the nanostructures photocatalysts have been considered as promising materials for environmental purification [15,16,17,18,19,20,21,22,23,24,25]. Among photocatalysts, nanostructure TiO2 has been considered as one of the best photocatalysts (considering efficiency and cost) for environmental remediation, especially cyanotoxins decomposition [1,26,27,28,29,30,31,32]. For example, Robertson et al. reported the photodegradation of MC-LR in aqueous solution (initial conditions: concentration of 50–200 µm, pH 4, 33 °C) in the presence of TiO2 (10 g L−1) during 40 min illumination using xenon UV lamp (280 W UVASpot 400 Lamp, Uvalight Technology Ltd., Aberdeen, UK, spectral output: 330–450 nm), and they found that the initial rate of photodegradation increased with an increase of MC-LR concentration and reached 14.60 µm min−1 for 200 µm concentration [26]. Chen et al. examined the degradation of cylindrospermopsin (CYN) by TiO2/UV photolysis [33]. They conducted the control experiments to investigate the role of direct photolysis, dark adsorption, photocatalytic oxidation, and oxygen in the degradation process. The influences of light intensity, TiO2 concentration, pH value, and initial concentration of CYN were studied. It was found that CYN was completely oxidized in the presence of TiO2, O2, and UV irradiation within 10 min. The pseudo-first-order rate constants (k) increased with an increase of light intensity and TiO2 doses, and decreased with increasing initial concentration and pH values. Despite high activity against various pollutants, TiO2 has two main limitations: (i) electron–hole recombination, and (ii) inactivity under vis irradiation due to large band gap (e.g., ca. 3.2 eV for anatase) [1,12,14,28,31,34,35,36]. One of the methods for UV-activity enhancement is to form mixed-phase TiO2 (anatase/rutile, anatase/brookite, and anatase/brookite/rutile), which might facilitate the charge transfer process (from one phase to another), thereby overcoming the recombination [37,38,39,40]. In our previous works, anatase/brookite mixed-phase TiO2 photocatalysts were synthesized and their superior activity was found in comparison to single phase (anatase and brookite) titania samples [31,39,40]. For example, anatase, brookite, and anatase/brookite mixed-phase TiO2 were prepared via a hydrothermal method, and used for photodegradation of cyanotoxin (cylindrospermopsin) under UV-Vis light irradiation. It was found that mixed-phase TiO2 exhibits ~2–4 times higher photoactivity than single-phase TiO2 [31]. On the other hand, non-metal modification allows for obtaining novel photocatalysts active also under visible light irradiation [1,3,14,28,33,34,35,36,37,38,39,40,41,42,43,44,45,46,47,48,49,50]. Triantis et al. investigated the photodegradation of MC-LR using N-modified TiO2, and non-modified TiO2 (commercial Degussa P25, and reference TiO2) photocatalysts under UV-A, solar and visible light [28]. They found that all TiO2 photocatalysts were effective for MC-LR degradation under UV-A and solar irradiation, whereas under vis irradiation only N-modified TiO2 was active. Recently, co-modified TiO2 nanocatalysts have attracted significant attention because they possess a superior photocatalytic efficiency compared to single-modified TiO2 [1,40,42,43,44,45,47,48,49,50]. However, there are only a few reports focusing on the photodegradation of MC-LR over mesoporous A/B TiO2 nanoparticles. In our previous reports, non-metal co-modified mesoporous anatase/brookite TiO2 was prepared and used for photocatalytic degradation of cyanotoxins and pharmaceuticals [1,40,47,48]. For example, C/N-co-modified mesoporous anatase/brookite TiO2 photocatalysts were highly active for MC-LR degradation under vis irradiation [1]. The impacts of initial pH value, the TiO2 content, and MC-LR concentration on the photocatalytic activity were also investigated. It was found that the complete degradation (100%) of MC-LR (10 mg L−1) was achieved, using co-modified TiO2 (0.4 g L−1) at pH 4 under visible light irradiation. Continuously, in this study, a facile method based on tuning the phase content and surface area of bare TiO2 nanoparticles to improve the photocatalytic degradation of MC-LR was investigated. It was found that both pristine TiO2 (prepared at pH 10), and C/N/S co-modified TiO2 (synthesized by a simple method in which the best TiO2 sample was calcined with thiourea) exhibited an efficient performance for the decomposition of MC-LR (C0 = 10 mg L−1, pH 4) during only 15 and 60-min irradiation with UV-A and solar simulation, respectively. In addition, the non-metal co-modified TiO2 showed 4× higher photocatalytic activity than bare TiO2 for MC-LR degradation during 3 h-vis irradiation.




2. Results and Discussion


2.1. Characterization of TiO2 Photocatalysts


Six titania samples were used in this study, i.e., five non-modified samples (named as S1, S2, S3, S4 and S5) and one C/N/S-co modified sample (S4 modified with carbon, nitrogen and sulphur; named as CNS-S4). Phase structure and morphology (X-ray diffraction (XRD), and field emission scanning electron microscopy (FE-SEM); Figure 1 and Figure 2), textural properties (specific surface area and particle size; Table 1), absorption properties (ultraviolet-visible diffuse reflectance spectroscopy (DRS); Figure 3), surface chemical characterization (X-ray photoelectron spectroscopy (XPS); Figure 4), and the photoluminescence (PL) properties of the samples were investigated. The preparation conditions, phase composition, crystallite size, specific surface area, particle size, absorption edge, and band gap of the samples are summarized in Table 1.



The XRD spectra revealed that the preparation pH value (i.e., glycine/NaOH volume ratio) controlled the phase structure. The single-phase anatase (A) and brookite (B) were formed at pH 3 and 11, respectively, whereas, with pH value ranging from 5 to 10, A/B-mixed-phase TiO2 powders were formed with a decrease in the anatase content through increasing the pH value (see Figure 1a and Table 1). Moreover, the phase structure did not change by non-metal modification, whereas the phase composition changed (anatase content increased), as shown in Figure 1b and Table 1. The crystalline size of anatase and brookite decreased within increasing of pH values (see Table 1). The specific surface area increased with increasing pH value till pH 10, and then decreased at pH 11 (Table 1). The co-modified TiO2 (CNS-S4) and non-modified (S4) possessed a mesoporous structure, whereas the microporous structure appeared in all other samples, as shown in Table 1. Figure 2a–c shows FE-SEM for S1, S4, S5 and CNS-S4 samples, indicating that the single-phase anatase and brookite contain nano-quasi-spherical-like, and nano-spindle-like particles, respectively. In contrast, the mixed-phase TiO2 contained nano-quasi-spherical-like anatase mixed with nano-rod-like brookite. As displayed by UV-Vis spectroscopy, the absorption was red-shifted for the co-modified sample, reflecting that the band gap value decreased from 3.17 to 2.9 eV by non-metal modification (see Figure 3 and Table 1). The XPS spectroscopy revealed that the CNS-S4 sample was modified with C, N, and S (20.78% Ti, 58.47% O, 16.41% C, 2.5% S and 1.84% N), while the S4 sample was non-modified TiO2 (see Figure 4). Figure 4a shows the XPS survey spectra for S4 and CNS-S4 samples. Figure 4b displays an XPS spectrum of CNS-S4 for C 1s. Three peaks were observed with binding energies of 284.8, 286.5, and 289 eV, which were ascribed to C−O and C=O, O=C-O, Ti-O-C, and C-N bonds (289 and 286.5 eV), and C−C and C−H bonds (284.8 eV) [1,40,42,43,45,47,48]. One peak with binding energy of 401 eV was obtained for nitrogen (N 1s), which was attributed to interstitial N-doping (Ti-O-N and Ti-N-O linkage), substitutional N-doping (O-Ti-N linkage), hyponitrite species, and chemisorbed N species (NO, N2O, NO2-, and NO3-) (see Figure 4c) [1,28,34,40,41,42,43,44,45,47,48,50]. Figure 4d gives XPS spectrum of CNS-S4 for sulphur (S 2p) with binding energy of 168.6 eV, which might be assigned to S6+ 2P3/2 [40,42,45,46,48]. The substitution of Ti4+ by S6+ is much easier and more favorable than the replacement of O2− with S2− [40,48].




2.2. Removal of MC-LR by Adsorption and Photolysis


The experiments of MC-LR removal in the dark (absence of light) were conducted to determine the extent of MC-LR adsorption on the TiO2 surface. Figure 5a shows the change in MC-LR concentration vs. adsorption time in the presence of non-modified TiO2 (S1, S2, S3, S4, and S5), and non-metal-co-modified TiO2 (CNS-S4) catalysts. It was indicated that 3-h stirring resulted in 41%, 39%, 25%, 18%, 16%, and 14% adsorption of MC-LR on the surface of CNS-S4, S4, S3, S2, S1, and S5, respectively (see Figure 5). More efficient MC-LR adsorption on the surface of non-metal co-modified TiO2 sample (CNS-S4) compared to the non-modified samples (Figure 5) might result from either the non-metals presence or mesoporous structure, which act as active sites for pollutants adsorption and hence improves the adsorption capacity [51,52,53,54,55]. Among the non-modified TiO2, the S4 catalyst possessed the highest adsorption capacity because of its largest specific surface area (see Figure 6a).



The direct photolysis experiments of MC-LR by UV-A, solar, and visible irradiation were carried out (after obtaining adsorption equilibrium) in an aqueous solution (Figure 6b). It was found that the MC-LR degradation by photolysis was negligible, indicating that MC-LR could not easily be removed by irradiation alone, whether UV, solar, or visible. Indeed, many reports demonstrated the radiation alone (UV, solar and visible) is not effective for elimination of MC-LR [1,3,26,27,28,56,57,58,59,60,61,62,63,64]. From the above results, it was concluded that a more efficient method should be applied for MC-LR degradation, e.g., the photocatalysis (photocatalyst + light).




2.3. Photocatalytic Degradation of MC-LR under UV-A, Solar and Visible Light


The photocatalytic activity of the obtained TiO2 photocatalysts was evaluated by photodegradation of MC-LR under UV-A, solar and visible light (Figure 7, Figure 8, Figure 9 and Figure 10). Firstly, the discussion will focus on the photocatalytic degradation of MC-LR under UV-A and solar irradiation (Figure 7 and Figure 8). It was found that the mixed-phase TiO2 photocatalysts (S2, S3 and S4) were more efficient than single-phase ones (S1 and S5) toward degradation of MC-LR under UV-A (Figure 7a) and solar light (Figure 8a). The efficiency of MC-LR photodegradation under UV-A using the S4, S3, and S2 photocatalysts reached 97%, 94% and 68%, respectively, whereas only 46% and 41% were achieved in the presence of S1 and S5 photocatalysts, respectively (Figure 7c, and Table 2). The photocatalytic efficiencies of S1, S2, S3, S4 and S5 toward MC-LR degradation under solar light were slightly lower resulting in 55%, 67%, 87%, 99% and 37%, respectively (see Figure 8, and Table 2). The complete MC-LR degradation (100%) was achieved under both UV-A and solar irradiation using only co-modified TiO2 (CNS-S4) sample (Figure 7a and Figure 8a, and Table 2). The kinetic analysis (by plotting the natural logarithm of MC-LR concentration versus time, Figure 7b and Figure 8b) indicates the first-order reaction, which is typical for photocatalytic decomposition of various organic compounds [1,14,31,34,39,40,43,45,48]. The estimated reaction rate constant (K) for S1, S2, S3, S4, S5 and CNS-S4 samples under UV-A irradiation were 0.041, 0.076, 0.196, 0.238, 0.035 and 0.257 min−1 (Figure 7b, and Table 2), respectively, whereas, under solar irradiation, 2–6× smaller constants were obtained, i.e., 0.013, 0.019, 0.034, 0.082, 0.008 and 0.106 min−1 (Figure 8b, and Table 2), respectively. The smaller reaction rate constants under solar irradiation than that under UV-A results from inactivity of bare titania under vis irradiation (main part of solar simulator emission). The corresponding reaction rates followed the order of CNS-S4 > S4 > S3 > S2 > S1 > S5 reaching 21.6 × 10−4 and 8.90 × 10−4 mmol L−1 min-1, 20.2 × 10−4 and 7.01 × 10−4 mmol L−1 min−1, 17.1 × 10−4 and 3.11 × 10−4 mmol L−1 min−1, 7.1 × 10−4 and 1.81 × 10−4 mmol L−1 min−1, 3.9 × 10−4 and 1.20 × 10−4 mmol L−1 min−1, and 3.3 × 10−4 and 0.76 × 10−4 mmol L−1 min−1 under UV-A (Figure 7c) and solar irradiation (Figure 8c), respectively.



The remarkable photocatalytic performance of S4 (among the non-modified samples) and CNS-S4 (among all samples) might be explained by the phase structure and composition (S4 and CNS-S4), mesoporous structure (S4 and CNS-S4), high specific surface area (S4), and non-metal co-modification (CNS-S4) [1,14,28,31,34,36,37,38,39,40,41,42,43,44,45,46,47,48,49,50,51,53,54,55]. Both S4 and CNS-S4 contained anatase/brookite mixed-phase, and this might result in efficient separation of charge carriers by their possible migration between two phases (PL; Figure 11) [1,31,36,37,38,39,40,47,48]. The mesoporous structure of both S4 and CNS-S4 is also favorable for efficient activity because of providing more active sites on TiO2 surface, the accumulation of hydroxyl radicals inside the mesopores, high dispersion of mesoporous TiO2 in the aqueous solution, and rapid diffusion of MC-LR to the active sites on the surface of the mesoporous TiO2 photocatalyst (as also proved by high adsorption ability) [1,31,39,40,47,48,65,66]. More efficient adsorption and degradation of MC-LR under UV-A and solar light over the S4 sample than that on the other non-modified TiO2 samples could result from larger specific surface area, as shown in Figure 9. In order to correct the photocatalytic activity of bare TiO2 samples (S1, S2, S3, S4, and S5) considering the surface area, the reaction rate constant was normalized by a specific surface area and summarized in Table 2. The highest photocatalytic degradation rate and normalized reaction rate constant, based on surface area, were observed for the S4 sample (with the highest surface area). Therefore, it was concluded that the surface area can play an important role in the photocatalytic degradation of MC-LR. Higher surface area introduces more active sites on the photocatalyst surface, enhancing the adsorption of organic pollutants, and it might also lead to a high concentration of surface hydroxyl groups, which can trap the photogenerated holes and thus decrease the electron–hole recombination, as demonstrated by PL results (see Figure 11) [1,31,39,40,47,66]. From the above results and discussion, it is reasonable to hypothesize that the preparation pH value is a key factor that affects directly the photocatalytic activity of the TiO2 nanoparticles. Indeed, it is known that the pH value might control the surface characteristics and the size of aggregated nanoparticles resulting in higher content of formed hydroxyl radicals, and improved adsorption capacity of organic pollutants onto a photocatalysts surface [67]. Therefore, our results demonstrating the role of preparation pH value for controlling of the phase composition and boosting the photocatalytic activity of TiO2 nanoparticles is consentient with previous reports [68,69]. It was also proposed that the highest activity of the co-modified TiO2 photocatalyst (CNS-S4) results from a non-metals presence, which could act as active sites for efficient MC-LR adsorption and degradation [51,52,53,54,55]. It is known that non-metal modification is responsible for the increase of superficial hydroxyl groups’ content and faster electron transfer, and thus higher photocatalytic activity [1,14,28,42,43,44,45,47].



Although the results clearly showed much higher activity of CNS-S4 than other samples under solar irradiation, the reason could not be unequivocally decided, i.e., favorable surface properties, best phase composition (A/B = 2.5) or non-metal presence. Therefore, the photodegradation experiments under visible light irradiation were performed for two samples of the highest activity (S4 and CNS-S4), and obtained results are shown in Figure 10a. It was found that the non-modified TiO2 photocatalyst, which could absorb only UV light (λ ˂ 400 nm), was almost inactive (˂25%) under visible light irradiation, and this low MC-LR degradation might be assigned to slight light transmittance below the wavelength of 420 nm [3,28]. In contrast, MC-LR was completely degraded after 180-min stirring under visible light irradiation in the presence of C/N/S-co-modified TiO2 (CNS-S4), as shown in Figure 10a. Similar to degradation under UV-A and solar irradiation, photocatalytic degradation of MC-LR followed first-order kinetics, as shown in Figure 10b. The rate constants and reaction rates were: K = 0.002 min−1, r = 0.170 × 10−4 mmol L−1 min−1 and K = 0.037 min−1, r = 3.2 × 10−4 mmol L−1 min−1 for S4 and CNS-S4 photocatalysts, respectively. Therefore, it was proposed that the structure and specific surface area were not the reasons for the remarkable photocatalytic activity of CNS-S4 sample under visible light irradiation. It should be pointed that these two samples possessed almost the same morphology, i.e., nano-rod-like brookite with nano-quasi-spherical-like anatase (see FE-SEM images: Figure 2c,d). In addition, although the specific surface area of CNS-S4 (30.00 m2 g−1) was two times lower than that of S4 (62.3 m2 g−1), the reaction rate of CNS-S4 was ca. 20× higher than that of S4. Therefore, it could be concluded that non-metal modification played a major role in enhancing the activity of CNS-S4 under the vis range of a solar spectrum, as clearly indicated from sample characteristics. It was proposed that the O 2p orbitals of TiO2 could overlap with orbitals of C, N and S, forming mid-gap levels between conduction band (CB) and valence band (VB), and thus narrowing the bandgap of CNS-S4 [40,45,47,48,50]. Additionally, the carbonaceous species, which may act as a photo-sensitizer like organic dyes, might be formed on the surface of TiO2 by carbon modification [70], whereas nitrogen might convert some Ti4+ to Ti3+ by charge compensation, and thus form donor energy levels below the conduction band [71]. The O 2p of TiO2 could be substituted by nitrogen atoms to form isolated impurity energy levels above the valence band [70]. The photoluminescence (PL) is often a useful tool for investigating separation/recombination of photogenerated charges in semiconductors since the PL emission intensity is related directly to the electron–hole recombination rate. Lower PL emission intensities correspond to more efficient electron–hole separation and hence improve the photocatalytic activity of the photocatalyst [1,47,48]. In order to reveal the superior catalytic activity of S4 and CNS-S4 compared to the rest of the bare TiO2 samples (S1, S2, S3, and S5), the PL spectra with excitation wavelength of 300 nm, for all samples were conducted, and the results are shown in Figure 11. It was found that the PL spectra peaks of all samples are around 470 nm with different intensities, which decrease in the following order: CNS-S4 ˂ S4 ˂ S3 ˂ S2 ˂ S1 ˂ S5 (see Figure 11). The higher PL intensity of single-phase TiO2 (S1 (A), and S5 (B)) demonstrated their lower photocatalytic activity compared to mixed-phases TiO2 (S2, S3, S4, and CNS-S4). These findings could be explained by the fact that hole trapping by non-metals and synergistic effect between anatase and brookite might facilitate the electron–hole separation [1,31,39,47,48].





3. Materials and Methods


3.1. Materials


Titanium(III) sulfate (Ti2(SO4)3, Fisher, Loughborough, Leicestershire, UK, 15%), sodium nitrate (NaNO3, Koch-light laboratories Ltd., Haverhill, Suffolk, UK, 98%), glycine (H2N-CH2-COOH, Sigma-Aldrich, St. Louis, MO, USA, 99%), sodium hydroxide (NaOH, LobaChemie, Pellets, Mumbai, India, 98%), thiourea (H2N-CS-NH2, Sigma-Aldrich, Darmstadt, Germany, 99%), MC-LR (Cal-Biochem, Nottingham, UK, 99%), and absolute ethanol (CH3CH2OH, Sigma-Aldrich, Darmstadt, Germany, 99.8%) were used without any further purification. The water used for the experiment was deionized water (DI, 18.2 µΩ).




3.2. Preparation and Characterization of TiO2 Photocatalysts


The preparation and characterization of non-modified TiO2, and C/N/S-co-modified TiO2 were described in our previous works [39,48]. In short, to synthesize the non-modified TiO2, with different anatase/brookite ratios, the NaNO3 as an oxidizing agent was added to aqueous Ti2(SO4)3 solution, and then stirred till formation of the colorless solution. After that, different volume ratios of glycine/NaOH were added dropwise to the colorless solution resulting in different pH values. After stirring for ~25 min, the suspension was transferred into a 100-mL Teflon-lined tube and heated at 200 °C for 20 h. Ultimately; the TiO2 catalyst was collected, rinsed several times with DI-H2O and alcohol, and dried at 60 °C. The samples prepared at different pH values of 3, 5, 7, 10 and 11 were named as S1, S2, S3, S4 and S5, respectively.



The N/C/S-co-modified mesoporous A/B TiO2 photocatalyst was prepared by an ex-situ method. Shortly, the non-modified A/B mixed-phase TiO2 powder (S4) was grounded with thiourea with a 1:1 weight ratio, and then put into a muffle furnace (Nabertherm with controller) and calcined at 450 °C for 1 h. The obtained sample was washed several times and then dried at 60 °C for 10 h. The yellow powder was signed as CNS-S4.



The obtained TiO2 powders were characterized by various advanced methods, including X-ray diffraction (XRD, D8, Bruker AXS X-ray diffraction, Karlsruhe, Germany), field emission scanning electron microscopy (FE-SEM; QUANTAFEG 250, the Netherlands), specific surface area (SSA) measurements, ultraviolet-visible diffuse reflectance spectroscopy (UV-vis DRS, (UV-2501 PC, Shimadzu, Tokyo, Japan), and X-ray photoelectron spectroscopy (XPS, Thermo Fisher Scientific, Waltham, MA, USA).




3.3. Photocatalytic Tests


A stock aqueous solution of MC-LR (10 mg L−1) was prepared (pH 6.3). Prior to the photocatalytic experiments, the standard calibration curve was made for MC-LR concentrations in the range of 5–30 mg L−1. The photocatalytic degradation experiments were carried out in a double jacket round quartz reactor with a 50 mL volume. The temperature was maintained at 25 °C by the circulation of thermostated water around the reactor. Firstly, an aqueous solution of MC-LR (40 mL) was added to a round quartz reactor containing TiO2 powder (0.4 g L−1), and sonicated to obtain a uniform suspension, and then the pH value was adjusted to be 4. The reaction solution (MC-LR, H2O, and TiO2; pH 4) was stirred for 180 min in the dark to achieve the adsorption equilibrium for MC-LR on the catalyst surface before starting the experiments. After that, the suspension was irradiated from the top by a UV-A lamp (λmax = 365 nm, intensity = 2 mW cm−2), solar simulator lamp (SOL1200 lamp, intensity = 20 mW cm−2), and visible-LED lamp (λmax = 420 nm, intensity = 1 mW cm−2). The samples were taken at different times, and then filtered using a 0.22-μm filter membrane. The residual MC-LR concentration at different durations was analyzed using a high-performance liquid chromatography (HPLC, 1260, Agilent, Hamburg, Germany) with a G1311C-1260 Quat pump and a G1365D-1260 MWD UV detector (Hamburg, Germany), set at 238 nm with a C18 column (100 mm Long × 4.6 mm i.d., 3.5 µm particles) by the method reported before [1,72]. The reaction rates were estimated and fitted with the Langmuir–Hinshelwood first-order kinetic model. The degradation rate (r) was calculated using Equation (1) [1,12,31,40]:


r = K × C0n,



(1)




where K is the rate constant, C0 is the initial concentration of MC-LR, and n is the order of the reaction.



The MC-LR photodegradation efficiencies (%) using the prepared TiO2 photocatalysts under UV-A, solar and visible light were estimated using Equation (2) [9,10]:


Photodegradation efficiency (%) = (1 − (C/C0)) × 100,



(2)




where C0 and C are the MC-LR concentrations before and after irradiation, respectively.





4. Conclusions


The MC-LR toxin was removed from aqueous solution by UV-A, solar and visible light in the presence of nanostructured TiO2 photocatalysts (anatase, brookite, anatase–brookite, C/N/S-co-modified anatase–brookite). A simple hydrothermal method was investigated to synthesize pristine TiO2 nanoparticles with tunable A/B ratios, which was achieved by changing the preparation pH value. In addition, the best bare TiO2 was calcined with thiourea to obtain C/N/S-co-modified mesoporous A/B TiO2. The effect of the preparation pH value on the phase composition, surface area, and photocatalytic activity was investigated, and pH-dependent behavior was observed. It was found that the single-phase TiO2 nanoparticles, anatase and brookite, were formed at high acidic and basic pH, respectively, and A/B TiO2 samples were obtained in the pH value range of 5 to 10. Upon increasing the pH, the specific surface areas increased, leading to higher photocatalytic activity. The co-modified and non-modified mixed-phases TiO2 exhibited a superior photocatalytic activity compared to the single-phase TiO2 (anatase and brookite) under UV-A and solar irradiation, probably because of mixed-phase formation, mesoporous structure, and higher specific surface area (non-modified mixed-phase TiO2). The non-modified TiO2 practically was inactive under visible light irradiation (<25%), whilst the complete MC-LR degradation (100%) was achieved in the presence of C/N/S co-modified-TiO2. It is proposed that this improved activity for co-modified TiO2 comes from non-metal-co-modification, resulting in bandgap narrowing. Hence, highly active photocatalysts against very toxic pollutants (MC-LR) could be efficiently applied for water/wastewater purification under natural solar radiation.
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Figure 1. XRD patterns of: (a) S1, S2, S3, S4 and S5; and (b) S4 and CNS-S4. 
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Figure 2. FE-SEM images of: (a) S1; (b) S5; (c) S4; and (d) CNS-S4. 






Figure 2. FE-SEM images of: (a) S1; (b) S5; (c) S4; and (d) CNS-S4.
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Figure 3. (a) diffuse reflectance spectra of S1, S2, S3, S4, S5 and CNS-S4; (b) curves of (αhν)0.5 versus hν. 






Figure 3. (a) diffuse reflectance spectra of S1, S2, S3, S4, S5 and CNS-S4; (b) curves of (αhν)0.5 versus hν.



[image: Catalysts 09 00877 g003]







[image: Catalysts 09 00877 g004 550] 





Figure 4. (a) XPS survey spectra for S4 and CNS-S4, and detailed scan in the energy regions of: (b) C 1s; (c) N 1s; and (d) S 2p of CNS-S4. 
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Figure 5. (a) change of the MC-LR concentration during stirring in the dark; (b) adsorption (%) for MC-LR on the surface of S1, S2, S3, S4, S5, and CNS-S4. Catalyst loading, 0.4 g L−1; MC-LR dose, 10 mg L−1; pH, 4; T, 25 °C; reaction volume 40 mL. 
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Figure 6. (a) correlation between the adsorption (%) and the specific surface areas of S1, S2, S3, S4 and S5 samples; (b) MC-LR photolysis by UV-A, solar and visible irradiation. 
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Figure 7. (a) change of the MC-LR concentration during irradiation; (b) plot of ln (C/C0) versus irradiation time; (c) comparison of the degradation rate of MC-LR using S1, S2, S3, S4, S5, and CNS-S4 photocatalysts under UV-A light. Catalyst loading, 0.4 g L−1; MC-LR dose, 10 mg L−1; pH, 4; T, 25 °C; reaction volume 40 mL. 
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Figure 8. (a) change of the MC-LR concentration during irradiation with solar simulation; (b) plot of ln (C/C0) versus irradiation time; (c) comparison of the degradation rate of MC-LR using S1, S2, S3, S4, S5 and CNS-S4 photocatalysts under solar irradiation. Catalyst loading, 0.4 g L−1; MC-LR dose, 10 mg L−1; pH, 4; T, 25 °C; reaction volume 40 mL. 
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Figure 9. Correlation between the photodegradation efficiency (%) and the specific surface areas of the non-modified TiO2 photocatalysts: (a) under UV-A; and (b) under solar irradiation. 
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Figure 10. (a) change of the MC-LR concentration during visible light irradiation; (b) plot of ln (C/C0) versus irradiation time. Photocatalyst loading (S4, CNS-S4), 0.4 g L−1; MC-LR dose, 10 mg L−1; pH, 4; T, 25 °C; reaction volume 40 mL. 
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Figure 11. PL spectra of S1, S2, S3, S4, and CNS-S4 samples. 
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Table 1. Preparation conditions, phase composition, crystal size, specific surface area, particle size, absorption edge and band gap of S1, S2, S3, S4, S5 and CN/S-S4 catalysts.
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Sample Code

	
Preparation Conditions

	
Phase Composition

	
Crystal Size (nm)

	
Specific Surface Area (m2 g−1)

	
Pore Size (nm)

	
Absorption Edge (nm)

	
Band Gap (eV)




	
Initial pH

	
Modification Source

	
A%

	
B%

	
A

	
B






	
S1

	
3

	
-

	
100

	
0

	
29.6

	
-

	
28.0

	
1.12

	
375

	
3.23




	
S2

	
5

	
-

	
72.1

	
27.9

	
27.1

	
47.4

	
55.3

	
1.42

	
385

	
3.20




	
S3

	
7

	
-

	
65.7

	
34.3

	
25.7

	
46.8

	
60.1

	
1.45

	
389

	
3.18




	
S4

	
10

	
-

	
61.8

	
38.2

	
24.8

	
46.0

	
62.3

	
34.5

	
399

	
3.17




	
S5

	
11

	
-

	
0

	
100

	
-

	
52.3

	
23.4

	
1.48

	
374

	
3.30




	
CNS-S4

	
10

	
thiourea

	
70.6

	
27.4

	
28.3

	
48.2

	
30.0

	
2.4

	
420

	
2.90
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Table 2. The reaction rate constant (K), specific surface area (SBET), reaction rate constant normalized by surface area, photodegradation efficiency, and R2 for bare TiO2 samples (S1, S2, S3, S4, and S5).






Table 2. The reaction rate constant (K), specific surface area (SBET), reaction rate constant normalized by surface area, photodegradation efficiency, and R2 for bare TiO2 samples (S1, S2, S3, S4, and S5).





	
UVA




	
Sample Code

	
K (min−1)

	
SBET (m2 g−1)

	
K/SBET (g min−1 m−2) × 10−3

	
Degradation Efficiency (%)

	
R2




	
S1

	
0.041

	
28.0

	
1.46

	
46

	
0.999




	
S2

	
0.076

	
55.3

	
1.37

	
68




	
S3

	
0.196

	
60.1

	
3.26

	
94




	
S4

	
0.238

	
62.3

	
3.82

	
97




	
S5

	
0.035

	
23.4

	
1.50

	
41




	
Solar




	
Sample Code

	
K (min−1)

	
SBET (m2 g−1)

	
K/SBET (g min−1 m−2) × 10−4

	
Degradation Efficiency (%)

	
R2




	
S1

	
0.013

	
28.0

	
4.64

	
55

	
0.999




	
S2

	
0.019

	
55.3

	
3.44

	
67




	
S3

	
0.034

	
60.1

	
5.66

	
87




	
S4

	
0.082

	
62.3

	
1.32

	
99




	
S5

	
0.008

	
23.4

	
3.42

	
37












© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).






media/file13.jpg
Prasanhes

(©






media/file4.png





media/file18.png
100 100

_
-I
90 — L * 90 —
. | §
80 — UV-A L 80 — o
—_ et —_ Solar Ll
S 70 — n S70 — - m
= . =] .
S 60 — y 2 60 — .-
= - m -
T 50 . 250 — -
5 _—— 5 .
2 40 — - =40 - o
E g | =
S 30 — < 30 —
= a
20 — 20 —
10 — 10 —
0 T N R 0 T T T T T T 1
20 25 30 35 40 45 50 55 60 65 20 25 30 35 40 45 50 S5 60 6%
2 -1
Specific surface area /ng'1 Specific surface area /m g

(a) (b)





media/file21.jpg
Intensity/a.u.

| I I I I T I
300 350 400 450 500 550 600 650 700
Wavelength /nm





media/file3.jpg





media/file22.png
Intensity/a.u.

300 350 400 450 500 550 600 650 700

Wavelength /nm





media/file19.jpg
iy

08

06

04

02

00

()

Visible

K= 0057 min

T
30

T
W o
Time /min

(a)

120

T
150

i T T

0
0 30 @ % 10 150 180





media/file7.jpg
ooy

Intemsityf.u.

Intens

— T T T T T T T T
0 200 40 G0 S0 1000 1200 20 282 24 26 B8 20 22

Binding cncrey ¥ Bindingenereyev
(a) (b)
N s s "

T T T T T T L L L |

397 398 399 400 401 402 403 404 405 406 165 166 167 168 169 170 171 172 173
Binding cneray/eV Binding enerey/eV

© (d)






media/file10.png
C/C

0.6

0.5
0.4
0.3
0.2
0.1
0.0

- _._ S2 Dark
1 —As3

- ——CNs-s4

—l—s1

—W—s4
——ss

0 20 40 60 80 100 120 140 160 180
Time /min

(a)

Adsorption (%)

100

90 —
80 —
70 —

S1

Dark

S2

S3 S4
TiO, samples

(b)

S§

CNS-S4





media/file14.png
1.0 =
UV-A

0.8 —

0.6 —

C/Cy

0.4 —
852

53
0.2

0.0 —

Time /min

(a)

o

In (C/C

3

Time /min

(b)

K =0.014 min
K =0.035 min
1
0.076 min
8
]
A
1
x 55 K =10.196 min
4 CNs-s4 1
1 ¥ K=0238 min
K=0.257min
I I | I
5 10 5 20 2

¥ |

-
1

min

-1

Reaction rate'mmol L

0.0025

S1 S22 S3 0S4
Photocatalysts

()

S5 CNS-54





media/file11.jpg
Adsorption (%)

0

Photalysis

O-wvA
& Soar
@ Visibe

T T T T T T T
20025 30 35 40 45 S0 S5 60 65
‘Specific surface area/ mg!

(a)

T T T T T Tt
020 40 6080 100 120 140 160 180
Time fmin

(b)






media/file6.png
Absorbance/a.u.

300 350 400 450 S00 550 600

Wavelength /nm

(a)

0.5

0.5
(ahv) lev






media/file15.jpg
ey

-
‘v

I

TR
S5 N

0]

i

©





nav.xhtml


  catalysts-09-00877


  
    		
      catalysts-09-00877
    


  




  





media/file16.png
C/Cy

0 1 0.0010
K = 0.008 min
1 K = 0.012 min -
- -_ . |=
K =0.019 min oy
=
-2 K = 0.034 min™} ™
O34 M s Selar 2
< =
=4 A s E
Vv \v 1 =
S5+ & ss K = 0.082 min~ =
b
4 cNsss =
6 — ~
K =0.106 min™"
-7 T T T T T T T ]
0 10 20 30 40 50 60 70 S0 90 100 S1 S2 3 S4 S5 ONS-S4
Time/min Photocatalysts

(a) (b) (¢)





media/file2.png
(oor)g/(911)V

(1s9/b:00V

(rog/(1zv.
(0z9)g/(so1V

(1€09/(000)V

(1€09/(000)V

(zng

A(101)/B(120)

lw

‘n°g/A)sudjuy

_& (oov)d 911V

3 &% ( |

KL (2004

3% (sng (r07)V

® amem —

MN A w

sm w (v

mP 0zed (sonVv

OF (zepd -

23 (¢ w 000V

m.m (ze0)d |

= m masvm

AB 20 1 (TIDV §—
(1094 1 F00)V

< (zr0)d 3 Amc:wm |
(0004

(rzng < |

(g s
(oznd m\ —
A > QA 7

n°g/A)sudjuy

20 25 30 35 40 45 S50 55 60 65 70

20 25 30 35 40 45 50 55 60 65 70

]

]

20/

20/

(b)

(a)





media/file20.png
1.0 —

0.8 —

0.6 —

C/C,

0.4 —

0.2 —

0.0 —

Visible

—— cNs-s4

30 60 90 120
Time /min

(a)

|
150

180

In (C/C)

3 —

-4 —

5 —

-6 —

7

1

K =0.002 min

Visible

VvV <4
WV CNS-S4
1

K =0.037 min

30 60 90 120 150 180
Time /min

(b)





media/file5.jpg
05

Absorbance/a.u.
(@hv) lev

300 350 400 450 500 00 15
Wavelength /nm

(a)






media/file1.jpg
Intensi

/.
& 2 5
Tt
£
B
BO2)
B2
Bio2)
e
B
e
B
B(0s:
it
Beaon) 2

A0B(20,

oxsse

Aaooymasn

AaooyBasn
VB20)
Ad2IYBE)

AcosBOs!)
om0

A

o
g g
. g |y
= - T T T T T
2025 30 35 40 45,50 55 G0 65 70 20 25 30 35 40 45 50 55 60 65 70
20/ 20/
(@) (b)






media/file12.png
Adsorption (%)

()
—

40

w
hn

W
—]

(%)
i

[—
n

10

Dark

b I D
20 25 30 35 40 45 50 55 60 65
Specific surface area / ng'l

(a)

L0 ——W —
0.8 —
Photolysis
0.6 — _O_UV'A
g I Solar
o —@- Visible
0.4 —
0.2 —
0.0 —
I I I I I I I I I

0 20 40 60 80 100 120 140 160 180
Time /min

(b)





media/file9.jpg
[

10
09
08
07
06
0s
04
03
02
o1
00

Adsorption (%)

10
0
50

st

Dark

52

s s
TiO, samples

(b)

S5 CNSSe





media/file0.png





media/file8.png
O1s 284.8 eV

Ti2p

CNS-S4

Intensity/a.u.
Intensity/a.u.

0 200 400 600 800 1000 1200 280 282 284 286 288 290 292

Binding energy /eV Binding energy/eV
(a) (b)
401 eV 168.6 eV

S2p

Intensity/a.u.
Intensity/a.u.

I N I I I I I I I I
397 398 399 400 401 402 403 404 405 406 165 166 167 168 169 170 171 172 173
Binding energy/eV Binding energy/eV

(c) (d)





media/file17.jpg
100
9 -

hotodegradation (%)
L

T T T T T T T T T T T T T T
20 25 30 35 40 45 50 S5 60 65 0025 30 35 40 45 S S 60 6

Specific surface area g Soecific surface area /m ¢

(@) (b)





