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Abstract

:

A simple wet impregnation-calcination method was used to obtain a series of novel non-metal doped TiO2 photocatalysts. Biuret was applied as C and N source, while raw titanium dioxide derived from sulfate technology process was used as TiO2 and S source. The influence of the modification with biuret and the effect of the atmosphere (air or argon) and temperature (500–800 °C) of calcination on the physicochemical properties and photocatalytic activity of the photocatalysts towards ketoprofen decomposition under simulated solar light was investigated. Moreover, selected photocatalysts were applied for ketoprofen photodecomposition under visible and UV irradiation. Crucial features affecting the photocatalytic activity were the anatase to rutile phase ratio, anatase crystallites size and non-metals content. The obtained photocatalysts revealed improved activity in the photocatalytic ketoprofen decomposition compared to the crude TiO2. The best photoactivity under all irradiation types exhibited the photocatalyst calcined in the air atmosphere at 600 °C, composed of 96.4% of anatase with 23 nm crystallites, and containing 0.11 wt% of C, 0.05 wt% of N and 0.77 wt% of S.
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1. Introduction


Water scarcities and water pollution are becoming one of the greatest environmental threats of the 21st century. Over one billion people do not have access to drinking water [1]. Rapid industrialization and growing production lead to the increase in the presence of organic pollutants in the water environment each year. A significant part of these pollutions are pharmaceuticals. The first discovery of pharmaceutically active compounds in aquatic systems occurred in 1980s [2]. Studies show that over 100 pharmaceutical compounds from different therapeutic classes have been detected in wastewater, but also in drinking and ground water around the world [3,4]. Pharmaceuticals have been proved to have high potential threat for ecosystems and human as well as animal health [5,6]. Globally non-steroidal anti-inflammatory drugs (NSAIDs) are among the most frequently detected medications in surface waters. This is due to the high availability and no medical prescription requirements for these supplies [2,7,8,9]. In the example of ketoprofen, the concentration detected in natural environment ranged from 16 ng/L in drinking water in Europe, even to 9220 ng/L in surface water in Africa [2]. It means that pharmaceuticals could be introduced into the human body unintentionally by consuming drinking water [6,7,10,11,12].



Numerous studies showed that conventional wastewater treatment plants based on the use of microorganisms are insufficient to remove pharmaceuticals because of their complex molecular structure and good stability [4]. Due to that, the interest of many researchers has focused on the development of new, effective methods of removing these pollutants from the aquatic environment [5,13,14]. It has been proven that photocatalysis is an effective method of decomposition and mineralization of organic pollutants, including pharmaceuticals [2,5,13]. In the photocatalytic process a photocatalyst, e.g., TiO2 absorbs the radiation and causes the chemical conversion of substances involved in the reaction. The photogenerated electron-hole pairs participate in a series of reactions leading to the production of various reactive oxygen species (ROS), including the extremely strong oxidant •OH, which have the ability to decompose organic compounds [15,16,17]. The final products of photocatalytic mineralization of organic compounds are CO2, H2O and inorganic ions.



Amongst various semiconductors, TiO2 is the most commonly applied in photocatalysis. Its main advantages are low cost and good chemical stability. However, it also suffers from several weaknesses including low intrinsic electron mobility (0.1–1 cm2/V·s) and high sintering temperature (>450 °C) [18,19,20]. Nonetheless, its main disadvantage is the need to be activated with the use of UV radiation. Hence, numerous methods of modifying TiO2 are being investigated [15,21,22]. One of the approaches to increase the photocatalytic activity in visible light is non-metal doping. Modification of TiO2 with non-metals causes changes in the structure of the electron bands, generally leading to a decrease in the band gap energy [21,22,23]. Carbon, nitrogen and sulfur seem to be very feasible dopants [24,25,26]. The most common non-metals sources include urea [27,28], thiourea [29], ammonia [30,31] and glucose [32,33]. The non-metal doping of TiO2 usually results in narrowing of the band gap due to the formation of new impurity levels (e.g., C 2p, N 2p, S 2p) above the valence band (VB) of the semiconductor [34,35,36]. The incorporation of the heteroatoms can be confirmed on a basis of X-ray photoelectron spectroscopy (XPS) analysis [37,38]. N-doping is the most common non-metal doping method. It can be conducted either interstitially by incorporating nitrogen atoms into TiO2 lattice or substitutionally by replacing oxygen with nitrogen [39,40]. The researchers seem to disagree about which N-doping mode provides with better results [41,42]. Doping of TiO2 with carbon atoms can results in: (i) formation of Ti-C bonds due to the substitution of lattice oxygen with C, (ii) replacement of Ti by C leading to the formation of C-O bonds, or (iii) stabilization of C at the interstitial position [43,44]. Sulfur in the S-doped TiO2 can be incorporated through two paths, cationic or anionic. Cationic doping occurs by titanium substitution with S6+ cation, while anionic doping takes place by oxygen substitution with S2- anion [45,46,47,48]. Each individual non-metal doping mode has some advantages and disadvantages. Therefore, co-doping and tri-doping of TiO2 with non-metals was proposed, leading to combinations of the properties of single-doped TiO2 [49,50,51]. Further details on the C-, N-, S- as well as co-doped and tri-doped TiO2 can be found elsewhere [37].



In the present paper, a new approach to the modification of TiO2 with non-metals such as C, N and S is proposed. TiO2 from sulfate technology and biuret were used for the preparation of the photocatalysts. Unlike other frequently applied TiO2 precursors, such as titanium(IV) isopropoxide [52,53], titanium(IV) butoxide [54,55], TiCl4 [56] or Aeroxide® TiO2 P25 [57], the TiO2 from the sulfate technology offers an advantage of being a source of TiO2 and sulfur simultaneously. Furthermore, to the best of our knowledge biuret has not been used for the purpose of TiO2 modification with C and N ever before. Another aspect of novelty relates to the evaluation of the influence of the calcination atmosphere on the physicochemical properties and photocatalytic activity of the modified TiO2. There are very few reports in which the influence of the atmosphere of the heat treatment on the non-metal doped photocatalyst performance had been investigated and none of them refers to the comparison of the effect of the air and argon atmosphere [58,59,60,61,62].



Taking the above into consideration, the aim of the presented research was to investigate the influence of the modification of TiO2 with non-metals such as C, N and S on its physicochemical properties and photocatalytic activity under simulated solar light, as well as visible (>470 nm) and UV radiation. The effect of the calcination atmosphere (air and argon) and temperature (500–800 °C), as well as biuret amount was especially examined. Wet impregnation-calcination approach was applied for the photocatalyst preparation. The photocatalytic activity was evaluated based on the degradation of a commonly used NSAID, ketoprofen.




2. Experimental Section


2.1. Materials


All chemicals were used as received without further purification. Crude TiO2 produced by the sulfate technology was supplied by the Grupa Azoty Zakłady Chemiczne “Police” S.A. (Police, Poland). Biuret and ketoprofen were purchased from Sigma-Aldrich (Saint Louis, MO, USA).




2.2. Photocatalysts Synthesis


The photocatalysts were prepared by a simple wet impregnation-calcination approach. Biuret and crude TiO2 were mixed at the TiO2:N weight ratio of 9.8:0.2, 9.7:0.3, 9.5:0.5, 9:1, 7:3 or 5:5 and suspended in 100 mL of ultrapure water. The suspensions were stirred at room temperature for 18 h. Subsequently, the samples were dried at 105 °C to evaporate water. The obtained products were ground in an agate mortar to form a fine powder. Finally, the dry powders were calcined for 1 h in the air or argon atmosphere at 500, 600, 700 or 800 °C with a heating rate of 5 °C/min. For argon, the gas flow was 50 mL/min. The obtained photocatalysts were labeled as B-X-P/Ar-Y, where X denoted the TiO2:N ratio, P was for air, Ar was for argon and Y denoted the calcination temperature (°C).




2.3. Photocatalysts Characterization


The crystalline structure of the photocatalysts was characterized by the X-ray diffraction (XRD, PANalytical Empyrean, CuKα radiation λ = 1.54056 Å). The average anatase crystallite sizes were calculated using Scherrer formula [63,64]:


  D =    K λ    W cos θ    



(1)




in which K is a numerical constant (K = 0.93), λ is the CuKα radiation wavelength (λ = 1.54056 Å), W is the full width at half maximum of the diffraction lines (FWHM) and θ is the diffraction angle. The W parameter was calculated based on the following equation:


  W =    (   W 0  −  W 1   )  ·    W 0 2  −  W 1 2       



(2)




where W0 is the measured value and W1 is the instrument correction factor.



The UV-Vis/DR spectra of the crude TiO2 and the prepared photocatalysts were measured in the scan range of 200–800 nm using UV-Vis/DR spectrophotometer (Jasco V-650, Tokyo, Japan). Spectralon white diffuse reflectance standard was used as a reference. In order to calculate the band gap energy, the linear part of the Tauc plot was extrapolated. The Tauc method is based on the following formula:


     (  α ·  h ν   )     1 γ    = B  (   h ν  −  E g   )   



(3)




where α is an energy-dependent absorption coefficient, h is the Planck constant, ν is the photon frequency, γ is the factor dependent on the nature of the electron transition, B is a constant and Eg is the band gap energy. The γ factor is equal to ½ and 2 for the direct and indirect transition, respectively [65]. The intersection with the OX axis indicates the band gap energy value.



Carbon, nitrogen and sulfur content were analyzed with the use of elemental analyzers (CS230 and ONH836 Leco Corp., St. Joseph, MO, USA). The isoelectric point (pH(I)) was determined using the Zetasizer Nano-ZS analyzer (Malvern Instruments Ltd., Malvern, UK).




2.4. Photocatalytic Reaction


The photocatalytic activity of the obtained materials was determined based on the decomposition of ketoprofen in the presence of simulated solar light. An amount of 10 mg/L ketoprofen solution in ultrapure water was used as a model pollutant. The concentration of photocatalyst in the reaction suspension was 1 g/L. The process was carried out in a test system separated from the outer radiation. The system consisted of a beaker with a cooling jacket, placed on a magnetic stirrer and a 150 W light bulb (Daylight Basking Spot, Exo Terra), which simulated solar radiation. The radiation intensity was measured with a radiometer (LB-901, LAB-EL, Warsaw, Poland) equipped with two external sensors. The first one was a pyranometer (CMP3, Kipp & Zonen, Delft, The Netherlands) with the spectral range of 300 to 2800 nm. The second one was a UV sensor (PD204AB Cos, Macam Photometrics Ltd., Livingston, NJ, USA) with the spectral range of UV-A and UV-B (λmax = 352 nm, band width: 79 +/− 4 nm). The measured radiation intensity was ca. 1250 W/m2 in the wavelength range of 300–2800 nm and 0.4 W/m2 in the wavelength range of UV-A and UV-B. The temperature was kept at 20 °C ± 1 °C. The photocatalysis process was preceded by an hour-long adsorption in the dark to ensure the adsorption-desorption equilibrium. After this stage, the lamp was turned on and the photocatalysis process was carried out for 24 h. The samples were collected every hour for the first 5 h and then one sample was taken after 24 h. The samples were filtered through a 0.45 µm nylon syringe filter to separate the photocatalyst. Each experiment was repeated at least two times to confirm the reproducibility of the results.



The concentration of ketoprofen was measured using high performance liquid chromatograph (HPLC, Shimadzu, Kyoto, Japan) equipped with a Purospher® STAR RP-18 endcapped 250–4 column and SPD-M40 photo diode array detector. The mobile phase consisted of 60% 20 mmol/L Na2HPO4·2H2O (pH = 2.6 adjusted with H3PO4) and 40% acetonitrile. The flow rate of eluent was 1.0 mL/min. The column was thermostated at 30 °C. Total organic carbon (TOC) was measured using TOC analyzer (multi N/C 2000, Analytik Jena, Jena, Germany).



For the evaluation of the photoactivity, the concentration of ketoprofen after adsorption in the dark was taken as the initial concentration. The removal efficiency was calculated using the following formula:


   %   removal    =    c 0  −  c t     c 0    × 100 %  



(4)




where c0 was the initial ketoprofen concentration (mg/L) and ct denoted the concentration at time t (mg/L).



The apparent pseudo-first order rate constant (k) was calculated from the relationship:


  r = −   dc   dt   = kc  



(5)




where c is ketoprofen concentration, k is rate constant and t is time [66]. The rate constant k (h−1) was determined from the slope of the linear regression obtained by plotting −ln(ct/c0) vs t.



The photocatalytic activity of selected photocatalysts was additionally investigated in the presence of visible and UV light. For visible light photocatalytic experiment, the same light bulbs were used as for the simulated solar light experiment. Moreover, the UV filter foil (METOLIGHT SFLY5, ASMETEC GmbH, Kirchheimbolanden, Germany) was applied to cut off the short wavelength components below 470 nm, which can be seen in Figure 1. The radiation intensity was ca. 1100 W/m2 in the wavelength range of 300–2800 nm. For the UV light experiment, two 20 W UV lamps (CLEO, iSOLde, Stuttgart, Germany) were used with the UV radiation intensity of ca. 25 W/m2.





3. Results and Discussion


3.1. Physicochemical Properties of the Photocatalysts


Different photocatalysts were synthesized under variable conditions such as the TiO2:N weight ratio, calcination atmosphere and temperature. The properties of crude and non-metal doped TiO2 are summarized in Table 1 in terms of crystal phase ratio (%), anatase crystallite size (nm), band gap energy (eV), C, N and S content (wt%) as well as isoelectric point.



The XRD patterns of the crude TiO2, used as a reference, as well as different non-metal doped photocatalysts are shown in Figure 2. The presence of two crystalline phases, anatase and rutile, was observed. It was noticed that in the case of photocatalysts, calcined both in the air and argon atmosphere, the anatase phase content was highly dependent on the temperature used (Figure 2a,b). The crude TiO2 was mainly amorphous with some amount of poorly crystalline anatase. The photocatalysts calcined at 500 and 600 °C were characterized by a similar intensity of the anatase peaks (2θ = 25.32°, 36.96°, 37.83°, 38.60°, 48.01°, 53.96°, 55.10°, 62.74° and 75.12°), regardless of the atmosphere, which indicates similar anatase content (94.6–96.8%, Table 1). A difference can be observed in the case of the photocatalysts calcined at 700 °C. The application of air inhibited the transformation of anatase to rutile. The content of anatase in the case of B-9-1-P-700 was 92.9%, while in the case of B-9-1-Ar-700 amounted to 39.9%. A further increase in the temperature led to the increase in the intensity of rutile peaks (2θ = 27.48°, 36.12°, 39.24°, 41.28°, 44.09°, 54.37°, 56.68°, 64.10°, 69.04° and 69.83°), indicating almost complete conversion of anatase for both calcination atmospheres.



The transition from anatase to rutile is a nucleation and growth process. In general, the kinetics of the phase transformation is considered in terms of temperature and time, and depends on variables such as precursor composition (e.g., presence of impurities) and morphology, preparation method, heating conditions, etc. The transformation of anatase to rutile requires sufficient thermal energy to enable the rearrangement of atoms at a measurable rate. Pure bulk anatase is reported widely to begin to transform irreversibly to rutile in air at ~600 °C; however, the transition temperatures can vary depending on the process parameters and substrate properties [67]. According to Czanderna et al. [68], the anatase-rutile phase transformation below 610 °C is immeasurably slow, whereas above 730 °C it occurs extremely rapidly, which agrees with the obtained results for the photocatalysts calcined in air. It was revealed that the photocatalysts annealed in air at 500–700 °C consisted mostly of the anatase phase, while the photocatalyst calcined at 800 °C was composed mostly of the rutile phase. Nevertheless, the results confirmed that using the argon atmosphere leads to a decrease in the temperature of the crystalline phase transition from anatase to rutile compared to the air atmosphere. The enhancement in anatase to rutile transformation through the use of a non-oxidizing gas, such as argon is considered to be due to the increased levels of oxygen vacancies [67]. The rate of phase transformation increases with the lower oxygen partial pressure, so it happens in the argon atmosphere [69].



Figure 2c,d shows that the modification with different amounts of biuret did not affect the crystalline structure of TiO2 as much as the use of different calcination temperatures. Nonetheless, another observed change related to the temperature rise was the narrowing of peaks, which indicates an increase in the size of crystallites. The diameter of anatase crystallites determined for the biuret modified photocatalysts varied in the range from 14 nm to 44 nm. The smallest crystallites with the diameter below 20 nm were observed for the photocatalysts calcined at 500 °C both in air and argon. The use of calcination temperature of 600 °C resulted in crystallites having from 21 to 28 nm in size, whereas photocatalysts calcined at 700 °C had anatase crystallites of 35 nm and larger. However, it was not possible to accurately measure the size of the crystallites for photocatalysts calcined at 800 °C, because the anatase reflex was not intense enough. Generally, in the case of the photocatalysts calcined in the argon atmosphere, the crystallites were larger than in the case of the photocatalysts calcined at the same temperature in air. This leads to the conclusion that calcination atmosphere has an impact on the crystallite growth. Albetran et al. [70] also observed development of larger crystallites in the argon atmosphere than during the calcination in air. The authors explained this by the oxygen vacancies created in argon, which enhanced the crystallites growth because of the increased solid state diffusion. The atomic diffusion or the cooperative titania atom rearrangements as well as the movements of the grain boundaries during the phase transition take place easier in argon than in air, due to the higher mobility of titania atoms in the presence of the oxygen vacancies. This can result in the larger size of anatase crystallites. In turn, Amores et al. [71] claimed that the additives to TiO2, which enhance the rate of the anatase to rutile phase transformation, can also have an impact on the rate of the crystallite growth. Moreover, they discovered that the additives that inhibit the phase transition can also hinder the crystallite sintering. This can be the reason why the argon atmosphere, accelerating the anatase to rutile transformation, contributed to the anatase crystallite growth, as well. These two processes of the phase transition and the anatase crystallite growth can occur simultaneously and affect each other. The anatase to rutile transformation enhances the crystallite sintering because of the superior atomic mobility due to the bond breakage during the transformation [72].



The calcination conditions also had a significant influence on the content of the non-metals in the photocatalysts. For the photocatalysts with TiO2:N ratio of 9:1, a decrease in the sulfur, carbon and nitrogen content with an increase in the calcination temperature can be observed for both air and argon atmosphere (Table 1). Another relationship noticeable for both calcination atmospheres was a decrease in sulfur content with increasing amount of biuret in the suspension used for the preparation of the photocatalysts calcined at 600 °C. Sulfur in the photocatalysts came from the crude TiO2, which contains its residues from the sulfate technology process. In the case of the photocatalysts synthesized with the TiO2:N ratio of 9.5:0.5, 9:1, 7:3 and 5:5 and calcined in air, the sulfur content was 0.82, 0.77, 0.42 and 0.33 wt%, respectively. When argon atmosphere was applied, the sulfur content was 0.86, 0.85, 0.83 and 0.10 wt%, for the TiO2:N ratio of 9.8:0.2, 9.7:0.3, 9.5:0.5 and 9:1, respectively. An opposite relationship can be observed in the case of carbon and nitrogen content in the photocatalysts. The C and N amount increased with an increasing loading of biuret, revealing that the presence of these non-metals in the photocatalysts originated from the organic precursor. The photocatalysts prepared with the TiO2:N ratio of 9.5:0.5, 9:1, 7:3 and 5:5, and calcined in air had the carbon content of 0.10–0.19 wt%, respectively, while the nitrogen content was in the range of 0.03–0.16 wt%, respectively. The amount of carbon and nitrogen in the case of the photocatalysts calcined in argon amounted to 0.06–0.07 wt% and 0.01–0.03 wt%, respectively. Generally, the greater amount of the non-metals was observed for the photocatalysts calcined in the air than in the argon atmosphere. This was particularly noticeable for S content.



The applied procedure of modification affected also the optical properties of the photocatalysts. Figure 3 shows the UV-Vis/DR spectra of the crude TiO2 and the non-metal doped photocatalysts calcined in the air and argon atmosphere. The spectra of all non-metal-doped photocatalysts revealed a bathochromic shift compared to the crude TiO2. Figure 3a,b shows the influence of the calcination temperature on the reflectance spectra. The greatest shift was observed for the photocatalyst calcined at 800 °C from the series prepared in air and for the photocatalysts calcined at 700 °C and 800 °C from the series synthesized in argon. In both series, the photocatalysts calcined at 500 °C displayed a noticeable decrease in reflectance above ca. 400 nm, which can be related to their yellowish color. Furthermore, Figure 3c,d shows that the photocatalysts modified with a higher amount of biuret revealed a similar decrease in reflectance. That can be associated with a higher C and N content in the photocatalysts, as can be found from Table 1. Moreover, the introduction of larger amounts of C and N into TiO2 caused a more noticeable redshift of the absorption edge of TiO2 (Figure 3c,d). This is in agreement with the literature reports indicating that the non-metal doping introduces impurity levels above the valence band of a photocatalyst, resulting in the redshift and narrower band gap [73,74].



On a basis of the UV-Vis/DR spectra, the band gap energy of the photocatalysts was determined. Anatase is reported as an indirect band gap semiconductor, while rutile is assumed to be a direct band gap semiconductor [75,76]. Since the obtained photocatalysts contained, in general, both phases, the Eg values were calculated for the direct and indirect transitions alike. The results are presented in Table 1. A similar approach for calculating the Eg for both transitions appeared in other reports [77,78,79,80]. It can be observed that the Eg values were lower for the indirect transitions compared to the direct ones, which is in agreement with the literature [79,81]. Furthermore, the obtained indirect Eg values for the photocatalysts calcined in the air atmosphere at 500, 600, 700 and 800 °C were slightly higher compared to those calculated for the photocatalysts treated in argon. Generally, with the increasing calcination temperature, the band gap energy was slightly decreasing for both calcination atmospheres. The greatest decrease in the band gap energy for B-9-1-P-800, B-9-1-Ar-700 and B-9-1-Ar-800 was associated with high content of the rutile phase in these photocatalysts. Moreover, it can be observed that the band gap energy slightly decreased with an increasing amount of biuret. Hence, it can be concluded that the presence of C and N in TiO2 contributed to the lowering of the band gap energy of the photocatalyst. On the other hand, the apparent relationship between sulfur content and Eg was not observed. Nonetheless, the obtained results revealed that the non-metals content had less impact on the band gap energy value than the crystalline composition of the photocatalysts.



The modified photocatalysts were also characterized with reference to their surface charge. Table 1 presents the determined pH(I) values. When pH is below the pH(I), the photocatalyst surface is positively charged and reversely, when pH is over the pH(I) value, the photocatalyst surface is negatively charged [82,83]. The pH(I) values of the prepared photocatalysts were found to range from 3.6 to 6.4. An increase in the calcination temperature shifts the pH(I) to the lower values [84,85]. Furthermore, the low values of pH(I) are highly associated with lowering amount of the hydroxyl groups on the photocatalyst surface during the calcination process [86]. For the photocatalysts consisting mostly of anatase phase, the pH(I) ranged from 4.5 to 6.4. In that case, no significant effect of the pH(I) on the adsorption capacity towards ketoprofen was found (0.41 to 0.52 mg/g). However, the photocatalysts containing more rutile phase had significantly lower pH(I) of 3.6 and 3.9 for B-9-1-P-800 and B-9-1-Ar-800, respectively. The adsorption capacity in this case was also apparently lower and equaled to 0.18 mg/g for both photocatalysts.




3.2. Effect of Calcination Atmosphere and Temperature on the Photocatalytic Activity


Two series of the photocatalysts were prepared with the TiO2:N ratio of 9:1. One of them was calcined for 1 h in the air and the other in argon atmosphere at 4 different temperatures of 500, 600, 700 and 800 °C. The influence of the atmosphere and temperature was investigated during photocatalytic decomposition of ketoprofen under simulated solar light. The degree of mineralization was evaluated by TOC removal after 24 h of the experiment. The results are shown in Figure 4.



It can be observed that the highest photoactivity towards ketoprofen decomposition after 5 and 24 h of photocatalysis revealed the photocatalysts calcined at 600 and 700 °C in air and at 500 and 600 °C in argon, respectively. The B-9-1-P-600 and B-9-1-P-700 showed very similar efficiency of ketoprofen decomposition (67% and 65% after 24 h, respectively) and mineralization (30% and 28% after 24 h). The B-9-1-Ar-500 and B-9-1-Ar-600 photocatalysts calcined in the argon atmosphere also exhibited similar activity to each other (36% and 39% decomposition, and 17% and 15% mineralization efficiency after 24 h, respectively). Conversely, for photocatalysts calcined in argon at 600 and 700 °C, the discrepancies in photocatalytic activity were significant. The B-9-1-Ar-700 showed only 19% decomposition and 3% mineralization efficiency after 24 h of photocatalysis. For both series of the photocatalysts, those treated at 600 °C displayed the highest ketoprofen decomposition rate. This can be attributed to the high content of anatase phase (ca. 95%) with crystallite size of about 25 nm in these photocatalysts. Nonetheless, the photodecomposition rate was significantly higher in the case of B-9-1-P-600 photocatalyst calcined in air (67% after 24 h) compared to B-9-1-Ar-600 treated in argon (39%) indicating that other factors than crystallinity are also important. The removal rate for B-9-1-Ar-700 was even lower than for crude TiO2 (29% decomposition and 10% mineralization efficiency after 24 h), which was due to the substantial content of rutile phase (60.1%). Yet, worse results were obtained for B-9-1-Ar-800 (8% decomposition efficiency after 24 h and no mineralization), consisting of even more rutile phase (97.5%). Similarly, the photocatalyst calcined at 800 °C in air, containing 97.3% of rutile, showed removal efficiency lower (13% after 24 h) than crude TiO2. Moreover, the experiments with the use of the photocatalysts treated at 800 °C were the only ones from both series where no mineralization occurred at all. This was due to the very low content of anatase phase in these photocatalysts. Good photocatalytic activity was found to be highly associated with anatase crystallites size. For both series of photocatalysts, there was a noticeable relationship between crystallites size and ketoprofen decomposition efficiency. The size of about 25 nm was revealed to be the most favorable (23 nm for B-9-1-P-600 and 26 nm for B-9-1-Ar-600). Below and above this size, the decomposition efficiency was decreasing.



The results (Table 1) clearly show that the increase in calcination temperature, regardless of the calcination atmosphere, contributed to the decrease in nitrogen and sulfur content in the photocatalysts. Conversely, this relationship was not so apparent for carbon. Overall, both series of photocatalysts showed a decrease in carbon content with increasing temperature. However, among the photocatalysts calcined in air, the one treated at 800 °C had more carbon than the photocatalyst annealed at 700 °C. In turn, among photocatalysts calcined in argon, the photocatalyst treated at 600 °C had the highest carbon content of 0.07 wt%. Of the non-metals, sulfur, in particular, seemed to have a high impact on the photocatalytic activity. The photocatalysts from the series calcined in air were characterized by a significantly higher sulfur content than the photocatalysts calcined in argon. Moreover, they showed a much higher efficiency of ketoprofen decomposition and mineralization. In turn, nitrogen had less impact on ketoprofen decomposition efficiency in terms of photocatalysts from these series. It can be seen in the example of B-9-1-P-500 and B-9-1-Ar-500 photocatalysts, containing the same amount of nitrogen of 0.06 wt%. The B-9-1-Ar-500 showed ca. 30% lower decomposition efficiency than B-9-1-P-500. However, it did not affect mineralization, which was very similar for both photocatalysts. Carbon also seemed to have lower influence on ketoprofen decomposition efficiency. This can be seen on an example of B-9-1-P-600 photocatalyst, showing similar photoactivity as B-9-1-P-700, while having more than twice the amount of carbon.



The research leads to the conclusion that the anatase phase content in the photocatalyst and anatase crystallite size are crucial for its photocatalytic properties. The most beneficial anatase phase content and anatase crystallite size were obtained at the temperature of 600 °C, regardless of the calcination atmosphere. However, using the air atmosphere provided higher photocatalytic activity during ketoprofen decomposition than using the argon atmosphere. This can be related to the generally higher non-metals content in photocatalysts calcined in air than in argon. Among the applied non-metals, sulfur was found to have the greatest impact on the photocatalytic activity.




3.3. Effect of Biuret Dose on the Photocatalytic Activity


Different ratios of TiO2:N were applied to study the effect of the biuret dose on the photocatalytic activity. The as-prepared photocatalysts were compared at the preselected, most-beneficial calcination temperature of 600 °C in both, air and argon atmosphere. The results are presented in Figure 5.



For the photocatalysts with different TiO2:N ratios calcined in air, the ketoprofen removal efficiency was in the range of 22–26% after 5 h and 63–67% after 24 h of irradiation, respectively. A 28–30% mineralization was observed after 24 h of experiment. The photocatalysts prepared with a low amount of biuret (B-9.5-0.5-P-600 and B-9-1-P-600) showed a slightly higher activity than the photocatalysts prepared with a higher addition of biuret (B-7-3-P-600 and B-5-5-P-600). Among photocatalysts calcined in the argon atmosphere, the B-9-1-Ar-600 prepared with the application of the highest biuret amount showed the lowest activity reaching only 14% of ketoprofen removal after 5 h and 39% after 24 h. The photocatalysts with TiO2:N ratio of 9.8:0.2, 9.7:0.3 and 9.5:0.5 exhibited the ketoprofen removal efficiency of 19–22% after 5 h and 59–66% after 24 h of irradiation, respectively. Mineralization efficiency after 24 h was 15% for B-9-1-Ar-600, while being 23% for B-9.8-0.2-Ar-600 and B-9.7-0.3-Ar-600. In the presence of the most efficient photocatalysts of this series (B-9.5-0.5-Ar-600) a 29% mineralization efficiency was achieved, which was almost two times higher than observed for B-9-1-Ar-600 and almost three times more than that of the crude TiO2.



Among the photocatalysts calcined in air, the B-9-1-P-600 showed the greatest photocatalytic activity, reaching 67% ketoprofen decomposition and 30% mineralization efficiency after 24 h of photocatalysis. Conversely, among the photocatalysts calcined in the argon atmosphere, the most effective B-9.5-0.5-Ar-600 reached 66% ketoprofen decomposition and 29% mineralization efficiency after 24 h of the process. These results can be explained by a similar crystalline structure of both photocatalysts (Table 1), as well as by a similar content of the non-metals. The B-9-1-P-600 had C, N and S content of 0.11, 0.05 and 0.77 wt%, respectively, whereas the B-9.5-0.5-Ar-600 contained 0.07, 0.02 and 0.83 wt% of C, N and S, respectively. Instead, the lowest photocatalytic activity in each series was observed for B-5-5-P-600 and B-9-1-Ar-600. Both photocatalysts exhibited similar phase composition. The anatase to rutile ratio of these photocatalysts were 94.3:5.7 and 94.6:5.4, respectively. The B-5-5-P-600 was characterized by the C, N and S content of 0.19, 0.16 and 0.33 wt%, whereas in the case of the B-9-1-Ar-600 the C, N and S content was 0.07, 0.03 and 0.10 wt%, respectively. This indicates that the amount of sulfur had the major influence on the photocatalytic activity of the non-metal doped photocatalysts. Moreover, the research results suggested that the most beneficial sulfur content was ca. 0.80% (Table 1), which is in agreement with the previous literature reports. Khang et al. [87] examined several photocatalysts with different S content and achieved the best photocatalytic activity for the photocatalysts containing 0.80% S.



For both series of the photocatalysts, lowering of the Eg value was not directly related to the improvement of the photocatalytic activity. However, some influence of the Eg can be observed based on the very similar values calculated for the most and the least efficient photocatalyst of each series. The indirect Eg value for the most efficient B-9-1-P-600 and B-9.5-0.5-Ar-600 amounted to 3.26 eV. In turn, the indirect Eg value for the least efficient B-5-5-P-600 and B-9-1-Ar-600 equaled to 3.21 eV. Nonetheless, in general, the decrease in the band gap did not contribute to the improvement of photoactivity.



On the basis of the obtained results, it can be concluded that the calcination temperature has a more significant impact on the efficiency of ketoprofen decomposition and mineralization than biuret dosage. This suggests that the main role in photocatalytic activity can be assigned to the anatase to rutile phase ratio and anatase crystallites size. Moreover, it was proved that sulfur content also played an important role in terms of the ketoprofen decomposition efficiency.




3.4. Effect of the Irradiation Type on the Photocatalytic Activity


Selected photocatalysts from each series were examined in the photocatalytic decomposition of ketoprofen under simulated solar light, visible light and UV. The photocatalysts were chosen based on the highest ketoprofen decomposition efficiency from each series out of the photocatalysts: (i) with the TiO2:N ratio of 9:1, calcined at different temperatures in the air atmosphere, (ii) with the TiO2:N ratio of 9:1, calcined at different temperatures in the argon atmosphere, (iii) with different TiO2:N ratios, calcined at 600 °C in the air atmosphere and (iv) with different TiO2:N ratios, calcined at 600 °C in the argon atmosphere.



Figure 6 presents the plots of −ln(ct/c0) vs time applied for the calculation of the rate constants (k). A linear dependence can be noticed for all photocatalysts. Table 2 summarizes the results of the calculations. The photoactivity of the photocatalysts examined under simulated solar light and UV followed the order: B-9-1-P-600 > B-9.5-0.5-Ar-600 > B-9-1-Ar-600 > crude TiO2, whereas for the visible light they followed the order: B-9-1-P-600 > B-9-1-Ar-600 > B-9.5-0.5-Ar-600 > crude TiO2. For the photocatalysts B-9-1-P-600, B-9-1-Ar-600 and B-9.5-0.5-Ar-600 irradiated with visible light, the rate constants were, respectively, ca. 2.8, 2.3 and 2.2 times higher than for the crude TiO2 (k = 0.0048 h−1). However, for these photocatalysts tested under UV light, the k values were, respectively, ca. 2.5, 1.6 and 1.9 times higher than for crude TiO2 (k = 0.3511 h−1). The reason could be that non-metal doping of TiO2 enhanced photocatalytic activity in the visible light more than in UV [88].



In the case of the visible light experiment, the obtained k values for B-9-1-Ar-600 and B-9.5-0.5-Ar-600 were very similar and equaled to 0.0109 and 0.0106 h−1, respectively. Moreover, the C and N content in these photocatalysts was also very similar and amounted to 0.07 wt% of C and 0.02–0.03 wt% of N. In turn, for the B-9-1-P-600 the k value was 0.0136 h−1, while C and N content was 0.11 and 0.05 wt%, respectively. With increasing C and N content, an increase in k value can be observed. Hence, it can be concluded that C and N doping of the photocatalyst had a positive influence on the photoactivity in visible light. On the other hand, S seemed to have less impact on the k value under visible light irradiation, since the B-9-1-Ar-600 and B-9.5-0.5-Ar-600 had significantly different S content of 0.10 and 0.83 wt%, respectively, while having almost equal k values. Nevertheless, S content apparently played an important role in terms of k value under simulated solar light. In the case of the photocatalysts B-9-1-P-600 (0.77 wt% of S) and B-9.5-0.5-Ar-600 (0.83 wt% of S), the k value was much higher (0.0636 and 0.0498 h−1, respectively), than for B-9-1-Ar-600, having 0.10 wt% of S (k = 0.0303 h−1). The k value of B-9-1-Ar-600 under simulated solar light was only slightly higher than the k of the crude TiO2 (k = 0.0291 h−1).



The mineralization efficiency after 24 h under simulated solar light for B-9-1-P-600 and B-9.5-0.5-Ar-600 was almost equal and amounted to 30% and 29%, respectively. In turn, the mineralization efficiency obtained for B-9-1-Ar-600 and the crude TiO2 was 15% and 10%, respectively. Under visible light, only in the case of B-9-1-P-600, a slight mineralization of 2% after 24 h was observed, while in the case of the other photocatalyst, the mineralization did not occur at all. Comparatively, under UV irradiation, the mineralization efficiency after 5 h for B-9-1-P-600, B-9-1-Ar-600 and B-9.5-0.5-Ar-600 was 64%, 51% and 50%, respectively, while for the crude TiO2 it was 21%.



The obtained results revealed that the C, N and S content had some impact on the mineralization efficiency under simulated solar light, what can be found in the case of B-9.5-0.5-Ar-600, having almost two times higher photoactivity than B-9-1-Ar-600. Conversely, these two photocatalysts showed similar mineralization efficiency under UV light, indicating that the non-metals content did not play a significant role in this type of irradiation. Under visible light the mineralization occurred only in the case of B-9-1-P-600, which contained the highest amount of non-metals among the selected photocatalysts. These results are consistent with the mechanisms of photocatalysis with non-metal doped TiO2 [37]. In the case of UV-induced photocatalysis, the photon energy was sufficient for the excitation of an electron from the VB to the CB, while in the case of visible and simulated solar-light-induced photocatalysis, the non-metal dopants played an essential role. Nevertheless, in every considered case, regardless the irradiation type, the photocatalyst B-9-1-P-600 had higher photoactivity during ketoprofen decomposition and mineralization than the selected, most-efficient photocatalysts calcined in the argon atmosphere. Hence, the application of the air atmosphere during the calcination process was proved to be favorable in terms of the photocatalytic activity of the prepared photocatalysts.





4. Conclusions


Simple wet impregnation-calcination approach was used to obtain new non-metals modified TiO2 photocatalysts active under simulated solar light. Raw titanium dioxide derived from sulfate technology process was used as TiO2 and S source, while biuret was applied as C and N source. The photocatalytic activity was determined on a basis of decomposition and mineralization of ketoprofen, being a representative of NSAIDs. Comparing the photoactivity of the photocatalysts calcined at 500–800 °C, it was proved that the treatment in air resulted in a higher efficiency of ketoprofen decomposition than calcination in the argon atmosphere. The most active photocatalysts were obtained at the calcination temperature of 600 °C. It was concluded that the compromise between anatase to rutile phase ratio and the anatase crystallite size were essential features of the photocatalysts. The highest ketoprofen decomposition efficiency was observed for the photocatalyst characterized by the anatase to rutile ratio of 96.4:3.6 and anatase crystallites of 23 nm in size. Nevertheless, the presence of the non-metals in the TiO2 structure also had an influence on the photocatalytic activity of the prepared photocatalysts. It was revealed that among C, N and S, the sulfur played a major role in terms of photocatalytic properties, in particular, in the case of simulated solar light. The most beneficial content of S was 0.77 wt%. In turn, C and N played a major role when visible light photocatalysis was considered. The most advantageous amounts of C and N were 0.11 and 0.05 wt%, respectively. It was also observed that the band gap energy did not show as significant an impact on the photocatalytic activity of the prepared photocatalysts as the other examined factors.
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Figure 1. Spectral distribution of simulated solar light, visible light and UV. 
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Figure 2. XRD patterns of the crude TiO2 and photocatalysts prepared (a) with the TiO2:N ratio of 9:1 in air and different calcination temperatures, (b) with the TiO2:N ratio of 9:1 in argon and different calcination temperatures, (c) with different TiO2:N ratios in air and calcined at 600 °C, (d) with different TiO2:N ratios in argon and calcined at 600 °C. 
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Figure 3. UV-Vis/DR spectra of the crude TiO2 and photocatalysts prepared (a) in air with the TiO2:N ratio of 9:1 and different calcination temperatures, (b) in argon with the TiO2:N ratio of 9:1 and different calcination temperatures, (c) in air with different TiO2:N ratios and calcined at 600 °C, (d) in argon with different TiO2:N ratios and calcined at 600 °C. 
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Figure 4. Effect of calcination temperature on the photocatalytic degradation of ketoprofen under simulated solar light in the presence of the photocatalysts prepared in (a) air and (b) argon. 
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Figure 5. Effect of the biuret dose on photocatalytic degradation of ketoprofen under simulated solar light in the presence of the photocatalysts prepared in (a) air and (b) argon. 
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Figure 6. Kinetic study of ketoprofen degradation over crude TiO2 and selected non-metal doped photocatalysts under (a) simulated solar light, (b) visible light and (c) UV. 
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Table 1. Physicochemical properties of the crude TiO2 and the prepared photocatalysts.
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Photocatalyst

	
TiO2:N Ratio

	
Calcination Temperature (°C)

	
Calcination Atmosphere

	
Anatase Phase

Content (%)

	
Rutile Phase Content (%)

	
Anatase

Crystallite Size (nm)

	
Band Gap Energy Eg (eV)

	
Non-Metal Content (wt%)

	
Isoelectric Point pH(I)




	
Indirect

	
Direct

	
C

	
N

	
S






	
Crude TiO2

	
-

	
-

	
-

	
100

	
0

	
7

	
3.31

	
3.67

	
0.11

	
0.06

	
2.36

	
6.1




	
B-9-1-P-500

	
9:1

	
500

	
air

	
95.8

	
4.2

	
14

	
3.27

	
3.54

	
0.49

	
0.06

	
2.18

	
5.5




	
B-9-1-P-600

	
9:1

	
600

	
air

	
96.4

	
3.6

	
23

	
3.26

	
3.51

	
0.11

	
0.05

	
0.77

	
5.5




	
B-9-1-P-700

	
9:1

	
700

	
air

	
92.9

	
7.1

	
35

	
3.23

	
3.49

	
0.05

	
0.02

	
0.24

	
5.5




	
B-9-1-P-800

	
9:1

	
800

	
air

	
2.7

	
97.3

	
- *

	
3.01

	
3.19

	
0.08

	
0.02

	
0.06

	
3.6




	
B-9-1-Ar-500

	
9:1

	
500

	
argon

	
96.8

	
3.2

	
18

	
3.25

	
3.54

	
0.05

	
0.06

	
0.16

	
6.2




	
B-9-1-Ar-600

	
9:1

	
600

	
argon

	
94.6

	
5.4

	
26

	
3.21

	
3.46

	
0.07

	
0.03

	
0.10

	
6.4




	
B-9-1-Ar-700

	
9:1

	
700

	
argon

	
39.9

	
60.1

	
44

	
3.02

	
3.24

	
0.03

	
0.00

	
0.05

	
4.5




	
B-9-1-Ar-800

	
9:1

	
800

	
argon

	
2.5

	
97.5

	
- *

	
3.01

	
3.18

	
0.02

	
0.00

	
0.03

	
3.7




	
B-9.5-0.5-P-600

	
9.5:0.5

	
600

	
air

	
100

	
0

	
25

	
3.27

	
3.54

	
0.10

	
0.03

	
0.82

	
4.5




	
B-7-3-P-600

	
7:3

	
600

	
air

	
95.0

	
5.0

	
27

	
3.23

	
3.49

	
0.14

	
0.13

	
0.42

	
4.6




	
B-5-5-P-600

	
5:5

	
600

	
air

	
94.3

	
5.7

	
28

	
3.21

	
3.47

	
0.19

	
0.16

	
0.33

	
5.5




	
B-9.8-0.2-Ar-600

	
9.8:0.2

	
600

	
argon

	
97.1

	
2.9

	
21

	
3.27

	
3.54

	
0.06

	
0.01

	
0.86

	
5.0




	
B-9.7-0.3-Ar-600

	
9.7:0.3

	
600

	
argon

	
97.1

	
2.9

	
21

	
3.27

	
3.53

	
0.06

	
0.02

	
0.85

	
5.7




	
B-9.5-0.5-Ar-600

	
9.5:0.5

	
600

	
argon

	
97.1

	
2.9

	
22

	
3.26

	
3.53

	
0.07

	
0.02

	
0.83

	
5.5








* It was not possible to accurately measure the size of the crystallites because the anatase reflex was not intense enough.
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Table 2. Apparent pseudo-first-order rate constant k (h−1) of ketoprofen decomposition under simulated solar light (kss), visible light (kvis) and UV (kUV) in the presence of crude TiO2 and selected photocatalysts.
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	Photocatalyst
	kss
	R2ss
	kvis
	R2vis
	kUV
	R2UV





	Crude TiO2
	0.0291
	0.981
	0.0048
	0.991
	0.3511
	0.992



	B-9-1-P-600
	0.0636
	0.993
	0.0136
	0.997
	0.8715
	0.994



	B-9-1-Ar-600
	0.0303
	0.997
	0.0109
	0.984
	0.5725
	0.999



	B-9.5-0.5-Ar-600
	0.0498
	0.997
	0.0106
	0.993
	0.6485
	0.999
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