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Abstract

:

The photocatalytic performances of doped and non-doped TiO2 photocatalysts (TiO2-s) were compared under solar and various types of artificial irradiation using phenol as a model contaminant. Non-doped (mainly anatase phase) TiO2-s had significantly higher photocatalytic efficiency than highly visible-light-active TiO2-s under natural solar irradiation. To explain these unexpected results, we measured the wavelength dependence of photocatalytic efficiency at six different wavelength ranges (λ = 300–650 nm). For this purpose, UV fluorescence tubes and five LED lights of different colors (violet, blue, green, yellow, and red) were used to activate the photocatalysts. The photon fluxes of the irradiation were measured, and apparent quantum yields were calculated for all irradiation conditions. The highest apparent quantum yield was 1.43% for our own TiO2 (prepared via flame hydrolysis) under UV irradiation. However, apparent quantum yields were significantly lower (by 1–2 orders of magnitude) in the visible range, even for the most visible-light-active TiO2.
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1. Introduction


Heterogeneous photocatalysis is a widely used technology in the development of several novel water purification processes [1,2]. It can be used to degrade hazardous organic materials [3,4,5,6], prepare self-cleaning and solar-cleanable membrane surfaces used in membrane photoreactors [7,8,9], or produce green energy sources from organic pollutants [10,11,12,13]. Moreover, the utilization of photocatalytic nanomaterials is not limited to water purification; they are essential in the development of air-cleaning processes [1,14,15], self-cleaning surfaces [16,17,18], photocatalytic water splitting [19,20], and artificial photosynthesis [21,22].



TiO2 is the most widely investigated photocatalyst because of its numerous favorable properties. To name a few, it is photostable, biologically inert, available in large quantities, and non-toxic [2,23,24,25]. While its photocatalytic activity mostly depends on its own characteristic properties (crystal phase, doping elements, surface properties, particle size and shape, etc.), there are other factors that significantly affect the photocatalytic efficiency: (a) the nature and concentration of the target contaminant, which determine the interactions between the substrate and the nanoparticle [26]; (b) the intensity of irradiation (the photon flux or photon density), which determines the formation rate of charge carriers and has an impact on their lifetime (which limits their availability for redox reactions on the surface) [27,28]; and (c) probably most importantly, the wavelength of the used irradiation [29,30].



It is well-known that undoped TiO2-s can be excited mainly by UV photons (specifically, anatase, rutile, and brookite have band gaps of 387 [1,2,16], 410 [31], and 419 nm [31], respectively). This is a very unfavorable property for novel solar light-based technologies, as only 3–6% of the solar photons are in the UV range [32,33,34,35]. The light intensity of sunlight is about ten times higher in the visible range (~45% of the solar spectra [14,16]). Therefore, many researchers have sought to develop visible-light-active photocatalysts, which are expected to improve solar light utilization [1,2,16,24,32,33,34,35,36,37]. Nitrogen [2,24,25,36,37,38,39,40,41,42,43], sulphur [1,37,38,44], iodine [45,46,47,48], iron [1,23,40], phosphorus [33,49], tungsten [2,50], and numerous other elements have been successfully applied as doping elements, resulting in increased visible light excitability. However, their sunlight-induced photocatalytic efficiencies, which are expected to improve, have not been investigated with outdoor solar experiments in most cases. Moreover, authors have reported lower solar photocatalytic efficiencies for highly visible-light-active photocatalysts than for pure titanium dioxides. For example, Wang et al. [43] reported significantly higher solar phenol decomposition efficiency for Aeroxide P25 than that for the visible-light-active TiO2 they made. Rengifo-Herrara and Pulgarin [38] determined more effective solar disinfection efficiency for pure TiO2 than for their doped visible-light-active TiO2-s. Nascimben Santos et al. [7] reported higher photocatalytic flux recovery for pure TiO2-covered membranes than that for visible-light-active membranes during solar photocatalytic membrane regeneration. These results highlight the necessity of a detailed experiment in which the photocatalytic efficiencies of highly UV- and visible-light-active photocatalysts are compared under different kinds of irradiation.



In an earlier study, the visible light excitability of ten different TiO2-based photocatalysts was investigated [41]. Out of these, the three most active TiO2-s were selected to be investigated in the present study. The photocatalytic performance of visible-light-active TiO2-s (Kronos VLP7000, Aldrich rutile, and a nitrogen-doped TiO2) and non-doped mainly anatase phase TiO2-s (Aeroxide P25, Aldrich anatase, and another non-doped TiO2 that was synthesized via flame hydrolysis) were compared under solar irradiation. The results point out that high visible light excitability is not a guarantee of better solar light utilization. To explain these results, we investigated the wavelength dependence of the photocatalysts. Apparent quantum yields were determined at six different wavelength ranges for all TiO2-s in the case of phenol decomposition. Phenol was chosen because it is a widely-used colorless model contaminant with a concentration that can be precisely followed via high performance liquid chromatography.




2. Results and Discussion


2.1. Photocatalytic Performance


Before the investigation of photocatalytic performance, blank experiments were carried out in the dark with all the investigated TiO2-s to measure phenol adsorption (after 120 min), which was lower than 1% in all cases. The different effects of irradiation were investigated without the addition of any photocatalyst; the measured phenol degradations were <2% in the case of UV fluorescence tubes (after 120 min) and <1% in the case of different visible light irradiation.



2.1.1. Experiments with Visible-Light-Emitting Energy-Saving Compact Fluorescence Lamps


Figure 1a demonstrates the results of visible-light-driven photocatalytic experiments, using commercial energy-saving compact fluorescence lamps for excitation. TiO2-AA had negligible photocatalytic efficiency (<5% of phenol was decomposed after 4 h of irradiation). TiO2-P25 showed significant efficiency (17% conversion). Much higher activity was measured for our TiO2-N (26% decrease) and for the commercial TiO2-AR (37% decrease), while TiO2-VLP7000 had by far the highest photocatalytic efficiency (94% decrease). Because the intensity of natural solar light is ten times higher in the visible range than in the UV range [14,16,32,33,34,35], it can be expected that visible-light-active TiO2-s should be more efficient for solar photocatalytic water treatment.




2.1.2. Solar Experiments


Figure 1b demonstrates the results of the outdoor solar photocatalytic experiments. Unexpectedly, non-doped mainly anatase phase TiO2-s (TiO2-AA, TiO2-FH, TiO2-P25) were twice as efficient (87–89% of phenol was decomposed after 90 min of irradiation) as TiO2-VLP7000 (44% phenol removal), despite TiO2-VLP7000 being the best under visible light irradiation. Moreover, non-doped Aldrich rutile was observed to be marginally better (55% degradation), while TiO2-N showed the lowest performance (only 19% of phenol was decomposed) despite its significant visible light excitability (Figure 1a). To explain these results, we investigated the wavelength dependence of photocatalytic phenol decomposition performance in detail. For this purpose, we used UV fluorescence tubes and five different colored LED lights (violet, blue, green, yellow, and red) to activate the photocatalysts.




2.1.3. Photocatalytic Experiments with UV Lights and Different Colored LED Lights


The calculated initial phenol decomposition rates (M·s−1) are summarized in Table 1 for all TiO2-s at all irradiation conditions. Figure 1c shows the decay curves of UV photocatalytic experiments. The non-doped mainly anatase phase TiO2-s (marked with hollow symbols) had much higher photocatalytic performances under UV irradiation (r0 = 5.8·10−8–1.3·10−7 M·s−1) than the non-doped rutile (TiO2-AR; r0 = 3.8·10−8 M·s−1), doped TiO2-VLP7000 (r0 = 2.3·10−8 M·s−1), and TiO2-N (r0 = 1.6·10−8 M·s−1). The sequence of photocatalytic efficiencies was the same as in the solar experiments. The rates were very similar as well, which suggests a strong correlation between UV excitability and solar photocatalytic performance.



Under violet irradiation (Figure 1d), the non-doped mainly anatase phase TiO2-s (TiO2-AA, TiO2-FH, and TiO2-P25) showed lower performance (r0: 1.8–7.0·10−9 M·s−1) than doped TiO2-s or rutile phase TiO2-AR (r0: 1.3–1.8·10−8 M·s−1), as expected. Under blue irradiation (Figure 1e), TiO2-VLP7000 showed the highest photocatalytic efficiency (r0 = 2.6·10−8 M·s−1), while for TiO2-FH, TiO2-P25, and TiO2-N much lower phenol degradation rates were measured (r0 = 1.3–5.9·10−9 M·s−1). TiO2-AR showed very poor (though measurable) photocatalytic efficiency (r0 = 5.7·10−10 M·s−1), while no phenol decomposition was observed for TiO2-AA. Under green (Figure 1f), yellow, and red irradiation, only TiO2-VLP7000 had notable photocatalytic performance; the values of the initial degradation rates are provided in Table 1.





2.2. Incident Photon Fluxes


For correct comparison of the measured efficiencies under different irradiations, apparent quantum yields have to be calculated; therefore, the incident photon fluxes were measured. The emission spectra of violet, blue, and green LED strips and the transmittance of 0.02 M and 0.15 M potassium-iron(III)-oxalate solutions (at 5 cm liquid thickness applied in the photoreactor) are presented in Figure 2. Incident photon fluxes for UV and violet irradiations can be measured using 0.02 M ferrioxalate solution, as it absorbs all photons at these wavelength ranges. However, it does not absorb all photons emitted by blue (or any other) LED lights (see Figure 2).



Therefore, the photon flux for blue irradiation was determined both with 0.02 M and 0.15 M iron(III)-oxalate solutions. The difference was 17.6% in favor of the 0.15 M solution, which justifies the necessity of applying a higher concentration. Calculated incident photon fluxes are shown in Table 2. The photon fluxes for green, yellow, and red irradiation were calculated with a PPF meter as described in Section 3.2.3. The calculated values are presented in Table 3.




2.3. Discussion of the Calculated Apparent Quantum Yields


The apparent quantum yields of phenol decomposition for different TiO2-s and different irradiation (Figure 3) were calculated by the ratio of the phenol degradation rates (mol·dm−3·s−1) and the actual incident photon fluxes (mol·dm−3·s−1). TiO2-FH had the highest determined apparent quantum yield (1.43%) under UV irradiation. For Aeroxide P25, a similar value of 1.28% was calculated. On the one hand, Figure 3 shows that non-doped mainly anatase phase TiO2-s utilize UV photons with much higher efficiency than doped TiO2-s and Aldrich rutile (0.17–0.41% apparent quantum yields were calculated). On the other hand, much lower apparent quantum yields (0.02–0.09%) were measured in the violet range for these photocatalysts than those for Kronos VLP7000 (0.23%), TiO2-N (0.13%), and Aldrich rutile (0.16%). Moreover, Kronos VLP7000 TiO2 could be excited in the whole UV–vis spectra; at higher wavelengths, only this TiO2 had notable efficiency. For non-doped anatase phase TiO2-s, the apparent quantum yields are 1–2 order(s) of magnitude higher in the UV range than those of doped TiO2-s in the visible range. This means that despite the increased visible light excitability, if a given catalyst utilizes UV photons less effectively then this fact can likely overcompensate the beneficial effect of extended excitability, leading to lower overall photocatalytic performance. This results in higher performance for non-doped TiO2-s under solar irradiation despite the one order of magnitude lower quantity of UV photons in the sunlight.



These results are consistent with the study of Wang et al. [43], in which Aeroxide P25 showed higher photocatalytic efficiency than their highly visible-light-active TiO2 under solar irradiation. In addition, Emeline et al. [42] observed one order of magnitude lower quantum yield in the visible range (400 < λ < 550 nm) than in the UV-A range for their own TiO2.



Consequently, while doped and/or rutile phase titanium dioxides can be much more efficient under visible light irradiation (e.g., for self- or air-cleaning indoor surfaces), a higher visible light activity does not necessarily lead to higher performance under solar light irradiation. If higher solar light utilization is the aim during the development of a novel photocatalyst, UV excitability is crucial, and should be investigated.





3. Materials and Methods


3.1. Materials


Photocatalytic water treatment experiments were carried out by applying phenol (Spektrum 3D, Debrecen, Hungary; analytical grade) as a model contaminant.



For potassium ferrioxalate actinometry measurements, iron sulphate (Reanal, Budapest, Hungary; analytical grade), o-phenanthroline (Reanal, Budapest, Hungary; analytical grade), potassium oxalate (Spektrum 3D, Debrecen, Hungary; 99.5%), sodium acetate (Spektrum 3D, Debrecen, Hungary; >99%), and sulphuric acid (Spektrum 3D, Debrecen, Hungary; 95–97%) were used.



The investigated non-doped commercial photocatalysts were Aeroxide P25 (denoted as TiO2-P25; produced by Evonik Industries, Essen, Germany; 90 wt% anatase, 10 wt% rutile; Danatase = 24.5 nm, Drutile = 42 nm), Aldrich anatase (denoted as TiO2-AA; produced by Sigma-Aldrich, Schnelldorf, Germany; 100 wt% anatase; Daverage = 85 nm), and Aldrich rutile (denoted as TiO2-AR; produced by Sigma-Aldrich, Schnelldorf, Germany; 96 wt% rutile, 4 wt% anatase; Daverage ~ 315 nm). Commercial doped TiO2-VLP7000 (produced by Kronos Titan GmbH, Leverkusen, Germany; co-doped with nitrogen and sulphur; 100 wt% anatase; D = 7.8 nm) was investigated as well. The laboratory-produced TiO2-s were visible-light-active TiO2-N (95 wt% anatase, 5 wt% brookite; Danatase = 6.5 nm, Dbrookite = 14.4 nm; nitrogen-doped [39]) and highly UV active, non-doped TiO2-FH (84 wt% anatase, 16 wt% rutile; Danatase = 53.6 nm, Drutile = 69 nm; produced by flame hydrolysis [51]). All investigated TiO2-s were characterized in our previous publications [39,41,51,52].




3.2. Methods and Instrumentation


3.2.1. Photocatalytic Experiments


Phenol (cphenol = 0.1 mM) was applied as a model contaminant, and the concentration of the TiO2 suspensions was 1 g·L−1. Before the experiments, the suspensions (V = 100 mL) were sonicated for 5 min in the dark. From the slope of the decay curves (at t = 0), the initial rates (r0) of phenol decomposition (mol·dm−3·s−1) were calculated using an empirical approach [52] for all TiO2-s and at all irradiation conditions.



Solar photocatalytic experiments were carried out as shown in Figure 4. Beakers containing photocatalyst suspensions (V = 100 mL) were placed onto a multi-magnetic stirrer. They were surrounded by aluminum foil to ensure that the photocatalysts were irradiated by sunlight only from the top of the beakers and were not overshadowed by each other.



The UV photoreactor (V = 100 mL) was a double-walled open Pyrex glass tube surrounded by a thermostatic jacket (T = 25.0 °C). The tube reactor (Figure 4) was irradiated by six fluorescent lamps (Vilber-Lourmat T-6L UV-A, 6W power, λmax = 365 nm). Dissolved oxygen concentration was maintained by bubbling air into the reactor.



For the measurement of photocatalytic efficiencies under visible light irradiation, an open glass vessel (V = 100 mL) was applied with double walls (thermostated to 25.0 °C). The reactor was surrounded by four conventional 24 W energy-saving compact fluorescence lamps (DÜWI 25920/R7S-24W). The spectrum of the lamp was slightly modified by circulating 1 M NaNO2 (Molar Chemicals, Halásztelek, Hungary; min. 99.13%) aqueous solution in the thermostatic jacket. This cut-off solution absorbs UV photons below 400 nm. More details can be found in our previous publication, along with emission spectra of the compact fluorescence lamps [41]. In another series of experiments, different colored LED strips (14.4 W; 5050 SMD; 60 LED pieces within 1 m) were fixed around the reactor (Figure 4) to determine the wavelength dependence on the photocatalytic efficiencies. During LED irradiation, distilled water was circulated in the thermostatic jacket. Dissolved oxygen concentration was maintained by bubbling air into this reactor. It should be noted that the 5050 SMD LED strip was not available in violet; hence, 5 mm round violet LEDs were applied with similar geometric parameters to the 5050 SMD LED strips.



The emission spectra of the light sources were measured by an AvaSpec-ULS 2048 spectrometer. As shown in Figure 5, the wavelength range from 300 to 650 nm was covered by the applied UV fluorescent tubes and LED strips.




3.2.2. Potassium Ferrioxalate Actinometry


The basics of potassium ferrioxalate actinometry were developed by Hatchard and Parker in 1956 [53]. The method was optimized in 1984 by Fischer [54], and has become the most popular method for the determination of light intensity (220 < λ < 550 nm). The method is based on the stoichiometric formation of iron(II) from iron(III)-oxalate solution by photons according to the following equations:
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In the presence of o-phenanthroline, iron(II) ions, which are formed as a result of light irradiation, yield iron(II)-triphenanthroline, which can be measured by spectrophotometry. Additional details are presented in Montalti et al. [55].



The incident photon fluxes (number of photons entered into the photoreactor) was measured as follows. First, 100 mL of potassium iron(III) oxalate solution (either 0.02 M or 0.15 M) was placed into the photoreactor. After taking the first sample (1 mL), the irradiation was turned on and five more subsequent samples were taken in the following 25–100 s. These were then injected into a dark glass flask (V = 10 mL) containing 6.5 mL of Milli-Q water, 2 mL of o-phenanthroline (0.2 wt%), and 0.5 mL of sodium acetate buffer (0.6 M Na-acetate, 0.19 M sulfuric acid). The concentration of the produced iron(II)-triphenanthroline was measured by a spectrophotometer (Agilent 8453) at 510 nm. The incident photon flux can be calculated by the following equation (mol·s−1):


  I =   m ×  V 1  ×  V 2     V 3  × ε × φ × l    



(3)




where ‘m’ is the slope of the fitted line (m = ∆A/∆t; (s−1)) calculated via linear regression of the measured absorbance values; ‘V1’ is the volume of the irradiated solution (dm3); ‘V2’ is the volume of the o-phenanthroline containing the glass flask (cm3); ‘V3’ is the volume of the sample taken from the photoreactor (cm3); ‘ε’ is the molar absorbance of iron(II)-triphenanthroline (10,787 dm3·mol−1·cm−1 at 510 nm); ‘φ’ is the quantum yield of ferrioxalate actinometry at the wavelength of the applied irradiation; and ‘l’ is the length of the cuvette (cm). The measurements were repeated two times under all irradiations. The necessary quantum yields (φ) for the formation of iron(II) at different solution concentrations and wavelengths were provided by Fischer [54].




3.2.3. Light Intensity Measurements beyond the Ferrioxalate Method Validity Interval


Above an irradiation wavelength of 550 nm, ferrioxalate actinometry is not suitable for determining the incident photon flux. We used a photosynthetic photon flux (PPF) meter (MQ-200 Quantum meter, Apogee Instruments, Inc., Logan, Utah, USA) to calculate these values under green, yellow, and red irradiations. The sensitivity of this quantum meter is nearly constant in the visible range (400–700 nm). The light intensities of blue, green, yellow, and red LED strips were measured by the PPF meter from a fixed distance in a dark room. Then, the incident photon fluxes were calculated by multiplying the incident photon flux of blue irradiation (determined by ferrioxalate actinometry) and the ratios of light intensities measured by the PPF meter.






4. Conclusions


In this study, the wavelength dependence on the excitability of four non-doped and two doped TiO2 photocatalysts was investigated by determining phenol decomposition rates at six different wavelength ranges. The highest determined apparent quantum yield was 1.43% under UV irradiation, for our TiO2-FH photocatalyst synthesized by flame hydrolysis. A slightly lower value of 1.28% was determined for the reference Aeroxide P25 photocatalyst.



Under visible light irradiation, doped TiO2-s and rutile TiO2 showed much higher activity than Aeroxide P25 or other anatase phase non-doped TiO2-s. The excitability of non-doped (mainly anatase phase) TiO2-s was much better in the UV range than that of the doped TiO2-s. Kronos VLP7000 could be excited in the whole UV–vis spectrum, although the apparent quantum yields were 1–2 order(s) of magnitude lower in the visible range than in the UV range. This resulted in higher performance for non-doped TiO2-s under solar light utilization despite the order of magnitude lower quantity of the UV photons in solar light.



Our results highlight that enhancing the excitability of a photocatalyst in the visible range is not necessarily associated with greater photocatalytic activity in solar applications. For visible-light-active photocatalysts, better optical properties and enhanced quantum yield in the visible light range can be overcompensated by a low quantum yield in the UV range, which can lead to lower overall photocatalytic performance. Therefore, UV excitability is crucial during the development of novel solar-active photocatalysts, and must be described alongside visible light activity. Alternatively, carrying out outdoor solar experiments or using solar light simulators is recommended for evaluating the performance of novel photocatalysts developed for solar-cleanable membrane surfaces, artificial synthesis, and other sunlight-based processes.



Naturally, visible light excitability is the only essential property for indoor applications because of the absence of UV photons. Therefore, visible light irradiation may be sufficient for photocatalytic experiments in such cases.
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Figure 1. Photocatalytic phenol decomposition (cphenol = 0.1 mM, cTiO2 = 1.0 g·L−1) applying (a) energy-saving compact fluorescence lamps, (b) natural solar irradiation, (c) UV-A irradiation, (d) violet irradiation, (e) blue irradiation, and (f) green irradiation. 
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Figure 2. Emission spectra of violet, blue, and green LED strips and the transmittance spectra of 0.02 M and 0.15 M potassium iron(III) oxalate solutions. 
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Figure 3. Apparent quantum yields for photocatalytic phenol degradation (c = 0.1 mM). 
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Figure 4. Applied photoreactor systems (for solar experiments, the beakers were surrounded by aluminum foil to ensure that photocatalysts were irradiated by sunlight only from the top of the beakers, which did not overshadow each other). 
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Figure 5. Emission spectra of UV-A fluorescence tubes and LED strips. 
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Table 1. Initial degradation rate of phenol (mol·dm−3·s−1) for different photocatalysts under different irradiations.
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Irradiation Type

	
Initial Degradation Rate of Phenol (mol·dm−3·s−1)




	
TiO2-AA

	
TiO2-FH

	
TiO2-P25

	
TiO2-AR

	
TiO2-N

	
TiO2-VLP7000






	
UV

	
5.8·10−8

	
1.3·10−7

	
1.2·10−7

	
3.8·10−8

	
1.6·10−8

	
2.3·10−8




	
Violet

	
1.8·10−9

	
5.6·10−9

	
7.0·10−9

	
1.3·10−8

	
1.0·10−8

	
1.8·10−8




	
Blue

	
-

	
1.3·10−9

	
3.9·10−9

	
5.7·10−10

	
5.9·10−9

	
2.6·10−8




	
Green

	
-

	
-

	
-

	
-

	
8.9·10−10

	
1.8·10−8




	
Yellow

	
-

	
-

	
-

	
-

	
-

	
3.6·10−9




	
Red

	
-

	
-

	
-

	
-

	
-

	
5.8·10−9
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Table 2. Incident photon fluxes determined by potassium ferrioxalate actinometry.
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	Irradiation
	UV
	Violet
	Blue

(Using 0.02 M Fe-Oxalate Solution)
	Blue

(Using 0.15 M Fe-Oxalate Solution)





	Incident photon flux

(mol·dm−3·s−1)
	9.23·10−6
	7.75·10−6
	4.25·10−5
	5.16·10−5
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Table 3. Incident photon fluxes under green, yellow, and red irradiation obtained from the multiplication of incident photon flux under blue irradiation (5.16·10−5 M·s−1; determined by ferrioxalate actinometry) and the ratios of light intensities measured by a PPF meter.
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	Irradiation Type
	Ratio of Photon Flux Belonging to Actual Irradiation and Photon Flux of Blue LED (Measured by PPF Meter)
	Calculated Incident Photon Flux

(mol·dm−3·s−1)





	blue LED
	1.00
	5.16·10−5



	green LED
	0.69
	3.56·10−5



	yellow LED
	0.21
	1.08·10−5



	red LED
	1.14
	5.88·10−5
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