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Abstract

:

Volatile Organic Compounds (VOCs) are within the main industrial air pollutants whose release into the atmosphere is harmful to the ecosystem and human health. Gas-phase photocatalytic degradation of ethylbenzene, an aromatic VOC emitted from various sources, has been investigated in this study using TiO2 nanoparticle-coated glass beads in an annular photoreactor. To use visible light irradiation, TiO2 nanoparticles were doped by nitrogen using urea. The results showed that nitrogen doping significantly increased the removal efficiency of ethylbenzene under visible light irradiation compared with the pure TiO2, so that the removal efficiencies between 75–100% could be yielded for the initial ethylbenzene concentrations up to 0.13 g/m3 under visible light which could be useful for improving indoor air quality. The UV irradiated reactor needed less residence time and much higher removal efficiencies could be yielded at high initial concentrations. When the residence time under UV irradiation was one third of the same under visible light, the removal efficiency was more than 80% for the inlet concentrations up to 0.6 g/m3, whereas the removal efficiency under visible light was about 25% at this inlet concentration. Langmuir-Hinshelwood kinetic model could be well fitted to the photocatalytic reaction in both irradiation systems.
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1. Introduction


Due to the development of industry within the last decades, environmental pollution has become a serious concern all over the world. In this regard, indoor and outdoor air contamination is a significant problem for the public health in both developing and developed countries [1,2]. Volatile organic compounds (VOCs), constituting a wide range of carbon-based materials, have been considered as major hazardous pollutants due to the fact that most of them are toxic and carcinogenic and can adversely affect both the human health and the ecological environment [3]. Among VOCs, monocyclic aromatic compounds such as ethylbenzene are widespread in the environment since they are emitted from various sources such as chemical and petrochemical plants as well as indoor sources including furnishings and office equipment which may be even a more important concern due to the fact that people spend most of their time in indoor environments [4,5].



Heterogeneous photocatalysis as an advanced oxidation process is a promising technology for abatement of such pollutants which has been the subject of attention in numerous research works in the last two decades and despite conventional treatment strategies including adsorption, absorption and condensation do not just transfer the treated compound from one phase to another one [6,7]. Gas-phase photocatalytic oxidation using semiconductor catalysts has a great potential in mineralization of pollutants and converting them to the harmless compounds such as water and carbon dioxide at room temperature and it is highly efficient at low concentration levels [8,9].



Titanium dioxide (TiO2), a popular and highly effective semiconductor, has been extensively applied in photocatalytic oxidation processes owing to its distinguished features such as non-toxicity, low-cost availability, long-time photo-stability, as well as potent oxidizing power [10,11]. Degussa P-25, the commercial available form of TiO2 nanoparticles, has been identified as the superior standard catalyst considering its high activity in heterogeneous photocatalysis for environmental applications due to having mixed phases of anatase and rutile and also its nano-sized structure [12]. The intrinsic restriction of TiO2 is the lack of activity in visible light due to its relatively large band gap (about 3.2 eV). It requires ultraviolet (UV) light irradiation in order to produce electron-hole pairs that in the presence of oxygen or water can generate oxidizing agents including superoxide and hydroxyl radicals capable to degrade the target compounds [13,14]. Inducing photocatalytic activity of TiO2 under visible light will lead to the hindrance of biohazardous and costly UV emissions and improve the feasibility of its application under the room lighting [8]. To prevail over the large band-gap energy, several methods including incorporating metal and non-metal elements as dopants into the TiO2 lattice have been examined to enhance the photocatalytic activity under visible light irradiation. This treatment may also reduce the recombination of produced electron-hole pairs leading to a higher photocatalytic activity [15,16,17]. Nitrogen-doped TiO2, showing a remarkable red shift from the UV to the visible range, is one of the most extensively investigated anion-doped TiO2 which serves as an outstanding visible light sensitive photocatalyst and also nitrogen is an eco-friendly element if increased in the environment by human pollution compared with some common metal dopants [18,19,20]. Moreover, in addition to the modification of TiO2 nanoparticles as a pivotal necessity for increasing the photo-activity, the photoreactor is of high importance too [21]. There are several types of gas-phase laboratory scale photocatalytic reactors such as honeycomb monolith, annular, flat plate, packed-bed, membrane and optical fibre reactors, but generally an effective photoreactor should have a large specific surface area, small pass-through channels and direct irradiation to the reaction surface in order to provide appropriate contact among the reactants, catalysts and photons [22,23]. Among various proposed photoreactors, the annular packed-bed system can provide high surface area as well as efficient irradiation by installation of the light source at the center of the reactor [24].



For the specific investigated pollutant in this research work, gaseous ethylbenzene, there are some reports considering photocatalytic degradation with different catalysts. However, to the best of our knowledge, N-doped TiO2 has not been already applied for photocatalytic degradation of ethylbenzene in the air. In addition, it should be noted that, in our research work, photocatalytic degradation has been conducted in continuous mode via catalysts coated glass beads providing an applicable photocatalytic system.



Therefore, considering the above-mentioned statements, in the present study the visible light photocatalytic degradation of gaseous ethylbenzene in the air has been investigated in an annular packed-bed photoreactor using N-doped Degussa P25 nanoparticles coated on glass beads and the removal efficiency of ethylbenzne under both UV and visible light irradiation using nitrogen doped and pristine Degussa P25 catalysts was compared.




2. Results and Discussion


2.1. Characterization of Photocatalysts


X-ray diffraction (XRD) pattern of the prepared N-doped P25 nanoparticles is shown in Figure 1. As for the obtained peaks which are attributable to the reports of Joint Committee on Powder Diffraction Standards (JCPDS) card No. 21-1272 for anatase and JCPDS card No. 21-1276 for rutile [25,26], it contains both anatase and rutile phases with a domination of anatase just like the pristine Degussa P25 [26,27], and no remarkable phase transformation occurred due to the low calcination temperature (400 °C), as observed by others [26,28]. The crystallite average size calculated using the Scherrer equation was found to be about 40 nm, well comparable to the particles size obtained from field emission scanning electron microscope (FE-SEM) images.



The specific surface area of the N-doped TiO2 catalyst obtained by Brunauer-Emmett-Teller (BET) experiments was 53.32 m2·g−1, close to the un-doped P25 BET surface area which had a value of 60.45 m2·g−1 but showing a slight decrease, in agreement with other similar reports [28,29]. The average pore size of the prepared N-doped TiO2 obtained by BET experiments was 15.25 nm which is considered to be mesopore based on the pore size categories recommended by International Union of Pure and Applied Chemistry (IUPAC) comprising micropores (d < 2 nm), mesopores (2–50 nm) and macropores (d > 50 nm) [17,30]. Nitrogen adsorption-desorption isotherms of the N-doped TiO2 is shown in Figure 2. According to the shape of curve related to nitrogen isotherm plot, the as-prepared catalyst was type IV of the BDDT (Brunauer-Deming-Deming-Teller) classification with H3 hysteresis loop, demonstrating the presence of mesoporous material [31]. Also, the inset of Figure 2 indicates the pore size distribution determined by BJH (Barrett-Joyner-Halenda) method from the desorption branch of nitrogen isotherm. As showed in the related curve, the pore size distribution has a relatively wide range of about 3–100 nm with a maximum value around 15 nm, but most of the pore size is distributed in less than 50 nm representing the mesoporous material.



Figure 3 shows the FE-SEM images of the prepared N-doped TiO2 catalysts. It can be seen that the prepared nanoparticles have a spherical morphology and their sizes are in the range of about 26–40 nm, which is well comparable to the average crystallite size obtained by the Scherrer equation (40 nm). Loose agglomeration could also be observed in the images.



Moreover, the elemental composition of the as-prepared doped TiO2 catalyst was determined by energy dispersive X-ray spectroscopy (EDS). The atomic percentage of nitrogen content obtained by EDS analysis was 7.1%. As shown in Figure 4, the EDS spectra obviously confirm the presence of Ti, O and N peaks which is an evidence of achieving N-doped TiO2 catalyst.



Furthermore, the FE-SEM images of the surface of roughened uncoated glass beads in different magnitudes and the surface of the coated ones in the same magnitude beside each other are shown in Figure 5. As seen in the images of Figure 5a on the left side, the uncoated glass beads have a roughened surface with wrinkles and cracks. The images of coated glass beads in Figure 5b on the right side, obviously confirm the deposition of N-doped TiO2 nanoparticles on their surface which in a proper zoom the spherical morphology of the prepared catalysts in agglomerated form could be seen on the surface of these coated glass beads, the same as the SEM images of prepared catalysts in Figure 3.



Besides, the XPS analysis was performed to demonstrate nitrogen doping in the TiO2 lattice and to investigate the chemical state of elements in the prepared N-doped TiO2 catalyst. As shown in Figure 6a, the XPS spectra of Ti2p indicates two peaks at binding energies of 458.3 eV and 464.3 eV confirming the presence of Ti2p3/2 and Ti2p1/2 which are the typical characteristics of Ti4+ oxidation state [32]. Figure 6b exhibits the XPS spectra of O1s region. The major O1s peak at the binding energy of 529.7 is originated from the Ti–O bonds in the TiO2 lattice and the middle peak at binding energy of 530.9 eV could be attributed to titanium oxynitride phase, while the other minor peak at 532.8 eV can be assigned to the surface adventitious species such as oxygen in carbonate, hydroxides and water adsorbed on the catalyst surface during the sample characterization [18,33]. The deconvolution of N1s region in Figure 6c indicated two peaks at the binding energies of 399.1 eV and 401.7 eV which the first one at 399.1 eV could be ascribed to the N atoms located at the interstitial sites of the TiO2 lattice as the Ti–O–N and/or Ti–N–O bonds [19,34,35] and the peak at 401.7 eV could be attributed to the nitrogen atoms that molecularly chemisorbed on the sample [18,33]. The atomic percentage of nitrogen content obtained by XPS analysis was 5.6%. The XPS spectra of C1s region is shown in Figure 6d. The sharp photoelectron peak at 284.8 eV is attributed to adventitious carbon due to sample contamination and the very weak peak at 288.5 eV can be assigned to the presence of carbonates on TiO2 surface formed during the thermal decomposition of urea [29,33]. Therefore according to the XPS results, nitrogen incorporated into the TiO2 lattice as the form of interstitial nitrogen doping along with the molecular chemisorption.



The UV-Vis diffuse reflectance spectra (DRS) of a photocatalyst play a key role in understanding its photocatalytic properties. The UV-Vis absorption spectra of the as-prepared N-doped TiO2 and the pristine P25-TiO2 catalysts obtained by the DRS test are shown in Figure 7a. The prepared N-doped TiO2 catalyst exhibited an improved light absorption in both UV and visible regions compared with the pure P25-TiO2 catalyst which had much less absorption in the visible region as expected and a red shift of absorption edge could be observed for the N-doped catalyst. Furthermore, the Kubelka-Munk function (F(R)) with indirect transition was applied in order to estimate the band gap energy of the samples due to considering TiO2 as an indirect semiconductor [10,31]. The band gap energies were obtained by the intersection between the tangent line of the related curves and the photon energy (hυ) axis in the plot of (F(R) × hυ)0.5 against the energy of light (Figure 7b). The band gap energy of the N-doped TiO2 had a value of about 2.9 eV, lower than the value of about 3.12 eV obtained for the pristine P25-TiO2. Due to the mentioned evidence, doping TiO2 with nitrogen resulted in enhancement of the visible light absorption and also reduction of the band gap energy and the as-prepared N-doped TiO2 is anticipated to be visible light responsive.




2.2. Photocatalytic Degradation Tests


The photocatayltic degradation of ethylbenzene in the air was evaluated in the mentioned photoreactor using the as-prepared N-doped TiO2 and commercial TiO2 under both UV and visible light irradiation. Before starting the photocatalysis of ethylbenzene, some control experiments were performed under UV irradiation in the photoreactor packed with uncoated glass beads. Ethylbenzene degradation under UV irradiation without photocatalyst in the reactor was less than 2% even in relatively long residence time and low concentration. Therefore, ethylbenzene conversion was caused mainly by photocatalysis and the photolysis of etyhlbenzene in the photocatalytic system could be considered negligible.



The removal efficiency of ethylbenzene using N-doped TiO2 and pristine P25-TiO2 photocatalysts under UV irradiation in different inlet concentrations (about 0.2–1 g/m3) and the desired residence time of 1 min is shown in Figure 8. The feed flow rate was fixed at 230 mL/min. The removal efficiency at the residence time of 1 min was not affected by increase in the inlet concentration up to the concentration of about 0.4 g/m3 (about 100 ppmv) and showed an efficiency of 100% in ethylbenzene degradation, but for greater inlet concentrations the removal efficiency decreased continuously and reached to the value of 38% at inlet concentration equal to 1.085 g/m3 (250 ppmv) which could be due to insufficient sites for adsorption of active radicals that have been occupied by the extra ethylbenzene load entering the reactor which is in agreement with other similar reports [6,36]. For instance, Jeon et al. [36] investigated the photocatalytic decomposition of some VOCs by TiO2 photocatalyst coated on perforated planes in a cylindrical UV reactor and observed that the removal efficiency of ethylbenzene 60% decreased by increasing the inlet concentration from 0.1 g/m3 to 0.6 g/m3 due to blocking more active sites on the catalyst surface. Also as demonstarted in Figure 8, there was not a significant difference between N-doped TiO2 and pristine P25-TiO2 in photocatalytic decomposition of ethylbenzene under UV irradiation and the improvement of photocatalytic degradation using N-doped catalyst under UV irradiation was less than 5% compared with the un-doped TiO2 catalyst.



Despite UV irradiation, the photocatalytic reaction under visible light needed more residence time in the photoreactor for a proper degradation. The results showed that the photocatalytic activity under visible light could be achieved in longer residence times and lower inlet concentrations compared with the photocatalytic decomposition of ethylbenzene under UV radiation. Figure 9 indicates the removal efficiency of ethylbenzene under visible light irradiation at the residence time of 3 min using N-doped TiO2 and pristine P25-TiO2 photocatalysts in different inlet concentrations (about 0.03–0.6 g/m3). The feed flow rate was fixed at 75 mL/min. The first point catching attention under visible light irradiation was the considerable different of ethylbenzene removal efficiency between N-doped and pristine TiO2 catalysts despite the results obtained for UV radiation. As indicated in Figure 9, the N-doped photocatalyst had much better removal efficiency in different inlet concentrations under visible light and showed about three times higher removal efficiency compared with the un-doped TiO2. However, in case of increasing inlet concentration effect in the fixed residence time of 3 min under visible light, similar behavior to UV irradiation was observed and the removal efficiency continuously declined insofar as the complete photocatalytic decomposition of ethylbenzene using N-doped TiO2 for inlet concentration of 0.08 g/m3 (about 20 ppmv) decreased to the removal efficiency of 25% for inlet concentration of 0.6 g/m3 (about 140 ppmv).



Moreover, investigating the removal efficiency in different residence times demonstrated that the feed flow rate is a key parameter in photocatalytic performance under both UV and visible light irradiation. In other words, the flow rate was investigated via the residence time parameter. It should be noted that there is an inversely relation between residence time and the flow rate. Figure 10 indicates the removal efficiency of ethylbenzene using N-doped TiO2 in different residence times under UV and visible light. The feed flow rates of 460 mL/min, 230 mL/min and 140 mL/min were applied to investigate the effect of three residence times of 30 s, 60 s and 100 s on the removal efficiency under UV irradiation. Also, the related values of flow rate under visible light irradiation were 115 mL/min, 75 mL/min and 30 mL/min respectively. The removal efficiency was significantly affected by the feed flow rate, since increasing the residence time in the reactor or in other words decreasing the feed flow rate resulted in enhancement of photocatalytic degradation under both UV and visible light radiation. This could be due to formation of more active radicals during the longer time that ethylbenzene molecules stay in photoreactor at lower inlet flow rates and enhancing the contact time between reactants and hydroxyl radicals. As exhibited in Figure 10, using the N-doped TiO2 catalyst under UV irradiation and inlet concentration of 0.66 g/m3 (about 150 ppmv), the removal efficiency of 100% for residence time of 100 s decreased to the value of 26% at the residence time of 30 s. Also, under visible light irradiation and inlet concentration of 0.13 g/m3 (about 30 ppmv), increasing the residence time from 120 s to 420 s caused the removal efficiency to enhance from 36% to 97%. This is consistent with the work of Chun and Jo [37] who investigated photocatalytic decomposition of vaporous aromatics including ethylbenzene in a plug-flow reactor under visible light using C-TiO2 photocatalysts. They reported that when the flow rate became four times greater, the ethylbenzene degradation efficiency decreased from 100% to 38% due to insufficient mass transfer as a result of the short residence time [37].



Besides, the carbon dioxide as a final product of VOCs photocatalytic reactions [13,18] was measured in the photoreactor. Figure 11 shows the CO2 production by photocatalysis using N-doped TiO2 catalysts against the ethylbenzene inlet load entering the reactor. The results showed that CO2 production under UV irradiation was much higher than the visible light which is due to the considerable higher amount of ethylbenzene in the inlet flow of the reactor under UV radiation on one hand and also the greater capability of UV irradiation for photocatalytic conversion of such higher inlet concentrations on the other hand. As shown in Figure 11, increasing the ethylbenzene inlet load leaded to a continuous enhancement of CO2 production to a maximum value, but further addition of ethylbenzene inlet load did not lead to CO2 increase anymore and slightly reduced the CO2 production in photoreactor which is in accordance with the obtained removal efficiencies at low and high inlet concentrations shown in Figure 8 and Figure 9. The maximum value of CO2 production under UV irradiation was about 1.6 g/m3min in the investigated range of ethylbenzene inlet load (about 0.2–1 g/m3·min). Under the visible light radiation the amount of CO2 reached to a maximum value of 0.16 g/m3min in the investigated range of etyhlbenzene inlet load (about 0.02—0.2 g/m3·min).




2.3. Kinetic Analysis


Photocatalytic reaction rate in many cases could be generally described by the Langmuir-Hinshelwood (L-H) kinetic model providing a satisfactory presentation of the relationship between degradation rate and the initial concentration [6,15,21]:


r = (krKC)/(1 + KC),



(1)




where kr is the L-H reaction rate constant, K is the reactant adsorption coefficient and C is the initial concentration of the reactant.



According to the above-mentioned equation, the reaction rate constant and adsorption coefficient could be achieved using the obtained experimental data for reaction rate and consequently plotting the inverse reaction rate versus the inverse initial concentration. Figure 12 shows the plot of (1/r) versus (1/C0) for the experimental data obtained during the first 10 min of the reaction using N-doped TiO2 catalyst in different concentrations and flow rates. As indicated in Figure 12, the related plots under both UV and visible light irradiation demonstrate appropriate fit to the Langmuir-Hinshelwood kinetic model. Furthermore, the reaction rate constant and adsorption coefficient calculated using the slope and intercept of the obtained linear fit under UV radiation had the values of 0.889 g/m3·min and 1.26 m3/g, respectively. The related values calculated under visible light irradiation were 0.085 g/m3·min for reaction rate constant and 4.69 m3/g for adsorption coefficient. The considerable difference between obtained results under UV and visible light irradiation is also obvious here for reaction rate constants and the one obtained for UV irradiation was much higher than the visible light as expected.



The results for photocatalytic degradation of ethylbenzene obtained in this study are comparable with other similar works. Hinojosa-Reyes et al. investigated the decomposition of ethylbenzene in air stream using indium-doped TiO2 photocatalysts immobilized on perlite granules in a plug-flow photoreactor with a concentric cylindrical configuration. They could obtain a maximum decomposition of 27.4% for ethylbenzene inlet concentration of 1.5 g/m3 under 254 nm UV irradiation which is comparable to the removal efficiency of 38% for ethylbenzene inlet concentration of about 1.1 g/m3 obtained in this research [38]. Also, lanthanum-doped TiO2 nanotubes were used by Cheng et al. [6] in a continuous plug flow photoreactor for photocatalytic degradation of gaseous ethylbenzene under UV irradiation. Photocatalytic conversion of ethylbenzene decreased by increasing the initial concentration in their work similar to the results obtained here in this research but they achieved a photocatalytic conversion of 58% for the initial concentration of 0.25 g/m3 which was less than the 100% removal efficiency for the same initial concentration obtained here in this study. Although the residence time of 1 min in this study was higher than the same in their work which was about 20 s.





3. Materials and Methods


3.1. Photocatalyst Preparation


Degussa (Evonik) P25 nano-powder was used as the starting material to prepare the catalysts. N-doped TiO2 was obtained using the mechanical mixing method and annealing described by Rengifo-Herrera et al [29]. TiO2 (P25) and urea )as the nitrogen source( were mixed with a 4:1 ratio and grinded in a planetary ball mill (Retsch PM100; Retsch GmbH, Haan, Germany) for 1 h and then calcined under air atmosphere at 400 °C during 1 h with a heating rate of 10 °C per minute and cooled at room temperature. Afterwards, the obtained powder was washed three times with deionized water and dried at 70 °C and finally crushed in an agate mortar in order to achieve N-doped TiO2 as a yellowish fine powder.




3.2. Characterization of Photocatalysts


The specific surface area of N-doped P25 was calculated by the BET method using nitrogen adsorption-desorption at 77 K via a Micromeritics (TriStar II 3020, Micromeritics Instrument Corporation, Norcross, GA, USA) instrument. The XRD analysis was carried out by a Philips PW 1729 (Philips, Amsterdam, Netherlands) X-ray diffractometer at room temperature using a Cu Kα radiation operating at 40 kV and 30 mA to identify and confirm the crystalline phases. The size and surface elements of the as-modified catalysts were investigated using a TESCAN MIRA3 (TESCAN Brno, Brno-Kohoutovice, Czech Republic) field emission scanning electron microscope (FE-SEM) at an accelerating voltage of 15 kV coupled with an energy dispersive X-ray spectroscopy (EDS) detector. The X-ray photoelectron spectroscopy (XPS) examination was also performed on a Physical Electronics 5700 XPS instrument (PHI, Chanhassen, MN, USA) using a monochromatized Al Kα radiation (1486.6 eV) operated at 350 W. Finally, diffuse reflectance spectra (DRS) were measured using an Avantes Avaspec-2048-TEC spectrometer (Avantes, Apeldoornseweg, Netherlands) with AvaLamp DH–S Setup which employed BaSO4 as the reference.




3.3. Photocatalytic Experiments


Photocatalytic degradation of ethylbenzene in the air using the prepared N-doped P25 catalysts was evaluated at room temperature in an experimental annular reactor packed with glass beads on which the catalysts had been coated. To coat the catalysts on these supports, the surface of purchased glass beads with 5.5–6 mm diameter were physically roughened in a mixture of water, sandblasting sand and Carborundum powder using a mechanical mixer at 700 rpm for 20 min. They were also etched in 1 M NaOH solution for 5 min and then thoroughly washed with detergents and deionized water. Then the slurry with 2.5 g of N-doped TiO2 powder in methanol/water mixture (95%/5%) was prepared having a 10 g/l concentration and completely dispersed by sonicating for 15 min. The coating of photocatalysts on the treated beads was performed by adsorption of the slurry on the heated glass beads (100 °C) and they were dried in an oven at 100 °C. Finally, the coated glass beads were stabilized at 350 °C for 30 min [32,39]. The continuous gas flow photoreactor with the length of 40 cm was consisted of two coaxial tubes. The inner tube with an outer diameter of 42 mm was made of quartz glass housing the light source and the outer one was a Pyrex tube with 69 mm inner diameter packed with catalyst coated glass beads to a height of 27 cm which provided an effective volume of 230 mL in the reactor. The light source was a NARVA LT-T8 18 W (NARVA Lichtquellen GmbH, Brand-Erbisdorf, Germany) Freeze Light fluorescent lamp to investigate the photocatalytic activity under visible light and the UV irradiation was supplied by a Philips TUV T8 15 W SLV/25 (Philips Lighting, Eindhoven, Netherlands) germicidal lamp with a maximum emission at 254 nm to evaluate activity under UV radiation. The Pyrex tube surface was covered with an aluminum foil to reflect the radiation into the reactor. The schematic diagram of the reaction system is shown in Figure 13.



The reactor feed was prepared by mixing of ethylbenzene vapors and humid/dry air which were generated via passing the air through two glass impingers containing pure liquid ethylbenzne and distilled water. The air was supplied by an air pump (HAILEA, ACO-9620; Guangdong Hailea Group, Raoping, China) and was passed through activated carbon before entering the impingers. Ethylbenzne concentration and humidity were adjusted by rotameters controlling the air flow into the impingers and also the dry air entering the mixing tank. The concentration of ethylbenzene in the inlet and outlet streams of the photoreactor was measured by a TVOC fixed PID Detector (Ion Science Ltd, Roystone, UK) and also the humidity and CO2 content were measured by a SAMWON ENG SU-503B (Samwontech Co. Ltd, Bucheon, South Korea) device and a KIMO AQ-100 (KIMO Instruments, Chevry-Cossigny, France) CO2 meter, respectively. The relative humidity was maintained around 50% in all experiments and each experiment was repeated three times with a reproducibility of better than 5%. The reactor inlet flow rate was adjusted by a rotameter just before entering the photoreactor. The feed flow was passed through the packed reactor before starting each catalytic experiment, in other words the light was turned on when the inlet and outlet ethylbenzene concentrations were equal and the flow stability was confirmed. The removal efficiency was measured after 30 min under UV experiments and after 90 min under visible light tests by observing steady state values. The removal efficiency of etyhlbenzene is given by:


Removal Efficiency (RE%) = (C0 − C) × 100/C0,



(2)




where C0 is the inlet concentration of ethylbenzene and C is the outlet concentration. Moreover, a blank test was performed in the photoreactor packed with uncoated glass beads to investigate the photolysis effect and removal efficiency without photocatalyst in the reactor.





4. Conclusions


Application of nitrogen-doped commercial TiO2 nano-catalysts for photocatalytic decomposition of ethylbenzene in the air using a packed-bed annular photoreactor in this study demonstrated that doping TiO2 with nitrogen significantly enhanced photocatalytic conversion of ethylbenzene under visible light up to 60% in low initial concentrations compared with the use of pristine TiO2, but such improvement under UV radiation was less than 5%. Also, the difference of photocatalytic activity between UV and visible light was considerable. The photocatalytic degradation under UV irradiation could be achieved in much less residence times compared with the visible light and much higher initial ethylbenzene concentrations could be treated with appropriate removal efficiencies. For instance, the removal efficiency of ethylbenzene under UV irradiation using N-doped catalyst was more than 90% for the initial concentrations up to 0.586 g/m3 (135 ppmv) at 1 min residence time, but such removal efficiency under visible light radiation could be obtained for the initial concentrations up to 0.1 g/m3 (about 25 ppmv) at 3 min residence time. Moreover, the inlet flow rate and initial ethylbenzene concentration was effective on the removal efficiency under both UV and visible light. Increasing each of the initial ethylbenzene concentration and inlet flow rate resulted in reduction of removal efficiency. Furthermore, analyzing the kinetics of the photocatalytic reaction indicated that Langmuir-Hinshelwood kinetic model could be well fitted to the obtained experimental data under both UV and visible light irradiation. As for the obtained results under visible light irradiation and considering the N-doped TiO2 nanoparticles which were prepared using a relatively facile and low-cost method, the photocatalytic reaction system in this research could be applied for the places with low pollutant concentration such as indoor air at homes to improve the air quality.
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Figure 1. X-ray diffraction (XRD) pattern of the prepared N-doped TiO2. 
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Figure 2. Nitrogen adsorption-desorption isotherms of as-prepared N-doped P25. The inset shows the Barrett-Joyner-Halenda (BJH) pore size distribution curve. 
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Figure 3. Field emission scanning electron microscope (FE-SEM) images of the as-prepared N-doped TiO2 catalyst. 
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Figure 4. Energy dispersive X-ray spectroscopy (EDS) pattern of the as-prepared N-doped TiO2 catalyst. 
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Figure 5. SEM images of the surface of (a) uncoated glass beads; (b) the glass beads coated by N-doped TiO2 catalyst in different magnitudes. 
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Figure 6. XPS spectra of (a) Ti2p, (b) O1s, (c) N1s and (d) C1s for the prepared N-doped TiO2. The colored dashed lines stand for the deconvoluted scan of the elements which show all the obtained peaks for each element. 
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Figure 7. (a) UV-Vis diffuse reflectance spectra and, (b) plots of the transformed Kubelka-Munk function vs the photon energy for N-doped TiO2 and pristine P25-TiO2. 
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Figure 8. Effect of inlet concentration on removal efficiency at 1 min residence time under UV irradiation for N-doped and pristine TiO2. 
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Figure 9. Effect of inlet concentration on removal efficiency at 3 min residence time under visible light irradiation for N-doped and pristine TiO2. 
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Figure 10. Ethylbenzene removal efficiency using N-doped TiO2 under (a) UV irradiation and inlet concentration of 0.66 g/m3 at different residence times; (b) visible light and inlet concentration of 0.13 g/m3 at different residence times. 






Figure 10. Ethylbenzene removal efficiency using N-doped TiO2 under (a) UV irradiation and inlet concentration of 0.66 g/m3 at different residence times; (b) visible light and inlet concentration of 0.13 g/m3 at different residence times.



[image: Catalysts 08 00466 g010]







[image: Catalysts 08 00466 g011 550] 





Figure 11. CO2 production against the ethlylbenzene inlet load in photocatalytic reactions using N-doped TiO2 catalyst under (a) UV and (b) visible light irradiation. 
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Figure 12. The relationship between the inverse of reaction rates and ethylbenzene initial concentrations using N-doped TiO2 catalyst under (a) UV and (b) visible light irradiation. 
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Figure 13. Schematics of the photocatalytic reaction system: (1) air pump, (2) rotameters, (3) humidifier, (4) ethylbenzene saturator, (5) mixing tank, (6) photoreactor, (7) power supply, (8) light source. 
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