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Abstract

:

Different transition metals (Cr/Fe/Mn/Co) derived catalysts supported on γ-Al2O3 were prepared by the isovolumetric impregnation method for catalytic ozonation of acetone (C3H6O), and their catalytic activities under industrial complex conditions were investigated. Among them, CrOx/γ-Al2O3 catalyst with Cr loading of 1.5%, abbreviated as Cr1.5%, achieved the best activity, benefitting from its larger surface area, larger proportion of Cr6+/Cr, more chemically desorbed oxygen species Oβ, appropriate acidity, and superiority of low-temperature reducibility. Simulated industrial conditions were used to investigate the applicability of Cr1.5% catalysts for catalytic ozonation of acetone. Results illustrated that the optimum temperature range was 120–140 °C, with molar ratio O3/C3H6O > 6. Different C3H6O initial concentrations had less effect over the activity of Cr1.5% catalysts, with little residual ozone, confirming the applicability of Cr1.5% catalysts in industrial application. The effects of sulfur/water vapor on catalytic activity were also investigated, and satisfactory resistance to sulfur or water vapor individually was obtained. Finally, in-situ DRIFTS measurement was carried out, to explore and illustrate mechanisms of acetone catalytic ozonation pathways and sulfur/water poisoning.
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1. Introduction


As a kind of air pollutants, volatile organic compounds (VOCs) are considered crucial precursors of fine particle matter (PM2.5) and ozone, which could form toxic photochemical smog through complex atmospheric photochemical reactions [1,2,3]. The increasing emission of VOCs causes serious environmental and ecological problems. Most VOCs are emitted from industrial processes like chemical engineering, petroleum refining, coal-fired power engineering, mainly containing acetone, benzene series, acetaldehyde, dichloromethane, ethyl acetate, etc. [4]. Acetone, C3H6O, one of the typical volatile organic pollutants, widely used in plastic, fibers, pharmaceuticals, semiconductors and photoelectric industries as a common organic solvent [5], has a pernicious impact on atmospheric quality and chronic toxicity to human beings [4,6].



VOC control technologies mainly include catalytic oxidation, condensation, absorption, adsorption and membrane separation technology [3]. Among those, cellulose-metal organic frameworks (CelloMOFs) and other new composite materials were proposed and applied as filters for VOCs adsorption removal [7], but their material preparation process was complex and expensive, and it also needed to regenerate the adsorption materials, which undoubtedly increased the difficulty of their application. Catalytic oxidation is one of the most effective treatment methods to degrade low-concentration VOCs into CO2 and water or nontoxic compounds [3]. Its working temperature is usually in the range of 370–480 °C [8]. Low temperature catalytic oxidation usually utilizes effective catalysts to reduce activation energy and improve chemical reaction rate [8]. Moreover, the introduction of ozone can further reduce the needed reaction temperature and greatly accelerate the reaction rate, leading to carbon products, e.g., CO2 [9,10]. The performance of acetone catalytic ozonation is closely related to activity of the catalyst, which is concurrently affected by active metal phases, supports, lattice defects, preparation methods and preparation conditions, resistance, etc. [3]. Different catalyst supports will affect structural characteristics, thus affecting the catalytic activity of the catalyst. Oyama et al. [10] investigated manganese oxide loaded with alumina/silica for acetone catalytic ozonation, and the results illustrated that catalysts supported by alumina had higher activity and turnover frequencies (TOFs) than silica. Different active components of catalysts also have significant effects on the adsorption performance and reaction activity. Transition metals gradually became a research hotspot as active components of catalysts because of their low cost, high catalytic activity and stability, among which, Cr2O3, MnO2 and Co3O4 were found to be relatively more active for VOCs oxidation [11]. Chromium oxides-based catalysts possess rich surface acidity, satisfactory oxygen adsorption ability, and especially strong oxidizing ability of Cr6+ [12]. Many studies have carried out acetone oxidation processes, and the efficiency can reach over 90% in the temperature range of 200–300 °C. In addition, many researchers explored the reaction mechanism and revealed the reaction path of acetone degradation with conditions of catalytic oxidation/ozonation. The complete oxidation pathway of acetone on 0.57 wt.% CeO2-0.05 wt.% Pt/TiO2 catalyst was summarized by Wang et al. [13] as follows: the adsorbed acetone molecules were firstly transformed into acetic acid and formic acid, then carbonate species was formed, and finally decomposed into H2O and CO2. Li et al. [14] characterized and quantified the organic by-products produced in oxidation of acetone, and analyzed the reaction mechanism in a dielectric barrier discharge (DBD) reactor in detail [14]: firstly, acetone molecules were broken to form methyl radicals, acetyl groups and H atoms, then the methyl radicals and acetyl radicals were oxidized by O or OH radicals to produce acetaldehydes, methanol and other compounds. Acetaldehydes were the main intermediates produced by acetone oxidation, and then decomposed into other compounds, such as acetic acid and formaldehyde [14].



However, there were relatively fewer studies focusing on acetone catalytic ozonation processes under complex industrial conditions [15,16,17]. Especially, no research was found on sulfur resistance, although SO2 was always present in flue gas. In this paper, an acetone removal process under low-temperature conditions with the assistance of catalytic ozonation was conducted, with its activity explored, as well as sulfur/water vapor resistance ability.




2. Results and Discussion


2.1. Activity Evaluation of Different Metal Oxides Catalysts


A range of catalysts supported on γ-Al2O3 with different active components of transition metal oxides were prepared, and their performances for acetone catalytic ozonation were investigated and compared. The trends of catalytic activities over four different catalysts at 120 °C for 180 min were tested, with results shown in Figure 1a. The conversion efficiency of C3H6O over Co1.5% catalyst was unsatisfactory, only achieving ~70% degradation. However, the other three catalysts showed good performance, with conversion efficiencies over 85% during the 180-min period. The performance sequence of the selected four catalysts was as follows: Cr1.5% > Fe1.5% > Mn1.5% > Co1.5%. However, the Cr1.5% and Fe1.5% showed slightly deactivated activity at the end of the 180 min testing, while the Mn1.5% and Co1.5% showed steady performances. As reported by M. Xiao et al. [18], chromia catalysts showed great activity for VOCs removal, but the active Cr of the catalysts would gradually lose effectiveness during the reaction, which would affect the stability of those catalysts, consistent with the finding of this study as shown in Figure 1a. However, activity over the best-performing catalyst of Cr1.5% was maintained above 90% over 180 min.



Catalysts with different Cr loadings were prepared and tested to investigate the relationship between conversion efficiency of C3H6O and Cr metal loadings, as shown in Figure 1b. As can be seen, the CrOx/γ-Al2O3 with 1.5% Cr loading showed the best performance in catalytic ozonation of acetone, followed by Cr2.5% and Cr5%. It seemed catalysts with higher Cr loading in the range of 1.5~5% had lower activity for acetone decomposition, which can be ascribed to changing of surface area, dispersion degree of CrOx, oxidation valence states, and chemically adsorbed oxygen species amounts. Among the three Cr loading catalysts, the most active one, Cr1.5%, was chosen to be the target catalyst for the next experimental tests. A summary and comparison of catalysts prepared in this paper with previously published catalysts for acetone ozonation are shown in Table 1.




2.2. Catalyst Characterization Analysis


2.2.1. Crystalline Structures


The crystalline structures of prepared catalysts were obtained by XRD characterization, as shown in Figure 2. From Figure 2a, Cr1.5%, Fe1.5%, Mn1.5%, Co1.5% catalysts exhibited similar crystalline structures to the γ-Al2O3 support, with peaks at 37.7°, 45.8°, 66.8° respectively referring to (3 1 1), (4 0 0), (4 4 0) three facets of γ-Al2O3, according to PDF#79-1558 from Jade 6 software. According to PDF#79-1558, the crystalline structure of Al2O3 belonged to the cubic crystal system, and the space group was Fd-3m (227), with lattice parameters of a = b = c = 0.7911 nm. The characterization results showed that the metallic oxides MOx (M = Cr/Fe/Mn/Co) dispersed quite evenly or were doped into γ-Al2O3 lattice, without any obvious crystallization. Through cell refinement processing by Jade 6 software, the lattice parameters of prepared support γ-Al2O3 were calculated as a = b = c = 0.7902 nm. For Cr1.5%, Fe1.5%, Mn1.5%, Co1.5%, the parameters declined to 0.7888 nm, 0.7895 nm, 0.7891 nm, and 0.7901 nm, respectively, because of slight weakening or distortion of original γ-Al2O3 structures by calcination or impregnation with metals [19]. The particle sizes of γ-Al2O3, Cr1.5%, Fe1.5%, Mn1.5%, Co1.5% were 5.8 nm, 5.4 nm, 5.2 nm, 5.2 nm, 5.4 nm, which were calculated by the Scherrer equation using the strongest peak at 67.8° (4 4 0). Based on the data above, listed in Table 2, it might be inferred that the growth of crystals of γ-Al2O3 was inhibited slightly after impregnation with metals [19]. With the active component metals doped into γ-Al2O3, the peaks at 19.4°, 45.8° and 66.8°, respectively, referring to the (1 1 1), (4 0 0) and (4 4 0) facets of γ-Al2O3, turned weaker, as shown in Figure 2a, which illustrated that the crystallinities became weakened or the structures of original support from the γ-Al2O3 were destroyed, indicating the interaction between metal oxides and supports. In the Fe1.5%, Mn1.5%, Co1.5% catalysts, all diffraction peaks showed as being weaker than γ-Al2O3 with Cr1.5%, which might indicate stronger metal-support interactions, but catalytic activities of those three catalysts were not as satisfactory as Cr1.5%. It could be inferred that the type of active component metal was more dominant than the metal interaction in the catalytic activity performances.



In Figure 2b, there was one different peak that appeared, at 25.5°, which referred to the (0 1 2) facet of Cr2O3 (PDF#87-0711). As mentioned above, through cell refinement processing, the lattice parameters of Cr2.5% and Cr5% were confirmed as 0.7892 nm and 0.7896 nm, respectively, close to that of Cr1.5%, and slightly smaller than that of the γ-Al2O3 support. The particle sizes of these two catalysts were 4.8 nm and 5.4 nm, also calculated by the Scherrer equation using the strongest peak at 67.8° (4 4 0), as shown in Table 2. Furthermore, the Cr mass content of CrOx/γ-Al2O3 catalysts was more, and the intensity of the Cr2O3 peak was higher in three CrOx/γ-Al2O3 catalysts, with the peaks at 19.4° and 45.8° getting weaker, respectively, referring to the (1 1 1) and (4 0 0) facets of Al2O3, and implying the reduction of crystallinity, as shown in Figure 2b. In Cr5% catalysts, the peak at 25.5° showed the highest intensity, demonstrating the largest Cr2O3 crystallization and an uneven distribution on the catalyst surfaces, which may be ascribed to the larger particle size of Cr2O3 or Cr2O3 in reunion. For Cr1.5%, with a lower content of Cr element, there was no obvious diffraction peak of Cr2O3, which may result from the even distribution of a small am of CrOx on the catalyst surfaces, or the particle size being below the detector limit of XRD.



Among the three CrOx/γ-Al2O3 catalysts, the weaker peak in Cr1.5% meant the reduced crystallinity of Cr2O3, inferring the stronger metal interaction, which corresponded to its higher catalytic activity of Cr1.5% of Figure 1b. The particle sizes of Cr2O3 in three CrOx/γ-Al2O3 catalysts were also calculated, as follows: Cr5% (11.9 nm) > Cr2.5% (6.8 nm) > Cr1.5% (5.4 nm), as shown in Table 3. The particle size for the 25.5° peak, (0 1 2) facet of Cr2O3, increased with the increase of element mass fractions from 1.5~5%, which meant a lower degree of crystallization in Cr1.5%, corresponding to its higher catalytic activity [20].




2.2.2. Textural Properties


The N2 adsorption-desorption isotherms and pore size distribution curves were applied to describe the textural properties of the catalysts, as shown in Figure 3. It can be seen from Figure 3a,b that the isotherms of the catalysts all were typical type Ⅳ isotherms with type H3 hysteresis loops, according to IUPAC [19,21], indicating slit-shaped mesoporous structures. Specifically, the adsorption abilities of support Al2O3, Cr1.5%, Fe1.5%, Mn1.5% turned out to be similar, but stronger than Co1.5% separately, as shown in Figure 3a, which was consistent with the performance sequence of the four investigated catalysts. The Co1.5% showed unsatisfactory performance in catalytic acetone conversion compared to the other three catalysts, which might result from its lower adsorption ability.



In a similar phenomenon exhibited in Figure 3b, the adsorption abilities of CrOx/γ-Al2O3 catalysts were decreased with the increase of the mass fraction of Cr element, which also showed a similar trend to that of catalytic activity. As listed in Table 4, the surface area and pore volume of support Al2O3, Cr1.5%, Fe1.5%, Mn1.5% were similar, larger than those two of Co1.5%, respectively. The surface area and pore volume of CrOx/γ-Al2O3 catalysts were decreased with the increase of Cr mass fraction, which may be ascribed to the blockage of the support pore channel [12]. It was reported that higher values of surface area and pore volume could provide more active sites to improve the adsorption ability and diffuse gaseous reactants better, making it easier to get access to catalytic active sites [19,22].



As for average pore diameter, Mn1.5% and Co1.5% possessed larger pore diameter, as well as Cr2.5% and Cr5% (Figure 3c,d). It could be deduced that the catalysts with larger pores had worse catalytic activity, which might be influenced by the collapse of mesoporous active sites or aggregation in catalysts [22,23,24]. In summary, textural properties had an influence on catalytic activity, but not the major one. The major influence factors on catalytic activity superiority of Cr1.5% compared to others needed further investigation and analysis.




2.2.3. Surface Properties


Surface properties of the three CrOx/Al2O3 catalysts were obtained by XPS characterization technology, with spectra exhibited in Figure 4. In Figure 4a, Cr 2p peaks included two parts, Cr 2p 3/2 and Cr 2p 1/2, at ~577.4 eV and ~587.2 eV [12,25]. The Cr 2p 3/2 peak was deconvoluted into two peaks by XPS PEAK 41 software, located at 576.9~577.1 eV and 579.4~579.6 eV, which respectively referred to Cr3+ and Cr6+ [11,12]. Correspondingly, the peak of Cr 2p 1/2 was deconvoluted into peaks at 583.3~584.0 eV (Cr3+) and 587.0~587.6 eV (Cr6+) [11,12]. It was reported that Cr6+ possessed better redox abilities than Cr3+, which was therefore more favorable to deep oxidation of VOCs [12,26,27,28]. Based on early findings [12,28,29], the loading of chromia catalysts was larger, the formation of crystallization Cr2O3 was easier, which may relate to the hydroxyl groups on the catalyst surfaces.



The oxidation state distributions of those chromia catalysts are listed in Table 5, from which can be seen that the Cr6+/Cr of Cr5% was the least, and those of Cr1.5% and Cr2.5% were similar, which was consistent with sequence of the activity efficiencies above those three chromia catalysts. This finding was consistent with that described by Su et al. [12]. From another aspect in Figure 4a, ΔEs, the binding energy difference between two Cr6+ peaks, was calculated. It was found that the ΔEs of Cr5%, 8.2 eV, was larger than those of Cr1.5% and Cr2.5%, 7.5 eV. Thus, it could be deduced that the AOS (average oxidation state) of Cr1.5% and Cr2.5% was larger than that of Cr5%, and more beneficial to oxidation of VOCs, as a cross-reference of the proportions of Cr6+ in Table 5.



From the O 1s spectra in Figure 4b, three peaks were observed after deconvolution, which were located at 529.9, 531.2, 532.5 eV, referring to Oα, Oβ, Oγ, respectively. According to published literature [22,25,30], the deconvoluted peak Oα of O 1s scans at ~530 eV implies the existence of lattice oxygen, the sharper peak Oβ at ~531 eV the presence of chemically adsorbed oxygen species (O−, O2−, O2−, O22−), and the peak Oγ at ~532 eV the presence of adsorbed water species (H2O or OH-) or carbonates [20,31]. Further, the existence of Oβ implied the adsorption of gaseous O2 into oxygen vacancies as active sites, with higher mobility than Oα, which had a significant influence on catalytic activities [22,32,33,34]. Figure 4b showed that Cr1.5% possessed the largest peak area of Oβ peak at ~531 eV in three chromia catalysts, while Cr5% showed the smallest peak area, which meant the distributions of Oβ on the surfaces of the catalysts followed the sequence: Cr1.5% > Cr2.5% > Cr5%, as shown in Table 5, consistent with the sequence of catalytic activity efficiency.



It could be deduced that the surface chemically adsorbed oxygen species played a dominant role in catalytic ozonation activities of chromia catalysts, resulting from the formation of more active surface oxygen vacancies as active sites by oxygen mobility on Cr1.5% catalysts [22,32,33]. It was also observed that three peaks, Oα, Oβ and Oγ, of Cr1.5% and Cr2.5% were shifted towards higher binding energy, which indicated the lower electron density, the weaker bond strength and the stronger mobility of Cr1.5% and Cr2.5% compared to Cr5% catalysts, making it easier to attract electrons from acetone and eventually leading to higher catalytic activities of those two low-loading chromia catalysts [19,35].




2.2.4. Temperature Programmed Studies


Temperature programmed studies are shown in Supplementary Materials.



Based on the multiple characterization results analyzed above, a conclusion was drawn that the highest catalytic activity of Cr1.5% may be ascribed to the combination of factors, such as lower crystallization degree, higher surface area and pore volume, higher Cr6+ proportion, more chemically desorbed oxygen species, appropriate acidity, and superiority of low-temperature reducibility [12].





2.3. Effects of Temperature, C3H6O Concentration and O3/C3H6O Molar Ratio


From the previous experiment results, slight deactivation over CrOx/γ-Al2O3 catalysts existed even under a temperature of 120 °C, and was deduced to be more severe at room temperature. It was speculated that reaction temperature was a significant influential factor in conversion efficiency trend of acetone, which was measured and validated over Cr1.5% catalysts. As shown in Figure 5a, overall, the conversion efficiency of C3H6O increased evidently with the increase of reaction temperature from 40 °C to 140 °C. When the reaction temperature was above 100 °C, the conversion efficiency of C3H6O was maintained above 80% for 180 min, suggesting improvement under higher temperatures. Under the temperature range 120~140 °C, the Cr1.5% catalysts showed better activity and stability, maintaining above 90% activity during 180 min, with a slight trend of deactivation. However, the performance of catalysts under low temperatures became unsatisfactory, attributed to the accumulation of byproducts on the Cr1.5% surface that was generated from the incomplete oxidation reaction of acetone, which could be improved by increasing the reaction temperature. However, raising reaction temperatures too high might be counterproductive. It was reported [22,36] that higher temperatures would accelerate the decomposition rate of ozone, causing less surface oxygen species for catalytic ozonation of VOCs. Thus, it was crucial to investigate the best temperature range for catalytic ozonation of VOCs in industrial application, which was 120~140 °C of acetone catalytic ozonation over Cr1.5%, according to the conclusion in this chapter.



The effect of C3H6O initial concentrations on the conversion efficiency of C3H6O was also investigated by changing C3H6O initial concentrations at 120 °C with the O3/C3H6O molar ratio remaining constant, results shown in Figure 5b. As seen, when C3H6O initial concentration was relatively lower, the decreasing trend of C3H6O conversion efficiency was somewhat alleviated, compared to the conditions of higher C3H6O initial concentrations. The above phenomenon can be attributed to more byproducts accumulated on the surface of catalysts under conditions of higher C3H6O initial concentrations, which caused more severe deactivation of Cr1.5% catalysts in the experiments. Overall, under all conditions of different C3H6O initial concentrations from 10 ppm to 50 ppm, the conversion efficiencies of C3H6O were sustained above 90% for 150 min. This also demonstrated that catalytic ozonation of acetone by using Cr1.5% catalysts could adapt to the fluctuation of C3H6O initial concentrations in industrial waste gas and maintain quite high removal efficiencies of acetone, under conditions of temperature 120 °C, O3/C3H6O = 8.



The increase of O3 initial concentrations could contribute to the increase of active oxygen species on the surface of Cr1.5% catalysts, such as O atoms and OH radicals, which could further oxidize unreacted C3H6O to improve the conversion efficiency. Under temperature 120 °C, C3H6O initial concentration of 30 ppm, the effect of different O3/C3H6O molar ratios on catalytic activities over Cr1.5% was investigated by changing O3 initial concentrations from 120 ppm to 360 ppm, as shown in Figure 5c. The conversion efficiency of C3H6O accordingly increased with the increase of O3/C3H6O molar ratios; meanwhile, the deactivation of catalysts had been alleviated. When the O3/C3H6O molar ratio was above 6, the conversion efficiency of C3H6O reached 90% and was maintained for 180 min, and the deactivation phenomenon of catalysts almost disappeared as the molar ratio increased. This experimental phenomenon could be ascribed to the vital influence of highly active oxygen species during VOCs ozonation removal, which can be generated from O3 decomposition on the catalyst surface [37,38]. Under conditions of higher O3 concentration, more active oxygen atoms were generated from ozone decomposition, which would be conducive to improving the removal efficiency of acetone. It can be seen from the results in Figure 5c that the O3/C3H6O molar ratio should be above 6, to keep the conversion efficiency of acetone maintaining more than 90%.



The problems of residual ozone and escape of ozone in catalytic ozonation technology are always obstacles and worries for industrial applications. The residual ozone concentrations were measured through experiments under different O3/C3H6O molar ratios, by changing O3 initial concentrations, shown in Figure 5d. From the viewpoint of residual ozone concentrations in Figure 5d, when the O3/C3H6O molar ratio was 6, the decomposition efficiency of ozone was close to 100%, without ozone residue. When the O3/C3H6O molar ratio was 8~10, the decomposition efficiency of ozone declined to about 90%, and the residual ozone concentration was found to be around 5 ppm. This provided an experimental basis for the industrial application of catalytic ozonation to remove VOCs and alleviated worries of ozone residue, to some extent.




2.4. Catalyst Stability and Effects of SO2/H2O


The sulfur and water poisoning of catalysts at low temperatures is always a hot potato, and it is much necessary to investigate the SO2 and water vapor resistance performance of catalysts for industrial applications in the future. Based on the results of previous experiments, Cr1.5% catalysts possessed better performance on acetone catalytic ozonation, and for Cr1.5%, the optimum reaction temperature range was 120~140 °C, molar ratio O3/C3H6O above 6. Thus, the SO2 and water vapor resistance performance of Cr1.5% was tested at 120 °C, O3/C3H6O = 8, with the results shown in Figure 6.



Firstly, the long-time stability of acetone conversion efficiency over Cr1.5% catalyst was measured. The results in Figure 6a indicated that by adding the usage of catalysts from 0.05 g to 0.15 g, the stability of Cr1.5% was improved. For a 450-min testing time, the conversion efficiency of C3H6O over Cr1.5% catalyst stayed stable, around 100%. However, after the introduction of 100 ppm SO2, Cr1.5% became partially deactivated, causing the decline of acetone conversion efficiency and COx selectivity. Interestingly, however, the decline trend of acetone conversion showed a certain lag relative to that of COx selectivity, which might result from the exacerbation of incomplete oxidation and byproducts accumulation. Further, after stopping the introduction of SO2, the conversion efficiency trend of acetone would not recover to its original level, but the trend of COx selectivity would. This experimental phenomenon might be attributed to some active sites for COx generation on surface of Cr1.5% catalyst being occupied by sulfates and/or sulfites generated after introduction of SO2 [13]. Once this happened, further oxidation of some intermediate products to CO and CO2 would be inhibited. With the increase of time, intermediate products accumulating on the surface of the Cr1.5% catalyst would gradually lead to the blockage of some active sites of acetone decomposition; thus, the decomposition efficiency of acetone would start to decline, resulting in the decline of C3H6O conversion efficiency being delayed relative to that of COx selectivity. After stopping the introduction of SO2, on some active sites, a portion of intermediates could further be oxidized to CO and CO2, resulting in a recovery of COx selectivity. Not all byproducts would desorb from the surface of Cr1.5% catalyst, however, preventing the rebound of the conversion efficiency of acetone. Further, the competitive relationship on OH radicals between SO2 and acetone molecules or intermediates was also a devastating problem that contributed to the deactivation of catalysts [39]. As shown in Figure 6a, after the introduction of 100 ppm SO2, the conversion efficiency of C3H6O over Cr1.5% gradually declined but was maintained above 80% once the SO2 was stopped. This indicated that Cr1.5% had the excellent performance of SO2 resistance, owing to higher oxygen species content, release ability and suitable surface acidity of catalysts, which were very effective factors on SO2-resistance ability [13].



Furthermore, different concentrations SO2 were introduced to investigate the effect of SO2 in detail, as exhibited in Figure 6b. It was hard to distinguish the trend of the acetone conversion with the change of SO2 concentration, but we could notice the unpredictable phenomenon that acetone conversion was relatively lower under 50 ppm SO2 than others, which was explained by the in-situ DRIFTS measurement results below. We deduced that the process of adsorbed acetone species turning into carboxylic species, was promoted under lower concentrations of SO2, with more carboxylic species accumulated on the surface of catalysts, further restraining the catalytic activity of Cr1.5% catalysts. Another result phenomenon that should not be neglected was that the acetone conversion efficiencies were above 80% under different conditions of SO2 introduction, which also confirmed the excellent SO2-resistance ability of prepared and employed Cr1.5% catalysts.



The performance of water vapor resistance over Cr1.5% catalyst is shown in Figure 6c. The changing trend of C3H6O conversion efficiency under experimental conditions of 45% RH was measured, which showed an excellent performance of Cr1.5%. After the introduction of water vapor, keeping the gas mixture at a relative humidity of 45%, the conversion efficiency of C3H6O decreased from ~100% and kept steady at around 90%; it could recover to ~100% after stopping the introduction of water vapor, but COx selectivity could not recover to its original level. Furthermore, COx concentrations measurement was seriously disturbed by the presence of water vapor. The phenomenon above illustrated the reversible detrimental effect of water vapor, which was attributed to the physically competitive adsorption of water vapor and acetone molecules on surface of the catalyst [6,13,14].



More detailed research on concurrent effect of SO2 and water vapor was conducted, with the results shown in Figure 6d. It could be observed that when the relative humidity was higher, the acetone conversion was inhibited more severely. Under 87% RH, the acetone conversion efficiency decreased below 60%, and could not reverse back when the water vapor withdrew. It seemed that inhibition effect of H2O changed from reversible to irreversible, as RH increased. It was deduced that occupation of active sites by chemisorption gradually gained the upper hand under higher RH, rather than the physical adsorption competition under lower RH. Interestingly, under 95% RH, we tried to raise the reaction temperature to 140 °C, and the higher conversion efficiency rose back up to around 70%, with the deactivation still irreversible. This phenomenon demonstrated that the degree of inactivation caused by the presence of water vapor could be alleviated by raising the reaction temperature, as reported in the literature [40,41]. Under 87% RH, we also introduced 100 ppm SO2 to the catalytic ozonation process, which led to more severe deactivation. With 87% RH and 100 ppm SO2, the acetone conversion efficiency declined to 30%, illustrating the more distinct catalyst deactivation, compared to that of 60% with 87% RH, and of 90% with 100 ppm SO2, separately, which was consistent with the experimental results reported in the literature [22]. We also found that increasing the temperature could not realize the reverse of acetone conversion efficiency, which was restrained by higher RH and simultaneous combination effects of SO2 and water vapor; efficiency was below 30% under 95% RH and 100 ppm SO2, 140 °C. The results were also analyzed in the in-situ DRIFTS measurement below, and it was deduced that introduction of H2O and SO2 would aggravate the mutual inhibition effect, then inhibit the whole catalytic ozonation process on Cr1.5% and degrade the sulfur and water vapor resistance abilities.




2.5. In-Situ DRIFTS Measurement


In-situ DRIFTS of acetone catalytic ozonation was conducted over Cr1.5%, with information on surface intermediates measured [20], to investigate the adsorption and catalytic ozonation process of acetone and SO2/H2O influence on catalytic activities. Acetone adsorption was shown, using in-situ DRIFTS, to have a main peak at 1699 cm−1, assigned to C=O stretching vibration of ketones species (Figure 7a) and this was strengthened with the increase of time, which illustrated the presence of (CH3)2CO (ads) species [42]. This bonding structure was considered the relatively electron-rich carbonyl oxygen, which donated a pair of lone electrons and could bond with the active sites on the catalysts [42]. After 10-min adsorption, a weak band at 1594 cm−1 appeared and increased with the adsorption time, referring to COO− stretching vibration, showing the presence of carboxylates and acid sites on the Cr1.5% catalyst surface, confirming the adsorption of acetone [12,15,22,43,44]. Two characteristic bands of acetone adsorption located at 1423 cm−1 and 1371 cm−1 were ascribed to methyl -CH3 vibration of acetone molecules [15,43,44], the latter strengthening with the increase of time. The band at 1240 cm−1 was assigned to carbon frame stretching vibration of adsorbed acetone [42]. All bands gradually increased within the initial 20 min, after 20 min adsorption, then stayed stable, demonstrating the adsorption saturation [20].



With the introduction of ozone onto the surface of catalysts after acetone adsorption-saturation, shown in Figure 7b, the spectra changed and new bands appeared. During the 90-min catalytic ozonation process, the adsorption peaks of acetone in Figure 7a weakened. Especially acetone adsorption characteristic bands of 1423 cm−1 and 1371 cm−1 almost vanished after ozone introduction. The (CH3)2CO (ads) species at 1699 cm−1 weakened with the increase of time, while it became steady after SO2 introduction. The band at 1594 cm−1, assigned to COO− stretching vibration, became weakened and broadened, with the increase of time, especially after SO2 introduction, demonstrating the weaker chemical adsorption of acetone [43]. The 1240 cm−1 band still existed once ozone was injected, but was weaker than that in Figure 7a. Once SO2 was introduced, the 1240 cm−1 band gradually widened and merged into the 1335 cm−1 broad band. Once ozone was injected, major bands appeared, including the 2894 cm−1 band, 1734 cm−1 band, 1458 cm−1 band, 1395 cm−1 band, and 1335 cm−1 band. Among those bands, 2894 cm−1 was ascribed to saturated methyl C-H stretching [12,15,22,44], while the 1458 cm−1 band was assigned to methyl and methylene C-H bending vibration [43,44]. A shoulder peak appearing at 1734 cm−1 corresponded to C=O stretching of ketones and carboxylic acids [15,22,43,44,45]. The bands at 1335 cm−1 and 1395 cm−1 corresponded to antisymmetric/symmetric COO− stretching of carboxylate species, and -CO2- symmetric stretching vibration [12,45]. After 20-min introduction of SO2, a different broad band showed up at 2509 cm−1, corresponding to sulfide species. The 1734 cm−1 shoulder peak together with the 1395 cm−1 band vanished after the SO2 introduction, and the 1458 cm−1 band assigned to methyl and methylene C-H bending vibration, shifted to a higher wavenumber 1478 cm−1 and became stronger. The band at 960 cm−1 also appeared after the SO2 introduction, ascribed to the generation of surface or bulk-like sulfate species [20]. The phenomenon in Figure 7b demonstrated that ozone injection could improve the decomposition of adsorbed acetone molecules and intermediates carboxylic species, and generate methyl, and methylene radicals. It was reported in [43] that during the ozonation process, acetone was oxidized first to surface carboxylate species, then further to alcohols, ketones, and carboxylic acids, and finally to CO and CO2. SO2 introduction could induce the generation of surface or bulk-like sulfate species and hinder the generation of methyl/methylene radicals and -CO2- groups, further inhibiting the decomposition process of acetone, and leading to sulfur poisoning of Cr1.5% catalysts, as shown in Figure 6a [22]. Fortunately, the bands at 1594 cm−1 and 1335 cm−1 were reserved, meaning that the partial ozonation process could continue, corresponding to partial inactivation poisoning in Figure 6a [20]. It could also be noticed that after stopping SO2 introduction, the spectra and bands did not change at all, echoing the irreversible sulfur poisoning phenomenon of Cr1.5%.



The influence of different initial concentrations of SO2 introduction was investigated through in-situ DRIFTS, as shown in Figure 7c. The overall trend was roughly consistent with that in Figure 7b, except for several bands under different initial SO2 concentrations. For example, the intensity of the band at 2509 cm−1 became larger with the increase of SO2 concentration, and the 1594 cm−1 band weakened. The band at 1699 cm−1, after SO2 was introduced, first weakened and then gradually increased, and the intensity of that was the lowest under 50 ppm SO2 introduction. As for the 1395 cm−1 and 1335 cm−1 bands, both weakened with the introduction of SO2, and disappeared when SO2 concentration was above 50 ppm. These conditions reflected a more detailed process of change in functional groups, which may be related to the slightly different SO2 poisoning phenomenon under differing concentrations of SO2 in Figure 6b. The catalytic efficiency over Cr1.5% under 50 ppm SO2 introduction was the most unsatisfactory. Under relatively low-concentration SO2, although sulfur species were less, there was an increased conversion of adsorbed acetone species into carboxylic species, with more carboxylic species accumulating on the surface of the catalysts, more catalytic active sites covered and finally the catalytic activity of Cr1.5% catalysts inhibited more severely.



In-situ DRIFT of SO2 influence on catalyst Cr1.5% that had adsorbed H2O in advance was also measured, compared with Figure 7d, to investigate the H2O and SO2 combined effect on Cr1.5% catalysts. From the view of whole spectra, it could be observed that after H2O adsorption in advance, the main bands on Cr1.5% had changed. Firstly, once ozone was injected, all bands became weaker than that without H2O adsorption, especially the 1699 cm−1 and 1734 cm−1 bands. It meant that after H2O adsorption, the whole catalytic process was inhibited, particularly the acetone adsorption process of Cr1.5% catalysts. When SO2 was introduced, the difference between Figure 7d,b mainly focused on the bands at 1699 cm−1, 1571cm−1, 1478 cm−1, 1240 cm−1 and 960 cm−1. The former three bands became weaker, implying that adsorption of acetone and generation of methyl or methylene groups were both restrained. However, the latter two bands became larger than those in Figure 7b, illustrating that more surface bulk-like sulfate species accumulated on the catalysts, after H2O was adsorbed. From the results above, it may be deduced that H2O introduction would inhibit the whole catalytic ozonation process on Cr1.5% and aggravate the accumulation of sulfur species on catalysts surface, and finally degrade the sulfur resistance of Cr1.5% catalysts.




2.6. Mechanisms of Acetone Catalytic Ozonation


The proposed schema for acetone decomposition over catalyst Cr1.5% and the inhibition effect of SO2/H2O is shown in Figure 8. Firstly, acetone molecules are adsorbed over Cr1.5% catalysts, under the function of chemically adsorbed oxygen species, Oβ, then further decomposed to carboxylic species on Cr6+ active sites, with some methyl/methylene radicals generated. Then, carboxylic species are further oxidized by Oβ or radicals and decompose to generate CO/CO2. Injected ozone decomposes on the surface of catalysts Cr1.5% and generates rich oxygen species, to replenish the oxygen species lost during the catalytic ozonation process over time and even under lower temperatures. When SO2 is present, the SO2 molecules are adsorbed and oxidized to sulfates over Cr1.5%, which inhibits the decomposition of acetone and carboxylic species. In addition, SO2 directly influences the adsorption process of acetone by competition adsorption. In the presence of water vapor, H2O also inhibits acetone adsorption over Cr1.5% by competition, promoting the formation of sulfates and, furthermore, inhibiting the catalytic ozonation process of acetone and aggravating the deactivation of catalyst Cr1.5%.





3. Experiments and Methods


3.1. Catalyst Preparation


A batch of catalysts supported on γ-Al2O3 was prepared for degradation of acetone by catalytic ozonation. In advance, spherical γ-Al2O3 (Alfa Aesar) was roughly crushed, then pretreated under calcination temperature 600 °C for 2 h. Pretreated γ-Al2O3 was further crushed and sieved to 40–60 meshes for the next isovolumetric impregnation as catalyst support. The 1.1 mL Cr(NO3)3 solution containing 0.1154 g Cr(NO3)3·9H2O (Sinopharm Chemical Reagent Co., Ltd., Shanghai, China) was impregnated onto 1 g γ-Al2O3, followed by standing for 24 h. The mixture was then put into an oven and dried at 100 °C for 7 h. The dried solid was further calcinated in a tubular furnace under 1 L/min air atmosphere. The temperature rose to 500 °C at a heating rate of 2 °C/min, then maintained at 500 °C for 4 h. After calcination, the catalyst was taken out and sieved to 40~60 meshes, which was denoted as Cr1.5%, with 1.5% referring to the mass fraction of Cr element. Analogously, Fe1.5%, Mn1.5%, Co1.5%, Cr2.5%, Cr5% were also prepared, for further catalytic activity evaluation.




3.2. Catalyst Characterization


The catalysts prepared above were further characterized by multiple techniques, including X-ray powder diffraction (XRD), X-ray photoelectron spectroscopy (XPS), O2/NH3/CO2/C3H6O temperature-programmed desorption (O2-TPD/NH3-TPD/CO2-TPD/C3H6O-TPD), H2 temperature-programmed reduction (H2-TPR), Brunner–Emmet–Teller (BET) measurement, and in-situ diffuse reflectance infrared Fourier transform spectroscopy (in-situ DRIFTS) measurement.



XRD patterns were recorded by an X-ray diffractometer (X-pert Powder, PANalytical B.V., Almelo, The Netherlands) with Cu Kα (λ = 0.1540598 nm) radiation, from 10~80° (2θ, diffraction angle), at 40 kV and 40 mA. XPS spectra collected by an X-ray photoelectron spectrometer (ESCALAB 250Xi, Thermo Scientific, East Grinstead, UK) equipped with a standard Al Kα (1486.6 eV) source, and all binding energies were calibrated with C 1s peak (284.8 eV) as reference. Specific surface area and pore structure data were measured through BET and N2 adsorption methods by an automatic specific surface area and porosity analyzer (TriStar II, Micromeritics, Norcross, GA, USA) at −196 °C. The in-situ DRIFTS measurements were conducted on an in-situ diffuse reflectance infrared Fourier transform spectrometer (Nicolet iS50, Thermo Scientific, Waltham, MA, USA) equipped with an MCT/A detector and a reaction chamber (Harrick) with ZnSe windows, with the resolution of 4 cm−1. All spectra were recorded within 600~4000 cm−1. The O2/NH3/CO2/C3H6O TPD and H2-TPR measurements were collected from an automatic temperature-programmed chemisorption analyzer (AutoChem II 2920, Micromeritics).




3.3. Experimental Setup and Activity Test


The catalytic activities for acetone ozonation and SO2/H2O resistance abilities of catalysts were tested and evaluated over the experimental setup, shown in Figure 9, which consisted of a homemade self-designed catalytic activity evaluation platform (WFS-2017, Tianjin Xianquan Co., Ltd., Tianjin, China), a dielectric barrier discharge ozone generator (Model VMUS-1S, 1 g, AZCO, Vancouver, BC, Canada) and measuring instruments. All simulated flue gas components were supplied by cylinder gas (Jingong Gas Co., Ltd., Hangzhou, China), including N2 (99.999%), O2 (99.999%), C3H6O (60 ppm/balance N2), SO2 (10,000 ppm/balance N2). With the O2 stream flowing into the ozone generator, ozone-rich O3/O2 mixture was generated, then the O3/O2 mixture was divided into two streams, with one gas stream flowing into an ozone analyzer (BMT-964, OSTI Inc., Monterey, CA, USA, 0~20 g/Nm3, ±0.1 g/Nm3) to monitor the initial concentrations of ozone. The other stream flowed into the catalytic reaction platform, then mixed with simulated flue gas. Each gas stream was controlled by the individual mass flow controller (S500, HIRIBA METRON Co., Ltd., Beijing, China), and the total flow rate of the simulated flue gas was controlled at 200 mL/min.



During catalytic activities tests, 50 mg of catalysts, corresponding to gas hour space velocity (GHSV) 240,000 mL/(g·h), was mixed with 200 mg SiO2, both with 40~60 meshes, placed into the middle of a quartz tube with 6-mm internal diameter in the fixed-bed catalytic reaction platform, equipped with a thermocouple to monitor the reaction temperature. The exhaust gas after reaction firstly entered a ten-way valve, in which the exhaust gas was controlled to either enter a gas chromatography (GC9790II, Zhejiang Fuli Co., Ltd., Taizhou, China) for concentrations testing, or an ozone analyzer with a low range (BMT-932-1, OSTI Inc., Monterey, America, 0~100 ppm, ±0.1 ppm) to monitor the residual ozone concentrations. The concentrations of inlet and out C3H6O were tested by gas chromatography equipped with two individual FID detectors, as well as the concentrations of generated CO and CO2. In H2O resistance evaluation tests, water vapor was added to the simulated flue gas through the bubbling method, and the content of water vapor was adjusted by changing the heating temperature, which was measured by a humidity tester. In the tests of SO2/H2O resistance abilities, the catalysts usage was 150 mg, corresponding to gas hour space velocity (GHSV) of 80,000 mL/(g·h).



In this paper, the catalytic activity was evaluated by conversion efficiencies of acetone C3H6O/ozone O3, and selectivity of CO/CO2, which were defined as follows:


   η     C 3   H 6  O     =   (    c    1    C 3   H 6  O        − c    2    C 3   H 6  O     )    c  1    C 3   H 6  O        × 100 %   



(1)
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   θ    CO     =    c    CO          ( c    1    C 3   H 6  O        - c    2    C 3   H 6  O      ) × 3     × 100 %   
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   θ      CO  2      =    c      CO  2           ( c    1    C 3   H 6  O        − c    2    C 3   H 6  O      ) × 3     × 100 %   



(4)




where    η     C 3   H 6  O      ,    c  1    C 3   H 6  O      ,    c  2    C 3   H 6  O       meant the conversion efficiency, initial and outlet concentrations of acetone, respectively, with unit of % and ppm. Analogously,    η     O 3       ,    c  1    O 3       ,    c  2    O 3        respectively, referred to the conversion efficiency, initial and outlet concentrations of ozone. In oxidation products analysis,    θ    CO       and    c    CO       meant the selectivity and concentration of CO, while similarly,    θ      C O  2        and    c      C O  2        meant the selectivity and concentration of CO2.





4. Conclusions


Based on γ-Al2O3 as support, the isovolumic impregnation method was implied to prepare MOx/γ-Al2O3 (M = Cr/Fe/Mn/Co) catalysts. Cr1.5% achieved the best performance; it was therefore chosen as the target catalyst to investigate optimum application conditions. Under conditions of 120 °C, O3/C3H6O = 8, acetone conversion efficiency over Cr1.5% was maintained above 90% for the 180-min reaction process. Taking various characterization results analyzed in this manuscript into consideration, important factors supporting catalysis included stronger metal interaction, lower crystallization, proper pore diameters, larger surface area and pore volume, larger proportion of Cr6+ and Oβ (chemically adsorbed oxygen species), excellent desorption ability of CO2 and adsorption ability of acetone, stronger redox ability and suitable acidity. These significant factors together governed the effectiveness of the Cr1.5% catalyst and its satisfactory performance in catalytic ozonation of acetone.



When the temperature and the molar ratio O3/C3H6O were higher, the catalytic activity of Cr1.5% was better. However, with energy and cost savings considered, as well as residual ozone, the temperature and the molar ratio O3/C3H6O parameters should not be set too high. A temperature around 120–140 °C, and a molar ratio O3/C3H6O of about 6 were suggested to be adopted in practical industrial applications, guaranteeing the decomposition efficiency of ozone at ~90% and little residual or escaping ozone. The fluctuation of C3H6O initial concentrations in industrial waste gas caused a negligible impact on the catalytic ozonation process of acetone over Cr1.5% catalysts, confirming the applicability of the CrOx/γ-Al2O3 catalysts in industrial application.



Cr1.5% catalysts showed excellent resistance to sulfur (catalysis down to 80%, reversibly, under 50–300 ppm SO2) or water vapor (down to 90%, irreversibly, under 45% RH), but were adversely affected by concurrent presence of both sulfur and water (down to 30%, irreversibly, under 100 ppm SO2 with 87% RH). Combined with in-situ DRIFTS results, possible mechanisms of catalytic ozonation process of acetone and SO2/H2O poisoning were proposed, as follows. During the ozonation process, acetone is firstly oxidized to surface carboxylic species, then further to alcohols, ketones and carboxylic acid, and finally to CO and CO2. The ozone injection could greatly improve the decomposition of adsorbed acetone molecules and intermediates carboxylic species, and generate methyl, methylene radicals. However, SO2 could induce the generation of surface or bulk-like sulfate species and hinder the generation of methyl/methylene radicals and -CO2- groups, further inhibiting the decomposition process of acetone, leading to sulfur poisoning of the catalyst. H2O introduction would further inhibit the whole catalytic ozonation process on Cr1.5% and aggravate the accumulation of sulfur species on the catalyst surface; this would degrade the sulfur resistance of Cr1.5% catalysts, leading to worse performance in concurrent sulfur and water resistance ability. Hopefully, to improve the concurrent sulfur and water resistance of CrOx/γ-Al2O3 catalysts, further detailed research and exploration can be undertaken.
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Figure 1. The C3H6O ozonation conversion efficiencies with different catalysts. (a) four catalysts with different active components of transition metal oxides; (b) CrOx/γ-Al2O3 catalysts with different Cr loadings. (C3H6O initial concentration: 30 ppm, O3 initial concentration: 240 ppm, temperature: 120 °C). 
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Figure 2. XRD patterns of different catalysts. (a) γ-Al2O3, MOx/γ-Al2O3 (M = Cr/Fe/Mn/Co); (b) γ-Al2O3, Cr1.5~5%. 
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Figure 3. The N2 adsorption/desorption isotherms of different catalysts. (a) γ-Al2O3, MOx/γ-Al2O3 (M = Cr/Fe/Mn/Co); (b) Cr1.5~5%; and pore size distribution curves of (c) γ-Al2O3, MOx/γ-Al2O3 (M = Cr/Fe/Mn/Co); (d) Cr1.5~5%. 
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Figure 4. The Cr 2p and O 1s spectra of the Cr1.5~5% catalysts. (a) Cr 2p; (b) O 1s. 
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Figure 5. The C3H6O conversion efficiencies over Cr1.5% catalysts. (a) different temperatures; (b) different C3H6O initial concentrations; (c) different O3/C3H6O molar ratios. (d) C3H6O and O3 conversion efficiencies and residual ozone under different O3/C3H6O molar ratios. 
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Figure 6. Long-time stability and effects of SO2 and water vapor on acetone conversion efficiency and selectivity of COx over Cr1.5% catalysts: (a) effect of SO2; (b) effect of different concentrations SO2; (c) effect of water vapor; (d) combined effect of SO2 and water vapor. 






Figure 6. Long-time stability and effects of SO2 and water vapor on acetone conversion efficiency and selectivity of COx over Cr1.5% catalysts: (a) effect of SO2; (b) effect of different concentrations SO2; (c) effect of water vapor; (d) combined effect of SO2 and water vapor.



[image: Catalysts 12 01090 g006]







[image: Catalysts 12 01090 g007 550] 





Figure 7. In-situ DRIFTS measurement over Cr1.5% catalysts of: (a) C3H6O + O2; (b) C3H6O + O2/O3 + SO2; (c) C3H6O + O2/O3 + (50~300 ppm) SO2; (d) C3H6O + O2/O3 + SO2, with water adsorbed. 
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Figure 8. Mechanisms of acetone decomposition over Cr1.5% and inhibition effects of SO2/H2O. 
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Figure 9. Experimental setup schematic. 
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Table 1. Summary and comparison of catalysts for acetone ozonation.
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	Catalysts
	Measurement Conditions
	Acetone Conversion
	CO2 Selectivity





	Cr1.5%/γ-Al2O3 a
	30 ppm acetone, 240 ppm O3, 5% O2, 240,000 mL/(g·h), 120 °C
	90%
	60%



	Fe1.5%/γ-Al2O3 a
	30 ppm acetone, 240 ppm O3, 5% O2, 240,000 mL/(g·h), 120 °C
	90%
	55%



	10 wt.% MnOx/SiO2 [10]
	1000 ppm acetone, 5000 ppm O3, 15,000 h−1, 177 °C
	60%
	/



	10 wt.% MnOx/Al2O3 [10]
	1000 ppm acetone, 5000 ppm O3, 15,000 h−1, 177 °C
	60%
	/



	Co2.5% [15]
	150 ppm acetone, 1200 ppm O3, 230,000 mL/(g·h), 25 °C
	85%
	90% (COx yield)



	Co5% [15]
	150 ppm acetone, 1200 ppm O3, 230,000 mL/(g·h), 25 °C
	66%
	84% (COx yield)



	Co10% [15]
	150 ppm acetone, 1200 ppm O3, 230,000 mL/(g·h), 25 °C
	53%
	85% (COx yield)



	MnOx/γ-Al2O3 [16]
	144 ppm acetone, 1150 ppm O3, 250,000 mL/(g·h), 25 °C
	54%
	34%



	MnOx/γ-Al2O3 [16]
	144 ppm acetone, 1150 ppm O3, 250,000 mL/(g·h), 90 °C
	87%
	56%



	Mn10%-Co2.5% [17]
	150 ppm acetone, 1200 ppm O3, 230,769 mL/(g·h), 25 °C
	55%
	/



	MnAl-LDO [6]
	1000 ppm acetone, 20% O2, 33,000 mL/(g·h)
	T50% = 170 °C; T90% = 200 °C
	/







a Catalysts prepared in this article.
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Table 2. Crystallite phases and sizes of Al2O3 in catalysts.
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	Catalysts
	Metal Phase
	2θ (440) (°)
	FWHM
	Size (nm)
	Lattice Parameters (nm)





	Al2O3
	Al2O3
	66.96
	1.644
	5.8
	0.7902



	Fe1.5%
	Al2O3
	66.99
	1.849
	5.2
	0.7895



	Mn1.5%
	Al2O3
	67.03
	1.822
	5.2
	0.7891



	Co1.5%
	Al2O3
	66.96
	1.783
	5.4
	0.7901



	Cr1.5%
	Al2O3
	67.07
	1.759
	5.4
	0.7888



	Cr2.5%
	Al2O3
	67.02
	1.974
	4.8
	0.7892



	Cr5%
	Al2O3
	67.01
	1.760
	5.4
	0.7896
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Table 3. Crystallite phases, sizes of Cr2O3 in CrOx/γ-Al2O3 catalysts.
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	Catalysts
	Metal Phase
	2θ (012) (°)
	FWHM
	Size (nm)





	Cr1.5%
	Cr2O3
	25.47
	1.514
	5.4



	Cr2.5%
	Cr2O3
	25.27
	1.199
	6.8



	Cr5%
	Cr2O3
	25.25
	0.692
	11.9
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Table 4. Textural properties of MOx/γ-Al2O3 (M = Cr/Fe/Mn/Co) catalysts.
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	Catalysts
	Surface Area a (m2/g)
	Pore Volume b (cm3/g)
	Average Pore Diameter c (nm)





	Al2O3
	230
	0.473
	7.5



	Fe1.5%
	232
	0.480
	7.7



	Mn1.5%
	222
	0.474
	8.1



	Co1.5%
	200
	0.427
	8.0



	Cr1.5%
	234
	0.473
	7.5



	Cr2.5%
	210
	0.406
	8.1



	Cr5%
	199
	0.377
	8.1







a BET Surface Area; b Single point adsorption total pore volume of pores; c BJH Adsorption average pore diameter.
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Table 5. Distributions of chromium and oxygen species.






Table 5. Distributions of chromium and oxygen species.





	
Catalysts

	
Cr Distribution

	
O Distribution

	
Oβ/Oα




	
Cr6+/Cr

	
Cr3+/Cr

	
Oα

	
Oβ

	
Oγ






	
Cr1.5%

	
0.64

	
0.36

	
0.15

	
0.61

	
0.24

	
4.07




	
Cr2.5%

	
0.66

	
0.34

	
0.18

	
0.53

	
0.29

	
2.94




	
Cr5%

	
0.60

	
0.40

	
0.42

	
0.35

	
0.23

	
0.83
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