

  catalysts-03-00978




catalysts-03-00978







Catalysts 2013, 3(4), 978-997; doi:10.3390/catal3040978




Article



Investigation of the Deactivation Phenomena Occurring in the Cyclohexane Photocatalytic Oxidative Dehydrogenation on MoOx/TiO2 through Gas Phase and in situ DRIFTS Analyses



Vincenzo Vaiano 1, Diana Sannino 1,*, Ana Rita Almeida 2, Guido Mul 2 and Paolo Ciambelli 1





1



Department of Industrial Engineering, University of Salerno, Via Giovanni Paolo II, 132; 84084, Fisciano, SA, Italy






2



Faculty of Science & Technology, University of Twente, PO Box 217, Meander 225, 7500 AE, Enschede, The Netherlands









*



Author to whom correspondence should be addressed; Tel.: +39-8996-4092; Fax: +39-8996-4057.







Received: 16 August 2013; in revised form: 13 September 2013 / Accepted: 10 December 2013 / Published: 13 December 2013



Abstract

:

In this work, the results of gas phase cyclohexane photocatalytic oxidative dehydrogenation on MoOx/SO4/TiO2 catalysts with DRIFTS analysis are presented. Analysis of products in the gas-phase discharge of a fixed bed photoreactor was coupled with in situ monitoring of the photocatalyst surface during irradiation with an IR probe. An interaction between cyclohexane and surface sulfates was found by DRIFTS analysis in the absence of UV irradiation, showing evidence of the formation of an organo-sulfur compound. In particular, in the absence of irradiation, sulfate species initiate a redox reaction through hydrogen abstraction of cyclohexane and formation of sulfate (IV) species. In previous studies, it was concluded that reduction of the sulfate (IV) species via hydrogen abstraction during UV irradiation may produce gas phase SO2 and thereby loss of surface sulfur species. Gas phase analysis showed that the presence of MoOx species, at same sulfate loading, changes the selectivity of the photoreaction, promoting the formation of benzene. The amount of surface sulfate influenced benzene yield, which decreases when the sulfate coverage is lower. During irradiation, a strong deactivation was observed due to the poisoning of the surface by carbon deposits strongly adsorbed on catalyst surface.
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1. Introduction


Photocatalytic oxidation reactions have been widely used in processes such as the decontamination of water and air [1,2,3,4,5,6,7,8]. However, applications of heterogeneous photocatalysis for the synthesis of compounds of commercial importance have been considered only in recent years. The most studied photocatalytic reactions occur in slurry systems. Among them, partial oxidation of cyclohexane is an important commercial reaction, as the resultant products, cyclohexanol and cyclohexanone, are precursors in the syntheses synthesis of adipic acid, in turn intermediates in the production of nylon [9]. In their review, Maldotti et al. [10] reported the main aspects concerning the photocatalytic oxidation of cyclohexane. Li et al. [11] showed that the quantum size and surface state are key factors governing the selectivity in photoxidation on TiO2 nanoparticles [12,13]. The photo-oxidation of cyclohexane on titanium dioxide was also investigated in neat cyclohexane and in various solvents showing an influence of the solvent media on the cyclohexane oxidation rate and on the selectivity to cyclohexanol and cyclohexanone [14,15].



From theoretical and practical points of view, the ideal solvent for the photo-oxidation of cyclohexane is one that minimizes the strengths of adsorption of the desired products on titanium dioxide and does not compete with cyclohexane and oxygen for adsorption sites. Otherwise, the solvent could be strongly adsorbed but is non-reactive with itself upon forming a radical on the illuminated titanium dioxide surface [16].



Supported transition-metal oxides can absorb light, and the transferred energy can be used to activate C-H bonds in saturated hydrocarbons, a chemical step that is generally unselective [6]. In this context, cyclohexanol, cyclohexanone, and polyoxygenates have been formed from cyclohexane when polyvanadate or polyoxytungstate were supported on several oxides [17,18].



It was shown that attenuated total reflection Fourier transform infrared (ATR-FTIR) is a suitable way to monitor in real time and in situ the light-induced heterogeneous oxidations [19], allowing deeper knowledge of the complex phenomena occurring under irradiation to be obtained. ATR-FTIR technique was also performed to study the photodegradation of organic pollutants in water on TiO2 [20].



The generally low efficiency associated with liquid phase photocatalytic reactions, which typically occur at low conversion, coupled with the difficulty of separating catalyst and products in a liquid has motivated research of gas-solid systems, e.g., catalysts active in the gas-phase partial oxidation of cyclohexane. However, selective photoxidation of cyclohexane yields different reaction products in gas phase relative to liquid phase. In particular, cyclohexene or benzene are selectively obtained through gas phase oxidative dehydrogenation of cyclohexane on MoOx/TiO2 photocatalysts, with UV illumination both in fixed [21] and fluidized bed reactors [22,23,24]. Higher molybdenum loadings improved the benzene selectivity, whereas with only titania, total conversion to carbon dioxide is obtained. The selective formation of benzene is attributed to the poisoning by Mo-species of unselective sites on the titania surface which otherwise totally oxidize cyclohexane to CO2 and water [24,25,26].



A mechanism for the catalytic photo-oxidative dehydrogenation of cyclohexane to benzene on MoOx/TiO2 was recently proposed by analyzing the gas-phase coming from a photoreactor [21]. This mechanism involves dehydrogenation of cyclohexane to cyclohexene followed by oxy-dehydrogenation to benzene on molybdenum oxide active sites via a detailed sequence of elementary steps [21]. In the same paper, several hypotheses relating to the role of sulfate species in promoting the selectivity to benzene formation were postulated: (1) sulfate present on TiO2 surface may facilitate hydrogen abstraction from an adsorbed cyclohexane molecule, owing to its strong acid properties, or (2) it may participate in the re-oxidation step of the octahedrally-coordinated polymolybdate surface species [21]. With regard to the influence of sulfate concentration, Ciambelli et al. [24,26,27] showed that during photooxidative dehydrogenation of cyclohexane, the presence of sulfate species on the surface of titania favor a high benzene yield. Cyclohexene was produced in low concentration and CO2 was not detected in gas-phase. Enhanced photooxidative dehydrogenation activity of MoOx/TiO2 catalysts was attributed to the increase in surface acidity by sulfate species, which enhances hydrocarbon adsorption coverage on the catalyst surface.



On the other hand, the addition of sulfate to MoOx/γ-Al2O3 catalysts was found to promote the selective mono-oxidative dehydrogenation of cyclohexane to cyclohexene [28,29]. An optimum in MoO3 and SO4 loadings were found to be 8 and 2.4 wt%, respectively (corresponding to MoO3/SO4 molar ratio equal to 2.22), while a decrease in the catalytic activity at higher sulfate loading was ascribed to MoOx decoration by sulfates. By studying the influence of the preparation method and molybdenum loading on sulfated MoOx/γ-Al2O3, it was shown that selectivity to benzene increases with increasing catalyst acidity, as the latter favors cyclohexene adsorption and thus its conversion to benzene. Close proximity of surface sulfates to octahedral polymolybdate appears to be a key parameter promoting photoactivity of these catalysts [28].



While much has been learned from the previous work, an in situ study of photocatalyst surfaces under UV irradiation is nevertheless needed to gain a better understanding of the surface phenomena. Typical problems of molybdenum based catalysts that need to be addressed include the role of sulfate and the deactivation occurring during gas-phase photocatalytic oxidative dehydrogenation of cyclohexane. Thus, in this study we present the results of gas phase cyclohexane photocatalytic oxidative dehydrogenation on MoOx/TiO2 through the analysis of products present in gas-phase exit of the reactor, complemented by in situ DRIFTS analysis, to monitor the photocatalyst surface in the absence and during UV irradiation.




2. Results and Discussion


2.1. Catalysts Characterization


The list of catalysts investigated and their characterization results are reported in Table 1.
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Table 1. List of catalysts and their characterization results.







Table 1. List of catalysts and their characterization results.







	
Catalyst

	
MoO3 a loading, wt%

	
SO4 b, wt%

	
SSA, m2/g

	
Mo=O stretching (Raman) c, cm−1






	
DT05

	
0

	
0.6

	
67

	
-




	
4.7MoDT0.5

	
4.6

	
0.6

	
68

	
956




	
DT2

	
0

	
2.3

	
71

	
-




	
2MoDT2

	
1.8

	
2.2

	
71

	
953




	
8MoDT2

	
7.6

	
2.2

	
63

	
978








a evaluated by ICP-MS; b evaluated by TG-MS analysis; c these results are obtained from previous studies [21,25,26].







Raman results of all the samples were reported in previous works [21,25,26]. In summary, Raman bands related to Mo-species can be observed in the range 820–1000 cm−1. For all Mo-based catalysts, bands at 956 cm−1 on 4.7Mo/DT05, at 953 cm−1 on 2MoDT2, at 978 cm−1 on 8MoDT2 and at 956 cm−1 on 8Mo2S are observed and assigned to terminal Mo=O stretching of octahedral MoOx species [30]. The increasing of wavenumber was an indication of a higher polymerization degree of Mo species at increasing loadings, corresponding to a Mo-nuclearity likely ranging from 7 to 12 [21].




2.2. Adsorption Measurement in the Absence of UV Irradiation


2.2.1. DRIFTS Analysis


Cyclohexane was admitted in absence of UV irradiation on the catalysts 2MoDT2, 4.7MoDT05, DT2 and DT05, and in Figure 1 the spectra after 1 h in presence of gas mix 2 are reported. The cyclohexane peak at 1450 cm−1 appears to be present on the overall tested photocatalysts, indicating the occurring of the adsorption of the hydrocarbon. This first finding was coherently with the occurring of Langmuir–Hinshelwood mechanism [23]. Together with the cyclohexane adsorption, a carbonyl vibration (~1681 cm−1) starts to grow while an organo-sulfur vibration, found at ~1354 cm−1, decreases [31]. The decrease in the organo-sulfur vibration is more evident for the support with higher sulfate amount (DT2). These results suggest that in the absence of irradiation sulfate species initiate a redox reaction through hydrogen abstraction of cyclohexane and formation of sulfate (IV) species. In previous studies, it was concluded that reduction of the sulfate (IV) species via hydrogen abstraction may produce gas phase SO2 and thereby loss of surface sulfur species [27].



The extent of carbonyl vibration may be related to the content of either molybdenum or sulfate, increasing in the combination of both sulfate and molybdenum. Simultaneously, an isosbestic point on the bridging-OH TiO2 vibration, probably related to the displacement of water molecules by cyclohexane molecules, can be observed in the range 3600–3750 cm−1. Surface sulfates could be highly hydrated showing a weak absorption at 1635 cm−1 and a strong broad absorption ranging from 3000 to 3500 cm−1 [32]. However, these signals are not visible because the main phenomenon is the appearance of an organo-sulfur compound (found at ~1354 cm−1) resulting from a surface reaction between sulfate and adsorbed cyclohexane that may have determined the loss of hydroxyls bonded with sulfate.



Figure 2 shows in more detail the behavior of 2MoDT2 catalyst surface during dark adsorption of gas mix 2. While the cyclohexane peak at 1450 cm−1 stabilizes in a few minutes, the signals at 1681 and 1354 cm−1 grow steadily in adsorption time, indicating a continuous surface modification. Though the peaks evolve at the same time, their behavior is not completely parallel, which indicates different surface phenomena. The 1354 cm−1 peak could originate from the oxidation of an organic molecule coupled to the sulfate. Other sulfate related vibrations could not be followed.



Figure 3 shows the spectra after 1 h of gas mix 3 (with H2O in the feed) during dark adsorption on 2MoDT2, 4.7MoDT05, DT2 and Hombikat. Once again, there is an increased carbonyl vibration and a decreasing in organo-sulfur vibration. In the carbonyl area, only a single peak occurred when H2O was absent in the gas feed (Figure 1), while when H2O is present (Figure 3) a different product may be formed leading to 2 different vibrations in this area.
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Figure 1. DRIFT spectra after 1 h of dark adsorption for gas mix 2 on DT05, DT2, 2MoDT2 and 4.7MoDT05 catalysts. Cyclohexane spectrum is shown as reference. 
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Figure 2. DRIFT spectra during 1 h of dark adsorption for gas mix 2 on 2MoDT2 catalyst. 
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In addition, adsorbed water may be playing a role since it absorbs around 1630 cm−1 and an isosbestic point may occur. To verify that the negative peak (~1354 cm−1) was related to sulfate, an unsulfated anatase-TiO2 (Hombikat) was used as reference. The latter sample showed similar band of adsorbed cyclohexane at 1450 cm−1, weak bands of carbonyl compounds with an intensity similar to that one present on the sample with low sulfate coverage (4.7MoDT05), and different hydroxyl bands. In particular, in the presence of adsorbed cyclohexane, the hydroxyl band at 3680 cm−1 is negative, that is hindered by cyclohexane adsorption. The hydroxyls band at 3640 cm−1 is instead still present, while organo-sulfur (1350 cm−1) peak is not detectable. When organo-sulfur compounds are present, the band of hydroxyls at 3640 cm−1 is negative for the samples at high sulfate content. In the absence of sulfate, on the Hombikat catalyst, the band of hydroxyls at 3680 cm−1, instead, is negative. For this reason, the isosbestic point on the bridging-OH vibration is related to the displacement of water molecules by cyclohexane molecules, preferably interacting with hydroxyls close to the sulfate, or with OH of titania in the absence of sulfate.
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Figure 3. DRIFT spectra after 1 h of dark adsorption for gas mix 3 on DT2, 2MoDT2, 4.7MoDT05 and Hombikat catalysts. Cyclohexane spectrum is shown as reference. 
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2.2.2. Gas Phase Analysis in the Absence of UV Irradiation


At the run starting time, the gaseous feeding stream was passed through the reactor in the absence of UV irradiation at room temperature. Adsorption of cyclohexane was observed by the decrease in its concentration. Cyclohexane breakthrough time was about 10 min. Thereafter cyclohexane outlet concentration slowly increased to reach the inlet value after about 50 min, indicating that adsorption equilibrium of cyclohexane on the catalyst surface was attained. During this period, no products in gas-phase were detected because they remained adsorbed on catalyst surface (as observed from DRIFT analysis).



A support to the formation of organo-sulfur compounds in dark conditions observed by DRIFTS could be found in an our paper [24] where the amount of cyclohexane adsorbed in the dark on MoOx/TiO2 catalysts was linearly correlated with sulfate surface density. The linear increase in the amount of the cyclohexane adsorbed in dark conditions has been determined to increase cyclohexane reaction rate in presence of UV irradiation [24]. In the same paper, it was also indicated that the adsorption of cyclohexane is correlated to the corresponding increase of catalyst acidity. These results suggest that surface sulfate facilitates hydrogen abstraction from adsorbed cyclohexane, increasing its storage on catalyst surface.





2.3. Photocatalytic Activity Tests


2.3.1. Gas Phase Analysis


Photocatalytic tests performed on titania based photocatalysts at low sulfate coverage are reported in Figure 4. Cyclohexane conversion on DT05 and 4.7MoDT05 reached a maximum after about 8 min of irradiation time and then decreased. The strong catalyst deactivation is particularly evident after this time of irradiation.



On DT05, carbon dioxide was the only product detected in gas phase (Figure 5). It started to be formed progressively; after that, the UV light was activated. In this case total carbon mass balance was closed to about 100%. In presence of Mo species, on 4.7MoDT05, the main product was benzene, whose maximum into the production was very delayed with respect both the maximum of cyclohexane conversion, and the achieving of cyclohexane conversion steady state conditions. In fact, the maximum outlet concentration of benzene was 7 ppm after 55 min. CO2 concentration showed a steady state formation value of 10 ppm. Cyclohexene was formed before benzene in agreement with the mechanism reported in [21], that considered consecutive steps of oxidative dehydrogenation going through cyclohexene, as intermediate, to get finally benzene.
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Figure 4. Cyclohexane conversion on DT05 and 4.7MoDT05 during UV irradiation. 
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The comparison of cyclohexane conversion over DT2, 2MoDT2 and 8MoDT2 is shown in Figure 6.



A maximum value was reached after about 5 min on all catalysts, then activity decreased approaching a steady state conversion. On 2MoDT2, maximum cyclohexane conversion was about 45%, decreasing to about 10% in 90 min. With the same sulfate content, increasing Mo loading up to 8 wt% MoO3, the initial maximum conversion was lower, about 15%, while steady state conversion was 2.3% after 30 min. Therefore, the progressive coverage of the titania surface by MoOx species resulted in a decreased initial and steady state cyclohexane conversions according to our previous results [21]. On DT2 the initial maximum conversion was higher with respect to 8MoDT2 (about 25%), while steady state conversion was similar. Thus, with lower sulfate coverage, steady state photocatalyst activity was smaller, so underlining the relevance of sulfate presence on the photocatalysts performances.
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Figure 5. (a) Benzene outlet concentration; (b) carbon dioxide outlet concentration and (c) cyclohexene outlet concentration on DT05 and 4.7MoDT05 catalysts during UV irradiation. 
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Figure 6. Cyclohexane conversion on DT2, 2MoDT2 and 8MoDT2 catalysts during UV irradiation. 
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Figure 7. (a) Benzene outlet concentration, (b) carbon dioxide outlet concentration and (c) cyclohexene outlet concentration on DT2, 2MoDT2 and 8MoDT2 catalysts during UV irradiation. 
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On all MoOx/TiO2 catalysts, reaction products were benzene, CO2 and few amount of cyclohexene (Figure 7). Benzene concentration showed a maximum (17 ppm after 36 min on 8MoDT2 and 13 ppm after 45 min on 2MoDT2), while CO2 concentration was 100 ppm on 2MoDT2 and 6 ppm on 8MoDT2. As observed for DT05 catalysts, the only product observed on DT2 was carbon dioxide and its concentration was the highest.



The higher cyclohexene concentration was recorded for 8MoDT2 whereas its formation was negligible on 2MoDT2, reaching a value less than 1 ppm.



In summary, gas phase analysis of cyclohexane and reaction products evidenced that the presence of MoOx species on the surface of titania, at same sulfate content, changes the selectivity of the catalyst with increasing molybdenum loading. These results indicate that the interaction between titania and supported molybdenum oxide plays an essential role in the catalyst selectivity. In addition also the amount of surface sulfate influenced benzene yield, decreasing when the sulfate content is lower.




2.3.2. DRIFTS Analysis


The results of photocatalytic reaction are shown in Figure 8a,b for gas mix 2. The CH stretching vibration of cyclohexane increases steadily during illumination probably because cyclohexane adsorption was still occurring, possibly as the result of light induced dehydration of the surface, making free new adsorption sites. So besides dehydration and the continued adsorption of cyclohexane on TiO2 sites, also depletion of hydroxyl groups occurs during photoreaction, as showed by the increasing negative absorption in the range 3200–3800 cm−1. This has been also observed performing the reaction in liquid phase.



During UV irradiation, the peaks, likely to be ascribed to adsorbed cyclohexanone (1691 and 1671 cm−1) were found (Figure 4a), indicating the occurrence of an oxidation step in the reaction. The formation of two different peaks could be related to the presence of different active sites at the surface, but also to a different ketone. The peak at 1671 cm−1, in liquid phase cyclohexane photoxidation, was attributed to a stronger adsorption site, while the 1691 cm−1 to a weaker cyclohexanone adsorption site [19]. The position of these peaks is, however, different from the one observed during cyclohexanone dark adsorption (1681cm−1), so during this step, the formation of different surface products could be supposed. An examination of the literature was then performed with the aim to support the latter hypothesis.



In a paper concerning the cyclohexene photo-oxidation over V/TiO2 catalysts [33], cyclohexenone was formed during irradiation. One of the most intense band of this unsaturated carbonyl compound is located at 1692 cm−1. So the signal at 1691 cm−1 could be ascribed also to the presence of cyclohexenone, in turn formed from cyclohexene [33]. In addition, it should be considered that C=C stretching frequency of alkenes lies in the range between 1680–1620 cm−1 [34], therefore it overlaps to the signals due to adsorbed ketones. The formation of cyclohexene was also found in cyclohexane oxidation at low temperatures using copper chloride in pyridine as catalyst [35] and by liquid phase photocatalytic oxidation of cyclohexane on TiO2 in various solvents [15]. In particular, by using dichloromethane as solvent, the presence of cyclohexene and cyclohexenone was found. Thus it is not possible to exclude the formation of an unsaturated cyclic hydrocarbon in the presence of molybdenum, taking into account also that the cyclohexene adsorbs on the surface through the C=C double bond, and the contribution of the -HC=CH- stretching would therefore be absent [36].



With regard to benzene detected in gas phase, it is not observed in DRIFTS analysis, in agreement with the low affinity evinced in [21] for the titania surface. Both the two kind of hydroxyls disappear during the photoreaction.
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Figure 8. DRIFT spectra during 90 min of UV irradiation for gas mix 2 on 2MoDT2 catalyst in the range 1100–1925 cm−1 (a) and in the range 2750–3900 cm−1 (b). 
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Figure 9 compares the photocatalytic activity of 8MoDT2, 4.7MoDT05 and 2MoDT2 with DT2 and DT05 supports. The DT05 and DT2 supports show similar carbonyl absorptions, with stronger 1671 cm−1 vibration. When molybdenum is added to the catalyst, a decrease in this peak is observed and the 1691cm−1 peak becomes more prominent. Similar to 2MoDT2, 8MoDT2 photocatalyst shows two bands at 1671 and 1691 cm−1. The latter signal could be ascribed also in this case to cyclohexenone. The contribution at about 1690 cm−1 is not visible for DT2 and DT05, indicating that the formation of this compound is due probably correlated to the presence of molybdenum. The band at 1690 cm−1 is also not present on 4.7MoDT05. This result could be explained considering that gas phase results on 4.7MoDT05 (Figure 4 and Figure 5) showed the lowest activity and benzene production with together a strong deactivation during UV irradiation. Therefore, in this case, the formation of carbonylic compounds is predominant. On the other hand, the formation of oxygenated products (stronger 1671 cm−1 vibration) is observed for all catalysts, and a decrease in the formation of these products occurs with increasing molybdenum loading confirmed by the decrease of the band at 1671 cm−1 when molybdenum is added on TiO2 surface.
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Figure 9. DRIFT spectra after 90 min of UV irradiation for gas mix 2 on 8MoDT2, 4.7MoDT05, 2MoDT2, DT2 and DT05 catalysts. 
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The other data to consider are the bands in the region from 1300 cm−1 to about 1450 cm−1, ascribed to the carbon deposits on the catalyst surface during the photoreaction, which determine the deactivation of catalyst observed in the literature [37]. These observations suggest that these species are formed on bare titania, where total oxidation occurs preferentially, while Mo-species hinder titania surface sites active for total oxidation. The photocatalytic tests performed on all catalysts revealed that a rapid decays of activity occurred in the first minutes on stream (Figure 4 and Figure 6). This initial decrease of activity is probably due to a poisoning of the surface by carbon deposits, blocking of a part of the catalytic surface sites.





2.4. Further Test to Assess Intermediates


With the aim to confirm if carbonylic compounds are the responsible of catalyst deactivation, a photocatalytic test on 8MoDT2 was carried out by feeding cyclohexanone with the same operating conditions used for cyclohexane.



The obtained results are reported in Figure 10.
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Figure 10. Cyclohexanone conversion and CO2 concentration during UV irradiation. 






Figure 10. Cyclohexanone conversion and CO2 concentration during UV irradiation.



[image: Catalysts 03 00978 g010]





Maximum cyclohexanone conversion was about 9%, and then activity decreased to 1% in 15 min. A steady state condition was obtained after about 21 min of irradiation with a conversion of approximately 0.9%. Carbon dioxide was formed immediately after the UV sources were switched on and reached a concentration of about 60 ppm after an irradiation time of 0.5 min. CO2 was the only observed product and no other reaction products were detected in gas phase. These results evidenced that cyclohexanone (carbonyl compounds shown by DRIFTS spectra) is the precursor for CO2 production. According to DRIFTS spectra, the accumulation on surface of intermediates formed by cyclohexanone oxidation during irradiation is the responsible of catalyst deactivation.



With regard to the influence of sulfate, a considerable decrease in the formation of carboxylates is observed with higher molybdenum and sulfate content confirming that the simultaneous presence of Mo-species and sulfate sharply increases photocatalytic activity and selectivity. The acidity induced by the sulfate on TiO2 surface [38] furnishes hydrocarbon activation towards partial oxidation and supplying the initial step in the absence of irradiation [24]. However, if the sulfate is lost during dark adsorption, it can induce a deactivation of catalyst under illumination.



For gas mix 3, when H2O is also present, almost no reaction has been observed for the molybdenum catalysts. The decrease in reactivity due to the hydration of metal oxides has been discussed in literature [39].



An example is shown in Figure 11, for the 4.7MoDT05 catalysts, in which very small peaks were observed under UV irradiation. The increase of CH stretching vibration indicates that cyclohexane adsorption on the catalyst surface is still occurring evidencing a deactivation phenomenon. The contribution of the reaction products to the spectra is very low, only visible by the formation of small peaks between 1800–1000 cm−1 and the decrease of the TiO2 bridging-OH.
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Figure 11. DRIFT spectra during 90 min of UV irradiation for gas mix 3 on 4.7MoDT05 catalyst. 
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Figure 12. DRIFT spectra after 90 min of UV irradiation for gas mix 3 on DT2 and Hombikat catalysts. 
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Under gas mix 3 flow better results were observed when there was no molybdenum on the TiO2 surface, as can be seen in Figure 12. While on MoOx/TiO2 catalysts, the water presence in the gas feed greatly decreased the product formation, in DT2 this effect was not observed. The reactivity of DT2 under gas mix 2 (without H2O) and 3 (with H2O) showed similar reaction products and spectral intensity. As expected from previous work, no peaks related to unsaturated hydrocarbons formation were observed on DT2 [21]. Hombikat is also shown as reference, which appears to catalyze the formation of more surface products and higher bridging-OH deactivation than the ones observed for sulfated TiO2. This last result is a further confirmation of the role of sulfate in the deactivation of photocatalysts.





3. Experimental Section


3.1. Catalysts Preparation and Characterization


Two titanias were used as supports: two commercial titania samples (DT and DT51 by Millenium Inorganic Chemicals) with different sulfate content (respectively 0.5 wt% and 2 wt% expressed as SO3) contributed from the experimental procedure used for the synthesis of samples [40]. The samples are named, respectively, DT2 and DT05 with reference to the sulfate content. MoOx-based catalysts were prepared by wet impregnation of titania with aqueous solution of ammonium heptamolybdate (NH4)6Mo7O24 4H2O, followed by drying at 120 °C and calcination at 400 °C for 3 h. Unsulfated titania (Hombikat) was used as reference.



Thermogravimetric analysis (TG-DSC-MS) was carried out in air flow on powder samples with a thermoanalyzer (Q600, TA) in the range 20–1000 °C with an heating rate of 10 °C/min. Sulfate content has been evaluated from the weight loss in the range in which the release of SO2 occurred. Specific surface area was obtained by N2 adsorption-desorption isotherm at −196 °C with a Costech Sorptometer 1040. Powder samples were treated at 150 °C for 2 h in He flow (99.9990%) before testing. Laser Raman spectra of powder samples were obtained with a Dispersive MicroRaman (Invia, Renishaw), equipped with 785 nm diode-laser, in the range 100–2500 cm−1 Raman shift. Chemical analysis of molybdenum loading was performed by inductive coupled plasma-mass spectrometry (7500c ICP-MS, Agilent) after microwave digestion (Ethos Plus from Milestone) of samples in HNO3/HCl and HF/HCl mixtures.




3.2. Gas phase Analysis


Photocatalytic tests were carried out feeding 1000 ppm cyclohexane, 1500 ppm oxygen and 1600 ppm water in N2 (total flow rate: 830 (stp) cm3/min) to a continuous gas-solid annular photocatalytic fixed-bed reactor. The tests were carried out in presence of water in order to minimize catalyst deactivation as reported in literature [37].



Oxygen and nitrogen were fed from cylinders, nitrogen being the carrier gas for cyclohexane and water vaporized from two temperature controlled saturators containing pure cyclohexane and water. The gas flow rates were measured and controlled by mass flow controllers (Brooks Instrument). The annular section of the reactor [27] (reactor volume: 7 l) was realized with two axially mounted 500 mm long quartz tubes of 140 and 40 mm diameter, respectively. The reactor was equipped with seven 40 W UV fluorescent lamps providing photons wavelengths in the range from 300 to 425 nm, with primary peak centered at 365 nm. One lamp (UVA Cleo Performance 40 W, Philips) was centered inside the inner tube while the others (R-UVA TLK 40 W/10R flood lamp, Philips) were located symmetrically around the reactor.



Although light sources vary in their intensity, they have the same emission spectrum and in the case of photocatalytic oxidative dehydrogenation of cyclohexane, the selectivity of the reaction was not influenced by light intensity [23].



The overall system composed of UV lamps and photoreactor are covered by aluminum foils to minimize the dispersion of the photons in the space surrounding the photoreactor. In order to avoid temperature gradients in the reactor caused by irradiation, the temperature was controlled to 35 ± 2 °C by cooling fans. The catalytic reactor bed was prepared in situ, by coating quartz flakes previously loaded in the annular section of a quartz continuous flow reactor with aqueous slurry of catalysts powder. The coated flakes were dried at 120 °C for 24 h in order to remove the excess of physisorbed water. This treatment resulted in uniform coating well adhering to the quartz flakes surface. The gas composition was continuously determined by on line analyzers connected to a PC for data acquisition. CO and CO2 concentration is measured by an on line non dispersive IR analyzer (Uras 10, Hartmann & Braun), working on the basis of specific adsorption of IR radiation (wavelength from 2 to 8 μm). Oxygen, cyclohexane and reaction products composition is determined by an on line quadrupole mass detector (MD800, ThermoFinnigan) that can analyze the outlet reactor gas, introduced into a heated silica capillary, up to m/z = 800.




3.3. DRIFTS Analysis


A layer of KBr powder was introduced in the DRIFTS (3 window cell) holder [41], over which each of the different catalysts and supports were deposited and pressed. The catalysts were heated up to 120 °C for 30 min in He flow (app. 30mL/min) to remove weakly adsorbed water from the surface.



Different gas mixtures (100mL/min flow) were prepared for the catalytic tests:



Gas mix 1: 1000ppm Cyclohexane, 1500ppm O2



Gas mix 2: 1000ppm Cyclohexane, 5000ppm O2



Gas mix 3: 1000 ppm Cyclohexane, 250 ppm H2O, 5000ppm O2



Further, for DRIFTS analysis, nitrogen is the carrier gas for cyclohexane and water vaporized from two temperature controlled saturators containing pure cyclohexane and water.



A background (128 scan averages) of the dried catalyst at room temperature was taken and used for the adsorption step, which was followed with IR during 40–60 min, until surface stabilization was achieved. A spectrum (128 scan averages) was taken after adsorption stabilization, which was used as background for the reaction step. Reaction was continued for 90 min; the first minute of collection was performed in the dark, and the rest was done under irradiation by a 150 W Xe light with a light diffuser. All spectra, except for background spectra, consisted of 64 averaged scans and water vapor correction has been applied to most of them.



Only the background spectrum was collected at room temperature, while during the irradiation the temperature increased up to a value very similar to that one of the fixed bed reactor used for gas phase analysis. In this way, the selectivity of the reaction was not different.





4. Conclusions


From coupling of gas phase and DRIFTS analysis, a deeper knowledge of phenomena occurring during photocatalytic selective oxidation of cyclohexane on MoOx/TiO2 was obtained.



During adsorption measurements in the absence of UV irradiation, there is a clear indication of organo-sulfur compound formation accompanied by H-abstraction by the acidic sulfate species. The accompanying stepwise reduction of the sulfate by protons causes formation of SO2 and thereby loss of surface sulfur. The decrease in surface sulfur during the dark adsorption experiment leads to a subsequent initial decrease in photocatalytic activity during irradiation since the acidity induced by the sulfate facilitates hydrocarbon activation in partial oxidation of cyclohexane after supplying the initial step in the absence of irradiation. The further decrease of photoactivity during irradiation is due to a poisoning of the surface by carbonaceous species derived from carbonylic compounds formed on bare titania, blocking of a portion of the catalytic surface sites. A considerable decrease in the rate of poisoning by carbonaceous species is observed at higher molybdenum and sulfate contents, confirming that the simultaneous presence of Mo-species and sulfate enhances photocatalytic activity and selectivity. Gas phase analysis of cyclohexane and reaction products evidenced that the presence of MoOx species at same sulfate coverage increases the selectivity of the catalyst with increasing molybdenum content indicating that the interaction between titania and supported molybdenum oxide plays an essential role in changing the catalyst selectivity. In addition increasing coverage of surface sulfate influenced benzene yield.
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