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Abstract:



In this work, silica–titania supported catalysts were prepared by a sol–gel method with various compositions. Vanadia was impregnated on SiO2-TiO2 with different loadings, and materials were investigated in the partial oxidation of methanol and methyl mercaptan to formaldehyde. The materials were characterized by using N2 physisorption, X-ray diffraction (XRD), X-ray fluorescence spectroscopy (XRF), X-ray photoelectron spectroscopy (XPS), Scanning transmission electron microscope (STEM), NH3-TPD, and Raman techniques. The activity results show the high importance of an optimized SiO2-TiO2 ratio to reach a high reactant conversion and formaldehyde yield. The characteristics of mixed oxides ensure a better dispersion of the active phase on the support and in this way increase the activity of the catalysts. The addition of vanadium pentoxide on the support lowered the optimal temperature of the reaction significantly. Increasing the vanadia loading from 1.5% to 2.5% did not result in higher formaldehyde concentration. Over the 1.5%V2O5/SiO2 + 30%TiO2 catalyst, the optimal selectivity was reached at 415 °C when the maximum formaldehyde concentration was ~1000 ppm.
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1. Introduction


Silicon dioxide SiO2 and titanium dioxide TiO2 support materials are used extensively in academic research and in industrial applications. Mixed SiO2-TiO2 materials have attracted many researchers, because it has been shown that mixed SiO2-TiO2 materials can provide certain advantages over single oxides. Benefits such as stronger metal–support interactions, higher acidity compared to single oxides, better resistance to sintering, and resistance against sulfur poisoning have been observed in earlier studies [1,2,3,4,5,6,7].



The sol–gel preparation procedure, not only being a rather easy way to prepare catalyst materials, provides advantages over the SiO2-TiO2 preparation process [6,8,9]. The sol–gel preparation steps include sol (colloid suspension) preparation, alkoxysilane hydrolysis, and condensation of silica and titania precursors. This leads to a structure where Ti is homogeneously dispersed in the silica matrix, which often results in better activity in oxidation applications. The presence of only a small amount of Ti leads to structural changes of the support as it causes narrowing of the Si-O bond length distribution. The support has a disordered tetrahedral structure in which Ti atoms are incorporated into the silica network [5]. Due to the advantages of silica–titania supports, they are used as supports for vanadia-containing catalysts in different applications [10,11,12,13,14,15,16,17,18].



This work focuses on the utilization of sulfur-containing volatile organic compound (SVOC) emissions. These emissions raise a lot of discussion, especially in the pulp and paper industry, as they are very odorous at low concentrations and their emission levels typically vary. Nowadays, methanol-containing streams are collected from the process and used as an energy source [19]. To increase the fuel value of methanol, the streams are concentrated and then directed to the combustion. Since the streams are utilized in the pulping process as an energy source, the formation of carbon dioxide emissions cannot be avoided. New approaches are needed to minimize the environmental load originating from methanol emissions and to utilize the stream in the production of new valuable chemicals more efficiently.



Compounds such as methyl mercaptan (MM), dimethyl sulphide (DMS), dimethyl disulphide (DMDS) and sulfur dioxide (SO2) are present in mostly methanol (MeOH) and water containing stripper overhead gases (SOG) of the pulp mills [19,20]. In this approach, the MM containing methanol is considered as the raw material for formaldehyde production. We have previously shown the good activity of V2O5/SiO2-TiO2 in this application [21], and thus the aims of the current study lie in optimizing the catalyst composition and in finding more information from the catalyst properties affecting the formation of formaldehyde and possible other products.



Methanol oxidative dehydrogenation to formaldehyde over different vanadia catalysts has been under intensive investigation during recent decades [15,22,23,24,25,26,27,28,29]; however, the utilization of the contaminated methanol by sulfur compounds, such as methyl mercaptan, has been less studied. It has been stated that the performance of the materials depends on the surface structure of the vanadium on the chosen support. According to current knowledge, the activity of the vanadium catalysts is largely due to the presence of VO4 sites on the supporting materials [30].




2. Results and Discussion


2.1. Characterization of Catalysts


Specific surface areas, pore volumes, and pore sizes of all fresh supports and catalysts are given in Table 1 with the catalyst elemental analysis results measured by X-ray fluorescence spectroscopy (XRF). In addition, the vanadia surface loadings are given for the catalysts.



Table 1. The Brunauer-Emmett–Teller Barret-Joyner-Halenda (BET-BJH) method and X-ray fluorescence spectroscopy (XRF) results calculated as oxides for the supports and vanadium-containing catalysts.







	
Support

	
Surface Area

	
Total Pore Volume

	
Pore Size

	
XRF [%]

	
Surface Loading




	
[m2 g−1]

	
[cm3 g−1]

	
[nm]

	
V2O5

	
SiO2

	
TiO2

	
Vatom nm−2






	
Si

	
225

	
0.1

	
1.9

	
-

	
~100

	
-

	
-




	
Ti

	
10

	
0.02

	
6.8

	
-

	
-

	
~100

	
-




	
SiTi(10)

	
560

	
0.28

	
2.0

	
-

	
70

	
9

	
-




	
SiTi(30)

	
590

	
0.35

	
2.3

	
-

	
57

	
27

	
-




	
SiTi(60)

	
220

	
0.11

	
2.1

	
-

	
35

	
56

	
-




	
Catalyst

	

	

	

	

	

	

	




	
1.5V/Si

	
140

	
0.06

	
1.9

	
1.56

	
98

	
-

	
0.74




	
1.5V/Ti

	
10

	
0.01

	
7.3

	
1.44

	
-

	
98

	
9.54




	
0.75V/SiTi(30)

	
560

	
0.33

	
2.3

	
0.65

	
58

	
27

	
0.08




	
1.5V/SiTi(30)

	
500

	
0.3

	
2.3

	
1.7

	
66

	
31

	
0.23




	
2.5V/SiTi(30)

	
470

	
0.28

	
2.3

	
2.4

	
66

	
31

	
0.34










Pure silica (denoted as Si) has a much higher surface area and pore volume compared to pure TiO2 (denoted as Ti), 225 m2 g−1 and 11 m2 g−1, respectively. Addition of titanium into silica leads to higher surface areas even with such low titania loadings as 10%. While titanium dioxide as a single oxide has a low surface area, the mixed metal oxide SiO2-TiO2 (SiTi) with the Si:Ti ratios of 90:10 and 70:30 shows notably higher surface area, for example over 550 m2 g−1. For SiTi(60) the surface area was ~220 m2 g−1 as a results of the higher Ti-content in the support. Generally, the surface areas of vanadia-containing catalysts were lower than surface areas of the corresponding supports due to partial blockage of the pores of the support by vanadia particles. This has also been observed by other researchers [7]. Pore sizes are on the level of ~2 nm for all silica containing catalysts. Titania supported catalysts have pore sizes between 6.8 nm and 7.3 nm. Based on the XRF results, the desired amount of V2O5 as well as the SiO2-TiO2 ratio were obtained by the sol–gel procedure rather well.



The X-ray diffraction (XRD) patterns of pure Ti, SiTi(10), SiTi(30) and 2.5%V/SiTi(30) (calcination at 500 °C) are shown in Figure 1. The increase in Ti concentration in the mixed SiTi catalysts results in an increase in the peak intensity in the XRD diffractogram. As silica is amorphous, the changes in the spectra are related to the amount of crystalline titania which are shown by more intense XRD peaks. Titania is mainly in the anatase form (an intense peak at 2θ = 25.28) with a crystallite size of approximately 20 nm in a pure TiO2 sample. The crystallite size of anatase in SiTi(30) and 2.5%V/SiTi(30) was ~7 nm. The pure TiO2 sample also showed the presence of small amounts of rutile-phase (7%), which was not visible in the mixed oxides. The XRD results did not show the peak corresponding to V2O5 (2θ = 20.26) with the V2O5-loading of 2.5%. This may be due to low vanadia loading, but it indicates also that vanadium oxide is probably present in a well-dispersed state on the SiTi(30) support. To be able to detect V2O5, for example, on the anatase form of titania, earlier studies have reported that the amount of vanadia should be over 5% or even higher [7,31].


Figure 1. XRD patterns of the SiO2-TiO2 catalyst with different ratios of silica and titania (calcined at 500 °C): (a) Ti; (b) SiTi(30); (c) 2.5V/SiTi(30); (d) SiTi(10).
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The X-ray photoelectron spectroscopy (XPS) analysis was done mainly to find out the oxidation degree of vanadium. Table 2 presents the binding energy (BE) values of V 2p, O 1s, Si 2p and Ti 2p for the fresh 1.5V/Si, 1.5V/Ti and 1.5V/SiTi(30). The charge correction was made by adjusting the main C 1s peak at 284.8 eV [32].



Table 2. Binding energies and full width at the half-maximum (FWHM) values presented in the brackets for the fresh 1.5%V2O5 catalysts supported on SiO2, TiO2 and SiTi(30).







	
Catalyst

	
V 2p [eV]

	
O 1s [eV]

	
Si 2p [eV]

	
Ti 2p [eV]




	
V 2p3/2

	
V 2p1/2

	
Ti 2p1/2

	
Ti 2p3/2






	
1.5V/Si

	
517.49

	
524.85

	
533.17

	
530.46

	
103.86

	
-

	
-




	
(1.86)

	
(3.37)

	
(1.78)

	
(1.58)

	
(1.66)

	
-

	
-




	
1.5V/Ti

	
517.62

	
524.94

	
531.92

	
530.41

	
-

	
464.84

	
459.19




	
(1.58)

	
(3.37)

	
(1.64)

	
(1.29)

	
-

	
(2.13)

	
(1.27)




	
1.5V/SiTi(30)

	
517.64

	
525.06

	
532.88

	
530.43

	
103.60

	
465.00

	
459.20




	
(2.67)

	
(3.37)

	
(1.86)

	
(1.40)

	
(1.65)

	
(2.27)

	
(2.02)










The binding energy of the V 2p3/2 core level depends on the oxidation state of the V cation; the curve fitting of V 2p3/2 is often used to detect the different vanadium cation oxidation states present in vanadium oxide samples [32,33]. In this work, to define the oxidation states of vanadium, the data was collected together for V 2p and O 1s. The results are presented in Figure 2. For the V 2p, the spectra show a typical two-peak structure (V 2p3/2 and V 2p1/2) [33,34]. For each of the three catalysts the V 2p3/2 spectra showed a peak at a binding energy value of ~517 eV (517.49–517.64 eV), indicating the oxidation state of V5+. For the V 2p1/2, spectra showed a peak at BE values between 524.8–525.0 eV, which also is connected to oxidation state V5+. It was expected based on the literature that the vanadium could be present on the catalyst surface as V2O5 or a lower-valence vanadium oxide [32]. The typical value for full width at half-maximum (FWHM) for pure V2O5 is rather small (on the level of less than 2 eV). In our case this is consistent for Si and Ti supported vanadia. In the case of SiTi(30) support, the value is somewhat higher, indicating the possibility of the presence of other oxidation states of vanadium. The large widths of the V 2p lines might be also due to defects at the surface and/or disproportion at the surface [35].


Figure 2. Electron spectra of (a) 1.5V/Si; (b) 1.5V/Ti; (c) 1.5V/SiTi(30) (calcined at 500 °C) studied with XPS.
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The O 1s signal showed two clear peaks for silica containing samples: a major one at ca 532.9 eV (Si-O in the SiO2 lattice) and a minor one at ca 530.3 eV (vanadium bonded oxygen) [12]. In addition, for the Si-containing samples the deconvolution of the Si 2p spectra revealed one peak at the binding energy values between 103.60–103.86 eV (see Table 2). Stakheev et al. [2] have observed earlier the presence of Si 2p peaks between 102.5–104.1 eV; that position depends on the added Ti amount in the sample.



The binding energy values for Ti 2p3/2 remain approximately the same for both Ti-containing samples (~459.20 eV; see the Table 2). The addition of Ti to Si leads to a shift in the Si 2p1/2 peak to a lower binding energy (total shift 0.26 eV). For the V/Ti catalyst the O 1s spectrum shows a peak centered at 530.41 eV and a tail extending to higher binding energy (centered at 531.92 eV). Odriozola et al. [36] explained that for the O 1s peak at ca. 532 eV, a so-called tail can be resolved and explained by the presence of hydroxyl species. Keränen et al. in 2003 [18] have also reported O 1s values of 530.0 and 531.6 eV for the V/Ti catalyst, which similarly explains the difference between the two peaks. For the SiTi support, in addition to the band maxima of O 1s observed at 532.88 eV (Si-O-Si) another band was observed at 530.43 eV, which is explained by either oxygen in Si-O-Ti structure or vanadium bonded oxygen [37]. Furthermore, the surface ratio of Si and Ti determined for 1.5%V/SiTi(30) was 80:20, which is very close to that determined by XRF for the bulk structure of the support. This gives an indication of the homogeneity of the prepared support.



The total acidities of SiTi materials with different ratios were determined with NH3-TPD. The total amount of the desorbed ammonia representing the total amount of acid sites can be seen from Figure 3 (determined between 50 °C and 500 °C). Itoh et al. [1] have noted in 1974 that the acidity follows the trend of the surface area, but also that the total acidity is increased when SiO2 is added to TiO2. This is also expected based on the point of zero charge (PZC) values of the two oxides (pH at PZC for TiO2 and SiO2 are 6.0–6.4 and 2–4, respectively) [30]. In the same way, the current work shows that pure Ti has low acidity, which is increased after addition of silica ending up to pure SiO2 that has the highest total acidity of the tested materials. The trend of total acidity based on NH3-TPD is Si > SiTi(10) > SiTi(30) > SiTi(60) > Ti. Stakheev et al. in 1993 and Kobayashi et al. in 2005 [2,7] have presented results where the highest acidity was gained with the Si:Ti molar ratio of 1:1 determined by a titration method. This was not observed in our case. Considering the surface area of the samples, we did not notice clear correlation with the total acidity and the specific surface area of the samples, as shown in Figure 3. Concerning the strength of the acid sites, all the catalysts showed a broad low-temperature desorption peak (see Figure 4) centered at about 100 °C, which indicates the existence of mostly weak acid sites.


Figure 3. The results of the acidity of the silica and/or titania support materials measured with NH3-TPD.



[image: Catalysts 08 00056 g003]





Figure 4. TPD profiles for ammonia desorption for silica and/or titania containing supports.
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The STEM (Scanning transmission electron microscope) images of fresh catalysts, 1.5V/Si, 1.5V/Ti and 1.5V/SiTi(30), are presented in Figure 5. The STEM analysis was performed to investigate the microstructure of the catalysts. The EDS (Energy dispersive X-ray spectroscopy) mapping revealed the dispersions of vanadium on the catalysts’ surface. On the silica support, vanadia forms bigger clusters (~250 nm) (see Figure 5a). This is due to the rather inert silica surface [38]. In the case of titanium dioxide and especially in the support of mixed SiTi, the particle size was much smaller and vanadium was better dispersed. Basic oxides usually exhibit good dispersion of vanadia and for that reason addition of less acidic titania to silica may result in better dispersion [39,40]. In the case of Ti support, the V2O5 is unevenly dispersed on the surface (see Figure 5b). The surface loading of V on TiO2 is much higher (9.54 Vatom nm−2) compared to the other catalysts, which have the surface loadings on the level of 0.08–0.74 Vatom nm−2. This explains why vanadia is not well-dispersed on pure TiO2 support.


Figure 5. Scanning transmission electron microscope (STEM) images and Energy dispersive X-ray spectroscopy (EDS) mapping results of vanadia for fresh (a) 1.5V/Si (b) 1.5V/Ti (c) 1.5V/SiTi(30).
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2.2. Results of Catalytic Oxidation Tests


The first series of the prepared catalysts and performance of the catalysts in the oxidation reaction of methanol (MeOH) and methyl mercaptan (MM) are presented in Figure 6a,b. In Figure 6a, the activity of the supports Si, Ti, and SiTi(30) are shown; and in Figure 6b, the effect of SiTi ratio on the gained formaldehyde concentration is presented. The earlier research results [21] show remarkably better activity of the support material in the oxidation of MeOH and MM as a mixture when Ti is added to Si. In this study, the main focus was on the investigation of the changes in activity to form formaldehyde with different Si:Ti ratios.


Figure 6. Formation of formaldehyde over (a) Si, Ti and SiTi(30) and (b) SiTi(10), SiTi(30) and SiTi(60) during the oxidation of methanol and methyl mercaptan (feed 500 ppm + 500 ppm, heating rate 5 °C min−1).
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As expected, with the addition of 30% titania to silica the formaldehyde production rose to more than double, compared to single oxide supports. What was unexpected (see Figure 6b) was that the SiTi ratio was crucial in gaining the highest formaldehyde concentration values. With the addition of 10% titania, no signs of activity improvement were observed. The 60% titania addition resulted only in ~400 ppm formaldehyde concentration, which is the same as with 10% Ti. Based on these results, it was decided to continue the activity testing with the SiTi(30) support as it was clearly the most active one from the tested materials with over 800 ppm formaldehyde production at 500 °C.



The addition of vanadia on the support was the second step in the current work. The 1.5% vanadium pentoxide addition increased the activity of all the tested catalysts. Results of the 1.5%V catalysts are presented in Figure 7. With single oxide silica and titania supports, the formaldehyde concentration rose to 1000 ppm, which was over 500 ppm more than with single oxide supports before vanadia addition. The addition of vanadia on SiTi(30) lowers the optimal reaction temperature significantly. For 1.5V/SiTi(30), the optimal temperature was already reached at around 400 °C.


Figure 7. Formation of formaldehyde over pure silica or/and titania supports with 1.5% vanadium pentoxide during the oxidation of methanol and methyl mercaptan (feed 500 ppm + 500 ppm, heating rate 5 °C min−1).
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The results indicate that the good performance of single oxide Si or Ti supported catalysts requires an oxidation temperature over 500 °C—which we did not test—since lower temperatures are more interesting from an energy point of view, and because vanadium pentoxide as the catalyst material sets some limits to the activity testing. The melting point of V2O5 is 690 °C [41], and we wanted to stay at lower temperatures to minimize the sintering of vanadia during the reaction. Vanadium pentoxide as an active compound for MeOH and MM oxidation has been tested also at temperatures over 500 °C by Laitinen et al., 2016 [42].



As mentioned, both the Si:Ti ratio and the active compound V2O5 have a significant role in the reaction in reaching maximum formaldehyde production. The most active catalyst, 1.5V/SiTi(30), has the highest surface area and the best dispersion of vanadia based on the characterization. It has been shown that the dispersion of the active phase is dependent on the support composition. However, the results do not fully support the significance of the surface area, since SiTi(10) has higher specific surface area compared to single oxide silica, but it does not positively influence the activity results. On the other hand, the STEM results showed that the dispersion of the active phase is much better with the SiTi(30) support. Vanadia dispersion surely has a role in the activity of the material, but more testing with each of the materials with different vanadia particle sizes should be done. The effect of the total acidity in the activity is controversial. It is shown in the work of other researchers [1,7] that formaldehyde can be produced only with acidic oxides. However, the current results do not fully support these findings as pure silica resulted in the highest acidity of the tested materials, yet the lowest formaldehyde production. It seems that the acidity has to be at certain optimal level—not too high and not too low. In addition, the quality of acid sites (Brønsted-Lewis) may play a role, however we were not able to qualify the sites in the current study. Based on Tanabe et al. [43], SiO2 contains mainly Brønsted acid sites (BAS) and TiO2 Lewis acid sites (LAS). In the mixed oxide when TiO2 is added to SiO2, the amount of BAS in the material should increase. If this is true, the existence of both acid sites is important to be able to carry out the reactions under investigation. In addition, it has been also examined that the V/Ti catalysts show the presence of both BAS and LAS. The BAS are dominating acid sites in V2O2 [3]. The addition of vanadia to silica–titania support increases further the amount of BAS in the sample [44].



One of the objectives of this research was also to study the effect of the amount of vanadia impregnated on the catalysts. The results of SiTi(30) supported vanadia catalysts with different vanadia loadings (0.75%, 1.5% and 2.5%) are presented in Figure 8. As noted earlier, the addition of vanadia lowers the optimal temperature and the temperature where the reactions start. These current results reveal that the addition of vanadia from 1.5% to 2.5% does not result in increasing activity of the catalyst. Based on this finding we can expect that increasing the vanadia amount is not significant and it is reasonable to use a low amount of vanadia. This result is supported by Mouammine et al. [45], as in the case of V/Ti the increase in the V amount from 1.5% to 3% and to 10% did not result in higher formaldehyde yields.


Figure 8. Formation of formaldehyde over silica–titania (V/SiTi(30)) catalysts with different V amounts (feed 500 ppm MeOH + 500 ppm MM, heating rate of 5 °C min−1).
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The main results from all the activity experiments are presented in Table 3. The table is presenting the key temperatures for each catalyst; the temperature in which the formation of the formaldehyde begins (A) and the temperature when the formaldehyde concentration reaches the maximum value during the experiment (B). From these values, it can be seen, that the formation of formaldehyde begins at the temperature level between 210 °C and 410 °C. The 1.5V/SiTi(30) catalyst has an optimal temperature of 415 °C (1060 ppm) and at 500 °C the formaldehyde concentration is only 760 ppm. This means that, after the optimal temperature, formaldehyde has reacted further to CO.



Table 3. Comparison of different catalysts in the reaction (key temperatures and gained maximum formaldehyde concentrations). Feed: 500 ppm methanol and 500 ppm methyl mercaptan, reaction temperature from room temperature to 500 °C.







	
Catalyst

	
Temperature A *

	
Temperature B #

	
Formaldehyde Concentration at Temp. B

	
Formaldehyde Concentration at 500 °C




	
[°C]

	
[°C]

	
[ppm]

	
[ppm]






	
SiO2

	
380

	
500

	
360

	
360




	
TiO2

	
360

	
500

	
440

	
440




	
SiTi(10)

	
410

	
500

	
330

	
330




	
SiTi(30)

	
315

	
500

	
780

	
780




	
SiTi(60)

	
365

	
500

	
340

	
340




	
0.75%V/SiTi(30)

	
215

	
480

	
930

	
918




	
1.5%V/SiTi(30)

	
215

	
415

	
1060

	
760




	
1.5%VSi

	
350

	
500

	
1030

	
1030




	
1.5%VTi

	
335

	
500

	
1000

	
1000




	
2.5%V/SiTi(30)

	
215

	
420

	
960

	
660








* The temperature when the formation of formaldehyde begins (over 10 ppm) during the activity test. # The temperature when the formaldehyde concentration is highest during the test (optimal temperature for specific catalyst).








All the activity tests were repeated with the same catalyst twice. In Figure 9, the results of the repeated tests for 0.75V/SiTi(30), 1.5V/SiTi(30), and 2.5V/SiTi(30) are presented. The activity of the catalyst and the formation of formaldehyde follow exactly the same route in each test showing good repeatability of the test, but also giving some indications on the stability of the catalyst.


Figure 9. Formation of formaldehyde of the repeated tests for (a) 0.75V/SiTi(30); (b) 1.5V/SiTi(30) and (c) 2.5V/SiTi(30) (feed 500 ppm MeOH + 500 ppm MM, heating rate of 5 °C min−1, A referring to test 1 and B referring to the repeated test 2).
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In addition, more information on the stability of the 1.5%V catalyst with Si, Ti, and SiTi(30) supports was also revealed during the test at the optimal temperature for 8 h. The formaldehyde concentration remained unchanged through the whole experiment and no signs of activity loss were observed (figures not shown here).



Molecular structures of the dispersed vanadium oxide species on the support can be determined with Raman spectroscopy. The surface analysis was performed in order to investigate the structures of the fresh materials and if any changes after the 8 h stability test could be detected. The measurements were performed with Timegated® Raman device, in which the effect of the fluorescence is reduced from the resulting spectra. Figure 10 presents the Raman spectra of Si-, Ti-, SiTi(30)-supported V2O5 and bulk V2O5.


Figure 10. Timegated Raman spectra of (a) 1.5V/Si, (b) 1.5V/Ti, (c) 1.5V/SiTi(30) and (d) bulk V2O5.
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Bulk vanadium pentoxide gives peaks at ~144, 188, 280, 398, 474, 524, 697, 940, 992 and 1030 cm−1. The peak at 992 cm−1 is related to the symmetric stretching of V=O groups in the bulk vanadia [18,46] assigned as crystalline V2O5. It has been proposed that the less intense peaks at 940 cm−1 and 1030 cm−1 originate from isolated and polymerized surface vanadia species, respectively [10,47,48]. The intense peak at 700 cm−1 corresponds to lattice vibrations localized within the V-O-V bridge in the V2O5 structure.



For the Si-supported V2O5, similar features to crystalline V2O5 exist, since the observed peaks are in line with the peak positions of the bulk V2O5. For Ti-supported V2O5, the intense peaks from the TiO2-support are visible at 142, 391, 510 and 633 cm−1 corresponding to the anatase TiO2 [18]. In the case of both vanadia- and titania-containing samples the definite identification of the Raman spectra is difficult due to the proximity of intense crystalline V2O5 (~144 cm−1) and TiO2 anatase (~147 cm−1) peaks. There were no peaks visible at 800–1000 cm−1, which would be an indication that the dispersion of the isolated VOx species on V/Ti was better than with V/Si. For the SiTi(30)-supported V2O5, the VOx species at 278 and 991 cm−1 seem to be visible. Compared to the single oxide Ti support, a small peak at 991 cm−1 (V2O5) exists in the spectrum SiTi(30).



When the Raman spectra of the fresh catalysts and the catalysts after 8 h of testing were compared, no significant differences between the fresh and used samples were observed. The visible changes are only due to the changes in the signal intensity, which may in this case indicate more crystalline material (such as in the case of used VSi). This gives an indication on the stability of the material in presence of sulfur. More studies will be done in the future to find out details related to the oxidation of methanol in the presence of sulfur-containing compounds.



Figure 11 presents the formation of by-products over the 1.5V/SiTi(30) catalyst to study the performance of the catalyst in more detail. The main products were sulfur dioxide, carbon monoxide, and dimethyl disulphide, as expected based on the literature [19,49].


Figure 11. Formation of by-products in the oxidation of the mixture of methanol and methyl mercaptan (500 ppm + 500 ppm) over (a) 1.5V/Si; (b) 1.5V/Ti and (c) 1.5V/SiTi(30) catalysts (feed 500 ppm + 500 ppm, heating rate of 5 °C min−1).
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The formation of the products are results of the following reactions:


CH3OH + 1/2O2 → CH2O + H2O



(1)








CH3SH + 2O2 → CH2O + SO2 + H2O



(2)






CH3OH + 3/2O2 → CO2 + 2H2O



(3)






2CH3SH + 1/2O2 → CH3SSCH3 + H2O



(4)






CH2O + 1/2O2 → CO + H2O



(5)






CH2O + O2 → CO2 + H2O



(6)





In the oxidation reaction of MM, sulfur dioxide is formed according to Reaction (2) and is the main product of the reaction together with formaldehyde. As formaldehyde reaches ~1000 ppm concentration in each of the tests, the formed SO2 concentration is about 550 ppm in each presented case. The other reaction products, CO2, H2O and DMDS, are formed according to Reactions (3) and (4), which are complete oxidation of methanol and partial oxidation of MM to DMDS. The formation of DMDS is observed in the temperature range of 300 °C–450 °C for 1.5V/Si and 1.5V/Ti, reaching the maximum value approximately at 400 °C. For the SiTi supported catalyst the max. DMDS concentration of ~120 ppm is reached at temperature below 300 °C. The formation of carbon monoxide is detected when formaldehyde reacts further (Reactions (5) and (6)). This is clearly visible in the case of V/SiTi(30) at around 400 °C when the formaldehyde concentration starts to decrease and a significant amount of CO is formed. In other cases, the CO concentration stays at rather low levels (max. 85 ppm at 500 °C) as the concentration of formaldehyde is not decreasing during the temperature range used in the tests.



To compare the performance of the support and the vanadium containing catalyst, the concentrations of each gaseous product compound are presented in Figure 12. The comparison shown in the figure is done between the SiTi(30) support, marked as 1, and the 1.5V/SiTi(30) catalyst, marked as 2. To start with the reactants, there is a significant difference in the reaction when comparing the support and the catalyst. After vanadia addition on the support, the activity of the material in the reaction becomes significantly higher, which is visible in the changes in the reaction of MM. After vanadia addition, MM is already consumed starting at temperatures below 200 °C. Over the support, MM consumption begins at temperatures above 250 °C. MM conversion reached ~100% in all the tests. During the catalytic tests, the consumption of methanol begins at temperatures of around 300 °C. The differences in methanol partial oxidation activities between the support and the catalyst are not that significant, but the rate of the reaction is faster and higher methanol conversion is reached over the vanadia containing catalyst.


Figure 12. Formation of by-products in the oxidation of the mixture of methanol and methyl mercaptan (500 ppm + 500 ppm) over the SiTi(30) support(1) and 1.5V/SiTi(30) catalyst(2) (feed 500 ppm + 500 ppm, heating rate of 5 °C min−1).



[image: Catalysts 08 00056 g012]






As explained earlier, the addition of vanadia on the SiTi support lowers the optimal temperature significantly, after which the formaldehyde concentration decreases when it starts to react further in the used reaction conditions. Figure 12 shows clearly the difference between the support and the catalyst in terms of the CO concentration, as in the presence of the VSiTi catalyst the CO concentration is more than twice the concentration reached over the SiTi support material. DMS concentration in both the experiments stays under 80 ppm, and for V/SiTi(30) the formation is insignificant. DMDS, for both the support and the vanadia containing catalyst, is observed as an intermediate product between 300–450 °C and 200–350 °C, respectively.





3. Materials and Methods


In this research, 5 different supports were prepared: pure SiO2, TiO2, and SiO2-TiO2 supports with the Si:Ti ratios of 90:10, 70:30, and 40:60 with no specific structure in target. After the optimization of the support composition, different amounts of vanadium pentoxide, 0.75%, 1.5%, and 2.5%, were impregnated on the support.



Mesoporous silica was prepared using the sol–gel method. A mass of 34.74 g of tetraethoxy orthosilicate (Si(OC2H5)4, TEOS, 98% Sigma-Aldrich, St. Louis, MO, USA) was added to 54 g of absolute ethanol (Merck, Darmstadt, Germany ) with a molar ratio of 1:7. A few drops of nitric acid were added to the solution to catalyze the hydrolysis step of the preparation. After dissolution of the silicon precursor, 24.5 g of ultrapure water (Sigma Aldrich, St. Louis, MO, USA), with a molar ratio of 1:8, was added dropwise. The obtained sol was then left for 15 days for aging. The TiO2-support was synthesized using the sol–gel method. A Ti-containing solution was prepared first by adding 43 g titanium butoxide (Ti(OBu)4, TBOT, 97% Sigma-Aldrich, St. Louis, MO, USA) to 83 g absolute ethanol with a molar ratio of 1:14 and stirred until complete dissolution of the Ti precursor. Then, ultra-pure water was added drop by drop until a molar ratio of 1:15 was reached.



The titania doped silica supports were prepared by dissolving an appropriate amount of both titanium and silicon precursors in absolute ethanol (molar ratio 1:14) to obtain a composition of SiO2(1-x)TiO2(x) (with x = 0.1; 0.3; 0.6). A few drops of nitric acid were added to the solution, and then ultra-pure water was added with a molar ratio of 1:15. The solution was kept under stirring for 2 h. The final support was obtained after drying the gel at 90 °C overnight, and the dried gel was calcined at 500 °C for 2 h.



Addition of the active phase was done by using a wet impregnation method. At room temperature the appropriate amount of the vanadium precursor, vanadyl acetylacetonate (VO(acac)2, 98% Sigma-Alrich, St. Louis, MO, USA) was dissolved in methanol. The support was added to the solution and kept under mechanical stirring overnight. The final catalysts were obtained after drying on a sand bath at 80 °C, and calcining at 500 °C for 2 h. The target amounts of vanadium pentoxide V2O5 on the support were 0.75 wt %, 1.5 wt %, and 2.5 wt %.



The materials prepared for this study and the abbreviations used in this article are presented in Table 4.



Table 4. Catalysts prepared for the oxidation studies.







	
Support/Catalyst

	
Abbreviation






	
SiO2

	
Si




	
TiO2

	
Ti




	
SiO2 + 10%TiO2

	
SiTi(10)




	
SiO2 + 30%TiO2

	
SiTi(30)




	
SiO2 + 60%TiO2

	
SiTi(60)




	
0.75%V2O5/ SiO2+30%TiO2

	
0.75V/SiTi(30)




	
1.5%V2O5/SiO2

	
1.5V/Si




	
1.5%V2O5/TiO2

	
1.5V/Ti




	
1.5%V2O5/SiO2 + 30%TiO2

	
1.5V/SiTi(30)




	
2.5%V2O5/SiO2 + 30%TiO2

	
2.5V/SiTi(30)










3.1. Characterization of Materials


The catalytic materials prepared for this study were characterized using different analytical techniques. The BET-BJH (Brunauer-Emmett–Teller Barret-Joyner-Halenda) method was used to determine the specific surface areas, pore volumes, and pore sizes of all the prepared materials. Nitrogen adsorption–desorption isotherms were recorded at −196 °C using an ASAP 2020 Micrometrics apparatus (Norcross, GA, USA). Before N2 adsorption, the samples were degassed at 300 °C and kept under vacuum for 2 h.



X-ray fluorescence analyses (XRF) were carried out to study the V, Si, and Ti amounts on the catalyst samples. 0.2 g of the studied sample was mixed with 8.5 g of flux in a Pt-Au crucible followed by melting in an Eagon 2 furnace at 1150 °C. The analysis was performed with an Axios mAX X-ray fluorescence spectrometer (PANalytical, Almelo, The Netherlands).



X-ray diffractometer (XRD) Siemens D5000 was used to characterize the crystalline structure of the catalyst materials. Analysis data was recorded between 10° and 80°, with a step of 0.040°. The crystallite size of the active phase and support was estimated using the Scherrer formula:


[image: ]








where k is the shape factor (k = 0.94), λ is the wavelength of X-ray, θ is the Bragg angle, and βc is the corrected line broadening defined as FWHM (full width at half maximum).



X-ray photoelectron spectroscopy (XPS) analysis was carried out by a Thermo Fischer Scientific ESCALAB 250Xi instrument using Al Kα (1486.6 eV) radiation to excite photoelectrons. The binding energy was normalized with respect to the position of the C1s peak at 284.8 eV. The XPS analysis was performed on 3 fresh catalyst samples: 1.5%V/Si, 1.5%V/Ti and 1.5%V/SiTi(30). The samples were put on an indium substrate and placed inside a vacuum chamber. Thermo Avantage software (v5.957, Thermo Fisher Scientific Inc., Waltham, MA, USA) was used in data analysis. Smart background subtraction was used and the spectra of O 1s, C 1s, Si 2p, Ti 2p and V 2p were recorded.



Temperature-programmed desorption measurements of ammonia (NH3-TPD) were carried out by AutoChem II 2920 equipment (Micromeritics Instrument Corp., Norcross, GA, USA). A powder-form catalyst sample was placed inside the reactor and pretreated in a Helium flow (50 cm3 min−1) from room temperature to 500 °C at the rate of 5 °C min−1 for 30 min. The sample was then cooled to room temperature (He 50 cm3 min−1). The adsorption of 15% NH3 in He (50 cm3 min−1) was carried out at RT for 60 min, and then the sample was flushed with He for 30 min to remove any physisorbed ammonia. TPD was performed in a He flow by raising the temperature to 550 °C with a rate of 5 °C min−1. Sample amount of 100 mg was used for Si-containing catalysts and 180 mg for pure Ti due to significantly lower surface area. The desorbed amount of NH3 was analyzed by a TCD detector. The area between 40 °C and 500 °C was used for determination of the total acidity of the samples.



Scanning transmission electron microscope (STEM) studies were carried out to analyze the particle size and the distribution of the vanadium pentoxide on the surface of the supports. The measurements were done using a JEOL JEM-2200FS apparatus (JEOL Ltd., Tokyo, Japan). The acceleration voltage of 200 kV was used. For the measurements, the catalyst samples were dispersed on a copper grid with ethanol. The apparatus was equipped with an Energy-Dispersive X-ray Spectrometer (EDS) apparatus (JEOL Dry SD100GV). The EDS was used to identify the absorbed chemical elements on the fresh catalysts. The measured catalysts were fresh 1.5V/Si, 1.5V/Ti and 1.5V/SiTi(30).



The Raman spectra were collected with a Timegate® Raman Spectrometer (Oulu, Finland) with a pulsed 532 nm fiber coupled laser and a rapid SPAD-detector. The data were collected with a Raman shift range from 150 to 1150 cm−1. Data was curve fitted and analyzed with a Shsqui Matlab based software (v0.981, Timegate Instruments Oy, Oulu, Finland). The fresh 1.5V/Si, 1.5V/Ti and 1.5V/SiTi30 were measured and the measurement was repeated after the 8 h stability tests.




3.2. Catalytic Oxidation Tests


The catalytic partial oxidation tests were performed in a laboratory scale tubular quartz reactor. The experimental set-up presented in our previous work [21] was modified for further studies with a few basic improvements. The current set-up is presented in Figure 13. All the gas lines after the evaporator (heated to ~70 °C) were heated to 180 °C to avoid the condensation of the evaporated compound on the tube surfaces. Some condensation of methanol may still occur as the reactor part of the set-up is in the room temperature in the beginning of each test. Relatively high GHSV (~94,000 h−1) was used in the experiments and the experimental procedure was following the same path as presented in the previous work [21].


Figure 13. The experimental set-up for the catalyst activity testing.
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All the experiments were conducted with 100 mg of a catalyst in the powder form. The feed concentration in each test was 500 ppm of methanol (Merck, Darmstadt, Germany) and 500 ppm of methyl mercaptan (Oy AGA Ab, Espoo, Finland) in a mixture. The reaction temperature was raised from room temperature to 500 °C with a heating rate of 5 °C min−1. The outlet gas composition was analyzed by using a Gasmet FTIR Cr-2000 (Helsinki, Finland) analyzer equipped with an MCT detector. The following compounds were analyzed in each of the catalytic tests: carbon dioxide CO2, carbon monoxide CO, nitrogen monoxide NO, nitrogen dioxide NO2, nitrous oxide N2O, sulfur dioxide SO2, sulfur trioxide SO3, methane CH4, formaldehyde CH2O, methyl mercaptan CH4S, dimethyl sulfide C2H6S, dimethyl disulfide C2H6S2, formic acid CH2O2, and methanol CH4O. First the supports Si and Ti and mixed oxides SiTi(10), SiTi(30), and SiTi(60) were tested to find the possible changes in activity with respect to the Si:Ti ratio. The activity experiments were continued to study the effect of different vanadia loadings. The catalyst stability and repeatability of the catalytic tests were examined by testing the same catalyst in the same experimental conditions twice. The stabilities of 1.5 V catalysts were also tested in longer-term (8 h) experiments to gain some indication of the durability of the material. In 8 h tests, the catalyst amount of 200 mg was used. The same procedure as in the activity tests was used and the temperature was kept at the optimal formaldehyde production temperature (500 °C or lower) for 8 h.





4. Conclusions


V2O5 catalysts supported on SiO2-TiO2 have been characterized and tested in the oxidation of methanol and methyl mercaptan to formaldehyde. The results of the V2O5/SiO2 + TiO2 were compared with those obtained for V2O5/SiO2 and V2O5/TiO2 catalysts, showing that the composition of the support has a significant role in the catalytic behavior. The current oxidation results prove that silica–titania supported vanadia catalysts show good potential for use in the oxidation of sulfur contaminated methanol to formaldehyde. In the laboratory scale oxidation tests, significantly higher formaldehyde yields were achieved with the mixed silica–titania support. The important role of vanadium pentoxide in the catalyst is evident; the addition of the active compound results in higher activity of the catalysts, and lowers the optimal temperature of the reaction in which the desired partial oxidation products are formed. As expected, applying titania onto silica results in a higher surface area, which allows a good dispersion of vanadia. The acidity of the materials was dependent on the Si:Ti ratio of the support, but no solid conclusions about the role of the acidity in the activity of the catalysts in oxidation of methanol and methyl mercaptan could be made based on these findings. More detailed information on the surface of the catalysts and the reaction mechanisms is needed to optimize these materials further. For example, the role of the quality of the acid sites as well as the effect of the vanadia dispersion should be detailed.
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