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Abstract

:

This work reports the results of the ultrasound-assisted hydrothermal synthesis of two sets of V2O5 dispersed on SBA-15 and Zr doped SBA-15 catalysts used for the oxidation of dibenzothiophene (DBT) in a model diesel via the combination of oxidation, catalysis, and extraction technical route. These catalysts contained Lewis acidity as major and Brønsted acidity as minor. The amount of acidity varied with the content of vanadia and zirconium doping. It was found that DBT conversion is very sensitive to the Lewis acidity. DBT conversion increased by increasing the vanadium content and correlated well with the amount of surface Lewis acidity. Under the optimal experimental condition (Reaction temperature: 60 °C, reaction time 40 min, catalyst concentration: 1 g/L oil; H2O2/DBT mole ratio = 10), the 30% V2O5/SBA-15 and 30% V2O5/Zr-SBA-15 catalysts could convert more than 99% of DBT. Two reaction pathways of DBT oxidation involving vanadia surface structure, Lewis acidity, and peroxometallic complexes were proposed. When the vanadia loading V2O5 ≤ 10 wt%, the oxidative desulfurization (ODS) went through the Pathway I; in the catalysts with moderate vanadia content (V2O5 = 20–30 wt%), ODS proceeded via the Pathways II or/and the Pathway I.
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1. Introduction


It is well known that petroleum contains a wide spectrum of organosulfur compounds such as disulfides, thiophene, dibenzothiophene (DBT), and their alkylated derivatives [1]. These sulfur-containing compounds must be removed before the fluid catalytic cracking (FCC) process to avoid the release of a heavy amount of SOx emissions. The traditional hydrodesulfurization (HDS) technology has been applied in the oil refining industry for petroleum hydrotreating and sulfur removal [1,2]. However, HDS process is efficient only for diminishing sulfur concentration from thousands ppm to approximately hundreds ppm at a reasonable cost [2,3,4]. Most sulfur residuals retaining in the hydrotreated oil are the refractory polyaromatic sulfur compounds due to their steric hindrance and higher resistance to hydrodesulfurization [5,6]. Therefore, hydrotreated petroleum products such as gasoline or diesel usually contain a certain amount of organosulfur compounds. For further reducing their concentration from hundred ppm to ultralow sulfur concentration in order to meet the increasingly strict environment regulations, the operation parameters of the existing HDS process must be properly modified. For example, the reaction temperature, H2 to oil ratio, and catalyst load have to be increased [7,8]. All these modifications lead to a higher total operation cost. Other alternative technologies, including bio-desulfurization [9,10,11,12,13], oxidative desulfurization (ODS) [14,15,16], adsorption and extraction [17,18,19,20,21] and so forth, have been investigated for the production of fuels with ultralow sulfur content. Amongst these, the ODS technology has attracted considerable attention because of several advantages over HDS: (i) operation at a temperature lower than 100 °C under atmospheric pressure; (ii) no expensive hydrogen consumption; (iii) higher efficiency for the removal of refractory polyaromatic sulfur compounds; and (iv) approximately 10–20% reduction of the total cost with respect to the modified HDS technique [8].



In the oxidative desulfurization, the sulfur compounds are converted to corresponding sulfones which can be removed by the following steps such as extraction, adsorption, distillation, and others. Generally, for sulfur oxidation, both oxidant and heterogeneous catalyst take the key roles. Hydrogen peroxide [22,23], organic peroxides [24], tert-butyl hydroperoxide (TBHP) [25], molecular oxygen [26], and others have been reported as effective oxidation agents. Of these oxidants, H2O2 is mostly used due to its availability, environmentally friendly character, and its high oxidation potential.



Many investigations have focused on ionic liquids, soluble metal complexes and transition metal oxides as catalysts for ODS reactions. The application of ionic liquids for sulfur removal has been extensively examined [27,28,29,30,31,32]. However, the high price, and residual of a part of ionic liquids in fuel are the main drawbacks. Al Shahrani et al. [27] reported a simplified ODS catalytic system using soluble Na2WO4 as catalyst for deep removal of sulfur from diesel. It can diminish sulfur concentration from 1100 ppm to 40 ppm in a real diesel fuel and reach 100% conversion of thiophenes to sulfones for a model fuel. Unfortunately, the re-utilization and separation of the homogeneous catalysts stand as the major challenges. To overcome these limitations, heterogeneous solid catalysts such as transition metal oxides with higher chemical oxidation states dispersed on different supports have been widely studied. Transition metal oxides such as Mo(VI) [33,34,35], W(VI) [36,37], V(V) [38,39,40], Ti(IV) [41,42], and Fe(III) [43] oxides are reported to be active for ODS reactions.



In the design of heterogeneous solid catalysts, metal oxides such as Al2O3, SiO2, TiO2, CeO2, Nb2O5, ZrO2, and hydrotalcite-like solids have been applied as support used for ODS reaction [39,44,45,46]. Activated carbon materials are widely applied as both adsorbent and catalyst support in the ODS process [21,47,48,49]. Because the cross-cutting molecular size of polyaromatic sulfur compounds is relatively large, for instance, the topological polar surface area of 4,6-dimethyldibenzothiophene (4,6-DMDBT) is approximately 28.2 Å2, the diffusion of both 4,6-DMDBT and corresponding 4,6-DMDBTO2 sulfone product across pores of the catalyst definitely affects the catalytic efficiency. Therefore, the catalyst support used for ODS reaction must possess big pore size and large surface area. It is reported that mesoporous SAPO-11 with various crystalline MoO3 phases [50] and large-pore silica as catalyst supports for samarium-coordinated undecamolybdophosphate were effective for ODS of diesel [51]. Zhu et al. claimed that 3D-printing of integrated spheres can be used as a superior support of phosphotungstic acid for deep oxidative desulfurization of fuel [52].



Some mesoporous materials, like MCM-41 and SBA-15, have been investigated as catalyst support due to their proper textural properties and good thermal stability. González et al. reported that VOx/Ti-MCM-41 catalysts for DBT oxidation, 99.9% of DBT could be removed from a model diesel using a 25 wt%V2O5/Ti-MCM-41 catalyst under the optimal operation condition [38]. Ti-MCM-41 supported vanadia core-shell catalysts were also reported for simultaneous oxidation of refractory DBT, 4-methyldibenzothiophene (4-MDBT) and 4,6-dimethyldibenzothiophene (4,6-DMDBT) in a model diesel fuel, achieving high ODS efficiency [40]. WO3 and MoO3 supported on SBA-15 were reported to be very active for 4,6‒DMDBT oxidation [33,37]. Al-SBA-15 modified with molybdenum oxide and Anderson-type polyoxometalate (POM) catalysts used for DBT oxidation were also reported [53,54].



It is noteworthy that selection of a proper preparation method and starting chemical precursors influence on the price of the final catalyst. For example, although WO3 and MoO3 supported on SBA-15 catalysts were very active for 4,6-DMDBT oxidation [33,37], they are more expensive in comparison with vanadia supported catalysts due to their more expensive W and Mo precursors. Moreover, the surface acidity of the heterogeneous catalysts usually take important roles in the adsorption of sulfur compounds and surface reactions during the ODS procedure [33,37,38]. Investigation on the influence of surface acidity on the sulfur oxidation in the ODS reaction is still an interesting topic.



In this work, an ultrasound-assisted hydrothermal synthesis of highly active vanadia dispersed on mesoporous SBA-15 catalysts is reported with the purpose of shortening the synthesis time and lowering the cost of the catalysts. Particular attention was paid to the influence of the Lewis acidity of the catalysts on the ODS activity, aiming at establishing a possible quantitative correlation of surface acidity with the catalyst activity. ODS mechanisms involving vanadia nanoclusters, surface Lewis acid sites, and formation of peroxometallic complexes are proposed. With the designed ODS reaction system reported herein, the oxidation of organosulfurs and the separation of resultant sulfones can be operated in one operation unit.




2. Results and Discussion


2.1. X-ray Diffraction Characterization


Figure 1A shows the X-ray diffraction diagrams of V2O5/SBA-15 catalysts with different V2O5 loading (The obtained catalysts termed as nV/SBA-15 and nV/Zr-SBA-15 in tables and figures; sometimes, they are also written as n wt% V2O5/SBA-15 or nV2O5/Zr-SBA-15, where n indicates the V2O5 loading at weight percentage). For all the three catalysts, there was one wide and strong peak at 2θ between 16° and 30° which resulted from the amorphous silica phase, herein the SBA-15 support. For the 10 wt% V2O5/SBA-15, the weak XRD peaks appeared at 2θ of 15.2, 20.4, 26.8, 31.7, 32.3, and 34.5°, corresponding to the (200), (001), (101), (110), (301), (011) planes of V2O5 crystals with orthorhombic crystalline structure (Joint Committee on Powder Diffraction Standards (JCPDS) No. 19-387). XRD patterns indicate the high dispersion of vanadia nanoparticles in this sample. When the vanadia content increased, the peak intensity corresponding to V2O5 increased, and more peaks at 2θ of 41.0, 46.3, 47.3, 51.5, 56.0, 57.8, 62.0, and 67.3° appeared, corresponding to (310), (002), (600), (012), (412), (710), (711), and (413) planes of V2O5 crystals with orthorhombic crystalline structure (JCPDS No. 19-387). For the 30 wt% V2O5/SBA-15 catalyst, the diffraction peaks became sharper and stronger, indicating that the crystallite size of vanadia became larger. The lattice cell parameters of the orthorhombic V2O5 crystal are a = 11.51 Å, b = 3.56 Å, and c = 4.36 Å. The XRD patterns of V2O5/Zr-SBA-15 catalysts, Figure 1B, are very similar to that shown for the V2O5/SBA-15 samples. However, for the 30 wt% V2O5/Zr-SBA-15, two small peaks at 2θ of 26.0° and 29.6° appeared; they are assigned to the crystalline phase of tetragonal zirconia (t-ZrO2). A small amount of zirconium segregated from the SBA-15 solid, forming the t-ZrO2 phase during the reaction and calcination procedure.




2.2. Textural Properties―N2-Physisorption Isotherms


The textural properties of the support and vanadia loaded catalysts were measured by the N2 adsorption-desorption isotherm method. The pure SBA-15 solid, Figure 2a, showed features corresponding to type IV isotherms [55]. The hysteresis loop in the P/P0 range from 0.4 to 0.85 indicated N2 capillary condensation in mesopores. For the V2O5/SBA-15 samples, the shape of the hysteresis loop largely remained unchanged even after loading 30 wt% of V2O5, confirming that the pore structure of the parent material was preserved. However, the adsorbed volume diminished; therefore, the porosity was lost to some degree.



The Zr doped SBA-15 showed the N2 adsorption-desorption curve is very similar to that observed for the SBA-15 solid (Figure 2b). These results confirmed that the mesoporous structure of Zr-SBA-15 remained unchanged after zirconium doping. When V2O5 was deposited on the surface of SBA-15 or Zr-SBA-15, the pore volume dramatically decreased (Table 1).



For the V2O5/SBA-15 and V2O5/Zr-SBA-15 catalysts, vanadia deposition led to a decrease of surface area that was probably caused by the incorporation of V2O5 inside the mesopores. It is noteworthy that for the 30 wt% V2O5/SBA-15, the surface area significantly diminished to 114 m2/g and the average pore size increased to 17.5 nm. This should be related to the collapse of the walls between the adjacent pores at higher vanadium content after calcination. Three adjacent pores merged into a large pore with diameter approximately 16~18 nm. However, the pore collapse phenomenon was not observed for the 30 wt% V2O5/Zr-SBA-15 samples. Therefore, Zr doping SBA-15 improves the texture or structure stability of the catalysts.




2.3. Surface Acidity Measurement


The surface acidity of supports and catalysts was measured by using in situ pyridine adsorption FTIR technique. To eliminate the effect of any trace of physisorption of pyridine on the samples, all the IR spectra recorded at 100 °C under vacuum condition were used for the acid data calculation (not shown). Surface Lewis centers (terms L) were indicated by several characteristic IR bands at 1444 cm−1, 1595 cm−1, and 1603 cm−1; while the Brønsted acid centers were characterized by IR peak at around 1541 cm−1 (terms B) [33,56]. The band at around 1489 cm−1 was reported to the pyridine molecule associating with the neighboring L and B centers (noted as L+B) [33,56]. For the six catalysts, the density of Lewis acidity was much greater than the Brønsted acidity. The intensity of the IR band related to Lewis acidity gradually increased by increasing the vanadia content. Both SBA-15 and Zr-SBA-15 supports contained mainly Lewis acid centers. However, Zr-SBA-15 showed stronger IR bands than SBA-15, indicating that Zr doping created additional acid sites in the SBA-15 solid.



Table 2 shows the quantitative acid data. Zr doping led to an increment of the total acidity of pure SBA-15 by approximately 25%. Vanadium loading greatly affects the surface acidity of the catalysts. For instance, for V2O5/SBA-15 catalysts, relative to bare SBA-15, the total acidity increased by 37.9%, 54.8% and 75.5% as the vanadia content was increased from 10 wt% to 20 and 30 wt%, respectively. For the V2O5/Zr-SBA-15 catalysts, vanadia loading led to the total acidity increasing by 49.7% (for 10 wt% V2O5), 69.9% (for 20 wt% V2O5), and 100.7% (for 30 wt% V2O5) with respect to the Zr-SBA-15 support. Brønsted acidity decreases at increasing of vanadia loading in the V2O5/Zr-SBA-15 catalysts. Both vanadia loading and zirconium doping are chiefly responsible for the creation of new Lewis acid sites.




2.4. Morphological Features―SEM and TEM Observations


The V2O5/SBA-15 catalysts showed a fibrous chain-like morphology (Figure 3). The solids were composed of rods interconnected particles forming fibers. The length of these fibers was in tens of micrometers or greater and they interlaced together. For the sample with higher vanadia content, i.e., 30% V2O5/SBA-15, the fibers were relatively shorter, and they were obviously disordered in comparison with the other two samples. Similar morphologies were observed for the V2O5/Zr-SBA-15 catalysts (Figure 4).



Figure 5 shows the TEM images of various samples from which morphological features and vanadia particle size distributions on the support are observed. For the SBA-15 solid, Figure 5A, well ordered parallel channels are shown. Figure 5B shows the ordered mesopores with hexagonal arrangements for the Zr doped support. Figure 5C–F show the vanadia deposited catalysts where vanadia particles are well dispersed on the surface of supports. Some small particles are anchored into pore walls or inside mesopores. For the catalysts with higher vanadia loading, i.e., 30 wt% /Zr-SBA-15 (Figure 5F), vanadia particles with size approximately 10~20 nm gathered into agglomerates (50–100 nm) on the surface.




2.5. Surface Species Analysis―Raman Spectroscopy


Micro Raman spectroscopy is a sensitive technique for surface metal-oxygen bond characterization. Generally, the Raman band around 990 cm−1 corresponds to the stretching vibration of vanadyl V=O bonds and a number of such bonds in this region indicates the number of nonequivalent vanadyl bonds. In our catalysts, Figure 6, two bands at around 1033 and 992 cm−1 correspond to the symmetric stretching vibration of terminal oxygen (V=O) in vanadyl modes; these oxygen atoms are not shared by VO4 pyramids [57]. The appearance of these two bands in this region indicates the formation of the β-V2O5 phase, which differs from the only one band at approximately 996 cm−1 corresponding to the ν (d1) mode in the Raman spectrum of the α-V2O5 phase [57,58,59].



The bands at 699 and 406 cm−1 are attributed to the stretching vibration mode of V doubly coordinated oxygen (V2–O) in the shared corners [57]. The band at 699 cm−1 also indicates the presence of the α-V2O5 structure. The small band at around 530 cm−1 is assigned to triply coordinated oxygen atoms that link three VO4 pyramids (shared edges). The sharp band at 143 cm−1 corresponds to the rigid layer-like mode of the lattice vibrations of –O–V–O–V–O– in the crystalline structure of V2O5 and involved at least two basic units of V2O5. The intensity of this band was much stronger than all the other vibration modes, indicating the presence of V2O5 microcrystals [38]. The intensity of the Raman bands varying with the V2O5 loading indicates the formation of more polymeric V2O5 crystals. Raman spectroscopic characterization confirms that two phases (α-V2O5 and β-V2O5) coexisted and various surface vanadium oxygen bonds (V3–O, V2–O, V–O, and V=O) in the crystalline structure of α-V2O5 and β-V2O5 phases were present on the surface of catalysts.




2.6. Catalytic Properties―Dibenzothiophene Oxidation and Removal


2.6.1. Effect of H2O2/DBT Molar Ratio (R)


The effect of the R value on the oxidation of DBT was evaluated at a condition based on our previous experience (reaction temperature: 50 °C; catalyst dosage: 1 g/L oil; reaction time: 60 min; volume ratio of oil to acetonitrile 1:1). Figure 7 shows the results of DBT oxidative removal over 20 wt% V2O5/Zr-SBA-15 at R values varying from 2 to 5, 10 and 15. Only one oxygen atom in each H2O2 molecule participates in the oxidation of the sulfur atom in DBT and the other O atom joins into water molecule as by-product. When the R value was 2, that is the theoretical stoichiometric value for the DBT complete oxidation, the DBT conversion was lower than 65% after 60 min of reaction. As the R value increased to 5, the DBT conversion was enhanced to 87.5%. The ODS activity significantly increased to 98.6% at R = 10. For R = 15, the catalyst showed DBT conversion greater than 99%, slightly better than that achieved with R of 10. Theoretically, when R value was 2, hydrogen peroxide should provide sufficient oxygen to convert all the DBT into sulfone. However, the actual experiments showed that a stoichiometric hydrogen peroxide was not enough for the complete desulfurization, presumably because of the fact that some active oxygen is located at an unfavorable position for DBT oxidation and they did not participate in the ODS reaction. For the other catalysts, the best ODS results were also obtained at R value 10. In our following experiments, R value was fixed at 10.




2.6.2. Effect of Reaction Temperature


The DBT oxidation was explored at 40, 60, 80, and 100 °C but keeping in the other parameters the same as that reported above (R = 10, catalyst dosage: 1 g/L oil; reaction time: 60 min, volume ratio of oil to acetonitrile 1:1). The results are shown in Figure 8.



At a lower reaction temperature, i.e., 40 °C, DBT conversion varied between 61.6 and 84.5% on different catalysts. When the temperature increased to 60 °C, the DBT oxidation was significantly increased, near completion for both sets of catalysts, except for the 10% V2O5/SBA-15 where DBT conversion was 94.3%. At 80 °C, the DBT oxidation was slightly decreased for the catalysts with 10 and 20 wt% vanadia. At 100 °C, the DBT conversion was dramatically diminished to less than 88.6%. At lower temperature (40 °C), the interaction of the catalyst with H2O2 and DBT molecules was relatively weak, the catalysts were not activated enough for sulfur oxidation, and thus they exhibited lower catalytic activity. Therefore, complete oxidation of DBT was impossible at 40 °C. At high temperature, i.e., 100 °C, H2O2 was unstable and part of it decomposed into water and molecular oxygen which decreased the concentration of active oxygen species on the catalyst surface; this is absolutely unfavorable to the DBT oxidation. It is noted that acetonitrile was evaporated at around 82 °C and thus extracting agent was under reflection condition, which disfavors the extraction of the formed sulfone. At 60~80 °C, the highest DBT conversion was obtained. This was probably due to the appropriate interaction of the oxidant with the catalyst that accelerated the formation of peroxometallic species and enhanced the DBT oxidation efficiency. According to our results, the best DBT removal efficiency can be achieved at the reaction temperature between 60 °C and 80 °C.




2.6.3. Effect of Reaction Time and Vanadia Loading


It is noteworthy that the DBT oxidation reaction under the present experimental condition was very rapid. In the first 10 min of reaction, more than 70.0% and 82.4% of DBT were oxidized on the V2O5/SBA-15 and V2O5/Zr-SBA-15 catalysts, respectively (Figure 9). After 30~40 min of the reaction, greater than 95.0% of DBT were removed and the DBT conversion remained almost constant in the following treatment. This is probably related to the rapid generation of surface reactive oxygen species. When H2O2 and catalysts were added into the reaction system, peroxyoxide and superoxide species were rapidly generated on the active sites of the catalyst in the initial stage of the reaction.



The DBT conversion increased by increasing the vanadia loading, showing an increasing order as:


10% V2O5/SBA-15 < 20% V2O5/SBA-15 < 30% V2O5/SBA-15



(1)






10% V2O5/Zr-SBA-15 < 20% V2O5/Zr-SBA-15 < 30% V2O5/Zr-SBA-15



(2)







This is because that the catalysts with higher V2O5 content present a greater number of active sites and higher surface density of Lewis acid sites, and thus they are more active for DBT oxidation. Considering the cost of catalyst, we did not prepare catalysts with vanadia content greater than 30 wt%. In comparison with MoO3/SBA-15 [33], CoMo/SBA-15 [34], and WO3/SBA-15 [37], and FeOx/Zr-SBA-15 [56], the V2O5/SBA-15 and V2O5/Zr-SBA-15 are the most active catalysts for DBT oxidation under the similar reaction condition.




2.6.4. Catalyst Reusability Tests


Figure 10 shows the catalytic activity of 30% V2O5/Zr-SBA-15 catalyst evaluated by repeating 8 runs under the optimal reaction condition (60 °C, catalyst concentration 1 g/L oil, R = 10, and reaction time 60 min). At the end of each experiment, the catalyst was filtered and dried, and then used for the next test. We found that the 30% V2O5/Zr-SBA-15 catalyst showed almost the same DBT conversion for the first two recycles, higher than 98.1%. For the reaction that runs from the third to sixth, the catalytic activity slightly diminished by evidenced the DBT conversion decrease by 4–5%.



For further searching for the reasons of the catalytic activity diminishing, we particularly designed two additional tests for the 30% V2O5/Zr-SBA-15 catalyst after 6 times of recycling: (i) adding a little bit of fresh catalyst in order to remain the catalyst mass the same as used in the first test (terms reaction run No. 7); and (ii) the reused catalyst was washed with methanol and calcined in air at 400 °C and then a little bit of fresh catalyst was added in order to remain the catalyst mass the same as used in the first test (terms reaction run No. 8). Results showed in run No. 7 that the 30% V2O5/Zr-SBA-15 catalyst recovered 98% of the initial activity without calcination. After calcination, the 30% V2O5/Zr-SBA-15 catalyst achieved almost the same activity as the fresh one. These results confirmed that the slight diminishing of the catalyst activity resulted from the catalyst mass loss due to the filtration operation and the washing procedure as well as by partial coverage of the active sites by the adsorbed DBT. Moreover, if V leaching took place, some active sites permanently disappear. However, in our experiment No. 8, the catalytic activity reached the same level obtained in reaction run No. 1. This result indicates that V leaching may not occur during the 6 successive reaction cycles.






3. Discussion


3.1. Roles of Ultrasound and Surfactant in the Synthesis


In the absence of the ultrasound, the hydrothermal synthesis of SBA-15 and Zr-SBA-15 took approximately 48–72 h. In the present work, when the ultrasound was applied, the synthesis time shortened to 24 h. This is because ultrasound could nebulize solutions into fine mixtures and accelerate chemical reactions. Furthermore, the ultrasound favored dispersing nanoparticles and colloids in the reaction mixture and thus benefits the reduction of crystal size of the solid [60,61,62]. Ultrasound also significantly reduces the mass transfer limitation between phases in heterogeneous systems by excellent dispersion. The acoustic waves with frequencies higher than 20 kHz (40 kHz in the presence work) interacted with reaction species, disrupted the weak noncovalent interactions, or disintegrated the aggregated particles. All these factors resulted in a smaller particle size.



In the impregnation of the vanadium precursor on the SBA-15 and Zr-SBA-15 supports, a proper amount (depending of the volume of the suspended mixture, 1 g was added in the present experiment) of Surfacpol 9030-S was used to lower the surface tension of the mixture of the vanadium precursor. Surfacpol 9030-S addition prevented vanadia agglomeration and avoid large particles formation on the support surface.




3.2. Influence of Surface Peroxometallic Species


Raman characterization showed that both β-V2O5 and α-V2O5 phases were formed on the surface of the catalysts. The structure of β-V2O5 has layers (on the y-z plane) of edge and corner shared VO6 octahedra which is twice as thick as the layer of the α-V2O5 phase along a-axis. The polyhedral layers in β-V2O5 form a key-lock geometry where polyhedral units in one layer are just above the voids in the next layer [58,59]. This gives rise to formation of more O–O, V–O and V=O between the polyhedral layers in β-V2O5 as compared to that in α-V2O5. In the ODS reaction, the double V=O bonds are stretching out and therefore they were easily attacked by oxidant H2O2 to form peroxometallic V–O–O–H species [63].



The DBT conversion increased on increasing of vanadia content in the catalysts (see Figure 9). Two possible reasons may be responsible for the enhancement of DBT conversion along with the vanadia content: (i) V5+ ions are the centers of Lewis acidity because they have unoccupied 3d orbitals in the electron configuration, which may also serve as electron acceptors for DBT adsorption. In fact, XPS characterization confirmed that some V4+ ions are formed in the catalysts [38,40]. V4+ ions formation indicated that oxygen defects are created as neighbors of V5+ ions for charge balance. Therefore, oxygen defects are one of the origins of Lewis acid sites; (ii) V5+ ions are the sites for the formation of peroxometallic complexes resulting from the interaction between hydrogen peroxide and unoccupied 3d electron orbitals of V5+. Compared with pure H2O2, the peroxometallic complexes V5+–O–O–H were more stable and more effective for the ODS reaction; because the V–O–O–H bond is unsymmetrical, and the electron density in the O–O bond of V–O–O–H species is unbalanced, thus the dissymmetry O−O bond has strong polarization [64,65,66]. V–O–O–H species may further transfer to the peroxovanadium complexes V–O–O–V by releasing one water molecule (Scheme 1). The electrons were withdrawn from the peroxyl moiety and increased the electrophilic character of the peroxidic oxygens, favoring the oxygen atom transfer to the S atom in the DBT molecule.




3.3. Correlation of Lewis Acidity with DBT Conversion


The in situ pyridine adsorption of FTIR measurements confirmed that V2O5/SBA-15 and V2O5/Zr-SBA-15 catalysts contained many Lewis acid sites. The DBT molecule has one S atom which has two isolated electron pairs; and therefore, DBT possesses a Lewis base character as electron donor. Lewis acid sites in the catalyst surface can serve as electron acceptors for DBT adsorption. In the initial stage of the ODS procedure, DBT molecule preferentially adsorbed on Lewis acid sites via denoting its electron pairs in sulfur atom to Lewis acid sites.



DBT conversion against the amount of Lewis acidity is plotted in Figure 11. It demonstrates that DBT conversion achieved with the V2O5/SBA-15 or V2O5/Zr-SBA-15 catalysts at 40 °C (Figure 11a) and at 60 °C (Figure 11b) were almost proportional to the amount of Lewis acidity. Therefore, increasing Lewis acid sites by loading transition metal oxides or creating more crystalline structural defects in the heterogeneous catalysts is an effective route to enhance DBT oxidation activity.



It is noted that V2O5/SBA-15 and V2O5/Zr-SBA-15 catalysts also present some B acid sites; however, the value of B/L ratio is very small, ranging between 0.006 and 0.04. Although we cannot rule out the possibility of the B acidity participation in the DBT oxidation, its effect is less important in the present work.




3.4. Effects of Zirconium Modification


The replacement of Si4+ by Zr4+ in the framework of SBA-15 was confirmed by the FTIR characterization (See the Supplementary Materials Figure S1), where one band at 965 cm−1 in the V2O5/SBA-15 catalysts was observed; it was assigned to the formation of the Si–O–H bond in the SBA-15 structure. This band shifts its position from 965 cm−1 in the FTIR spectra of V2O5/SBA-15 to 975–980 cm−1 for the V2O5/Zr-SBA-15 catalysts, indicating that H+ in the Si-O-H species in SBA-15 was replaced by Zr4+ to form the Si-O-Zr bond [67,68].



Because Zr4+ has the same positive charge as Si4+ but with larger size (Zr4+ radius is 84 pm and Si4+ radius is 44 pm), when Zr4+ ions were inserted into the SBA-15 framework to replace some Si4+ or occupy the lattice vacancies, the Si–O–Zr bond was formed. This replacement could result in distortion or deformation of the tetrahedral environment of Zr–O–Si in the Zr-SBA-15 due to the charge unbalance and the lattice cell volume modification, generating new acid sites.



In comparison with SBA-15, Zr-doped SBA-15 has higher textural stability and enhanced surface acidity. As seen in Table 2, all the V2O5/Zr-SBA-15 catalysts showed a larger amount of Lewis acid sites than that of V2O5/SBA-15 catalysts. These results clearly evidenced that Zr4+ ions promoted the formation of additional acid sites.



It is observed that a small amount of t-ZrO2 was segregated from the 30 wt% V2O5/Zr-SBA-15 catalyst, which probably results from the replacement of Zr4+ by V5+ because the segregation was not observed in the Zr-SBA-15 sample. Zr4+ ionic radius is 84 pm which is almost double of Si4+ ionic radius (44 pm). However, the V5+ radius is 59 pm which is similar to that of Si4+. The replacement of Zr4+ ion by V5+ may decrease the tension force in SBA-15 framework and the degree of structure deformation.




3.5. ODS Mechanism


It is reported that W=O and Mo=O can be transferred into W–O–O and Mo–O–O surface preoxometallic oxygen species with H2O2 oxidation; these served as active oxygen species for sulfur oxidation in the ODS reactions [69,70]. On the basis of the above results and discussion, we proposed reaction mechanisms of DBT oxidation and removal in Scheme 1, Scheme 2 and Scheme 3. For the catalyst with low vanadia loading, for instance, 10 wt% V2O5, where the vanadia crystallite size is small and some isolated small V2O5 crystals or clusters may be highly dispersed on the surface of the catalysts. In the ODS reaction mixture, H2O2 was first coordinated with V=O to form V5+–O–O–H and finally to the peroxovanadium complex (VO2 species) by releasing one H2O molecule (Scheme 1).



For the ODS reaction, the DBT molecule is preferentially adsorbed on L acid sites via denoting its electron pairs in the sulfur atom to L acid sites. In an ideal case, peroxovanadium species connected on the surface of the catalysts where DBT was adsorbed in Lewis sites as neighbors, so the oxygen atom in the peroxovanadium complex species (VO2) transferring to DBT became relatively easier, forming a dibenzosulfoxide intermediate. As the reaction proceeds further, peroxometallic species react with the dibenzosulfoxide again to transfer another oxygen atom, finally producing a sulfone molecule (Scheme 2, Pathway I).



The vanadia concentration and dispersion strongly affects the ODS activity [40]. For the catalyst with moderate vanadia loading, herein 20–30 wt% V2O5, where distance between vanadia crystals may be short due to the higher concentration of surface vanadia nanoparticles. Therefore, two neighboring vanadia nanocrystals may simultaneously participate in the oxidation of the same DBT molecule. This may benefit the DBT oxidation with higher efficiency and more rapid via the Pathway II as described in Scheme 3. In these catalysts, DBT oxidation may proceed via the Pathway I and the Pathway II simultaneously, promoting the rapid and complete ODS reaction. This explains the high catalytic activity of the 30 wt% V2O5/SBA-15 and 30 wt% V2O5/Zr-SBA-15 catalysts. A too-high vanadia loading may lead to poor dispersion and a larger crystallite size that are unfavorable to the enhancement of DBT adsorption and oxidation [38,40]. On the basis of previous experimental experience, we did not investigate the catalyst activity with vanadia content greater than 30 wt%.



It is noted that an adsorption competition between DBT and hydrogen peroxide oxidant may occur on the same site, herein V5+ ions, because both DBT and hydrogen peroxide possess electron‒rich or Lewis base character. This adsorption competition accelerated the oxygen transfer from the oxidant to DBT and benefited the enhancement of ODS efficiency.



In our designed ODS reaction system, the ODS operation combines the oxidation of DBT and the extraction of resultant products by acetontrile. DBT oxidation and sulfone separation can be simultaneously performed in a one-pot operation unit, making it practical and attractive for clean fuels production.





4. Materials and Methods


4.1. Synthesis of SBA-15, Zr-SBA-15, V2O5/SBA-15, and V2O5/Zr-SBA-15


SBA-15 and Zr-SBA-15 supports were prepared by an ultrasound-assisted hydrothermal method. Tetraethylorthosilicate (TEOS) was used as Si precursor, zirconium butoxide (IV) (80 wt% solution in 1-butanol, Sigma, St.Louis, MO, USA) was used as Zr starting chemical, and triblock copolymer P123 was used as structural linker. For the synthesis of Zr-SBA-15, the Si/Zr molar ratio was set at 10, which corresponds to a Zr content 12.60 wt% in Zr-SBA-15 solid. In the synthesis procedure, the ultrasound-assisted hydrothermal method with an ultrasonic generator (Brasonic 5510R-DTH at 42 kHz frequency, Marshall Scientific, Boston, MA, USA) was applied. The obtained solids were calcined under flow air at 550 °C for 6 h. The experimental details for SBA-15 and Zr-SBA-15 synthesis can be seen in references [34,54].



The vanadia dispersed on SBA-15 or Zr-SBA-15 catalysts were prepared by the wet impregnation method. First, 5 g of SBA-15 or Zr-SBA-15 solid were impregnated with 150 mL aqueous solution containing a calculated amount of ammonium metavanadate (NH4VO3, 99%, Sigma-Aldrich, Toluca, Mexico) in order to obtain the vanadia load of 10, 20, and 30 wt% in the final catalysts. 1 g Surfacpol 9030-S (70%, Mexico City, Mexico) was added in order to lower the surface tension of the solution. The suspended mixture was heated at 95 °C in a rotary evaporator. After water was evaporated, the solid powders were dried at 110 °C for 12 h and then calcined at 500 °C for 6 h in air flow. The obtained solids termed as nV/SBA-15 and nV/Zr-SBA-15 catalysts (sometimes, they are also written as nV2O5/SBA-15 or nV2O5/Zr-SBA-15) where n indicates the V2O5 weight percentage.




4.2. Crystalline Characterization


XRD patterns of V/SBA-15 and V/Zr-SBA-15 catalysts were obtained with an X-ray diffractometer (Siemens D500, Munich, Germany) using Cu Kα radiation (λ = 1.5405 Å). Textural properties of support and catalysts were measured by the N2 adsorption-desorption isotherms method, which was performed on a Nova 4000 Series instrument (Quantahrome Instruments, Boynton Beach, FL, USA). Scanning electron microscopy (SEM) (Quanta 3D FEG Microscope with Brand FEI, Tokyo, Japan) was used to observe the morphological features of the support and the catalysts. For close observation of crystallite size and the dispersion of vanadia on the support, high resolution transmission electron microscopy (TEM) was applied (JEM-ARM200CF model, JEOL, Tokyo, Japan). The surface species of the catalysts were investigated by the Raman spectroscopic technique (LabRAM HR800 model, HORIBA, France) with a 532 nm line laser excitation and a 3D filter. The Raman spectra were recorded in the wavenumber range between 100 cm−1 and 1200 cm−1. The surface acidity of the support and catalysts was measured with in situ Fourier transform infrared (FTIR) spectroscopy of pyridine adsorption technique on a FTIR spectrometer (Perkin-Elmer Model 170-SX, Waltham, MA, USA). The IR spectra were recorded at different temperatures ranging from 25 to 400 °C. The IR absorption band at approximately 1450 cm−1 was used to monitor the Lewis acidity; and the IR band at around 1540 cm−1 was used to calculate the Brønsted acidity. The extinction coefficients EB = 1.0086 mmol/cm2 for Brønsted acid sites and EL = 0.9374 mmol/cm2 for Lewis acid sites were used for the acidity calculation.




4.3. Catalytic Activity Evaluation


The ODS reaction of a model diesel consisting of n-hexadecane and 300 ppm of DBT was carried out in a glass reactor. In a typical test, the glass reactor contained 50 mL of the model fuel and 50 mL of acetonitrile (Fermont, 99.8%, Monterrey, Canada). In some experiments, in order to reduce the operation cost, 30 mL model fuel and 30 mL of solvent were used. Hydrogen peroxide (Sigma-Aldrich, 30 vol% H2O2 in water, St. Louis, MO, USA) as oxidant was added into the reaction system at different H2O2/DBT molar ratios varying from 2 to 15; the catalyst was added at a concentration of 1 g/L of oil. Thus, the ODS operation system was a three-phase mixture of a nonpolar phase (liquid oil), a polar phase (liquid acetonitrile/H2O2), and a solid (catalyst). The reaction temperature varied between 40 and 100 °C under stirring with an electromagnetic rod. The reaction time was controlled for 60 min. Each time, 10 μL reaction mixture were taken at 10 min of reaction and it was diluted with 5 mL ethyl alcohol. Then they were filtered with a 0.45 μL organic filter membrane for the separation of the catalyst particles. Finally, the UV-vis spectra of the diluted solution sample were recorded with an ultraviolet-visible (UV-vis) spectrometer. The catalytic activity of the catalysts was demonstrated as DBT conversion.





5. Conclusions


Several important conclusions have been drawn from this work:




	
The ultrasound-assisted hydrothermal method and surfactant addition in the synthesis of both, the SBA-15 and Zr-SBA-15 supports and the vanadia loaded catalysts, could shorten the synthesis time from 72 h to 24 h and prevented the formation of vanadia with large agglomerates on the surface of the support.



	
Zr addition in the synthesis procedure of SBA-15 formed the Zr-O-Si bond and significantly improved the stability of textural properties and created more Lewis acid sites on the catalysts.



	
All the V2O5/SBA-15 and V2O5/Zr-SBA-15 catalysts presented a large amount of Lewis acid sites. The DBT oxidation was found to be a Lewis acidity sensitive reaction where DBT molecule preferentially adsorbed on the Lewis sites of the catalyst via denoting its isolated electron pairs to Lewis acid centers. Creating more Lewis acidity in a catalyst by structural or/and surface modifications is an effective route to improve the efficiency of DBT oxidation.



	
Under the optimal reaction condition (Reaction temperature: 60 °C, reaction time 40 min, catalyst concentration: 1 g/L oil; H2O2/DBT mole ratio = 10), the best catalyst 30 wt% V2O5/Zr-SBA-15 could remove more than 99% DBT from the model diesel.



	
A mechanism involving DBT adsorption on Lewis acid sites, formation of peroxometallic complexes such as V–O–O–H, oxygen atom transfer between peroxovanadium complexes and adsorbed DBT, generation of sulfone in the interface and separation from the oil phase by polar extraction, was proposed for the ODS reaction. In the case of low vanada loading (V2O5 ≤ 10 wt%), ODS may occur through Pathway I; in the catalysts with moderate vanadia content (V2O5 = 20–30 wt%), ODS may proceed via Pathway II and Pathway I.



	
The designed reaction system consisting of a green oxidant (H2O2), a mesoporous catalyst carrying on predominant Lewis acidity (V2O5/Zr-SBA-15), and a polar solvent (acetonitrile) was designed for simultaneous oxidation and separation of DBT in one-pot operation unit, which is quite attractive and practical for the production of ultralow sulfur fuel.
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Figure 1. XRD spectra of catalysts (A) SBA-15 and V2O5/SBA-15; (B) Zr-SBA-15 and V2O5/Zr-SBA-15. 
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Figure 2. Features of nitrogen adsorption-desorption isotherms. (a) SBA-15 and V2O5/SBA-15; (b) Zr-SBA-15 and V2O5/Zr-SBA-15. 
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Figure 3. SEM images of V2O5/SBA-15. (A) 10V/SBA-15; (B) 20V/SBA-15; (C) 30V/SBA-15. 
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Figure 4. SEM images of V2O5/Zr-SBA-15. (A) 10V/Zr-SBA-15; (B) 20V/Zr-SBA-15; (C) 30V/Zr-SBA-15. 
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Figure 5. TEM micrographs. (A) BA-15; (B) Zr-SBA-15; (C) 30 V/SBA-15; (D) 10V/SBA-15; (E) 10 V/Zr-SBA-15; (F) 30V/Zr-SBA-15. 
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Figure 6. Raman spectra. (a) V2O5/SBA-15; (b) V2O5/Zr-SBA-15. 
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Figure 7. Effect of H2O2/dibenzothiophene (DBT) molar ratio on the 20 wt% V2O5/Zr-SBA-15. Reaction conditions: catalyst loading: 1 g/L oil; reaction temperature: 50 °C; reaction time: 60 min; oil/acetonitrile volume ratio: 1:1. 
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Figure 8. DBT removal at different reaction temperatures. Reaction condition: catalyst loading: 1 g/L oil; H2O2/DBT molar ratio: 10; reaction time: 60 min; oil/acetonitrile volume ratio: 1:1. (a) 10V/SBA-15; (b) 20V/SBA-15; (c) 30V/SBA-15; (d) 10V/Zr-SBA-15; (e) 20V/Zr-SBA-15; (f) 30V/Zr-SBA-15. 
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Figure 9. Effect of reaction time and vanadia loading. Reaction conditions: catalyst loading: 1 g/L oil; reaction temperature: 60 °C; H2O2/DBT molar ratio: 10; reaction time: 60 min; oil/acetonitrile volume ratio: 1:1. (a) V2O5/SBA-15; (b) V2O5/Zr-SBA-15. 
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Figure 10. Reusability test of the 30 wt% V2O5/Zr-SBA-15 catalyst. Reaction condition: catalyst loading: 1 g/L oil; H2O2/DBT molar ratio: 10; reaction temperature: 60 °C; reaction time: 60 min; oil/acetonitrile volume ratio: 1:1. The test No. 7 was carried out by adding a small amount fresh catalyst in order to remain the catalyst mass the same amount as used for the first run. The test No. 8 was performed using the calcined catalyst obtained after reaction run No. 6 by adding a small amount of fresh catalyst in order to keep the catalyst mass the same as was used for the first reaction run. 
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Figure 11. DBT conversion as a function of Lewis acidity of the catalysts. (A) DBT conversion data were obtained at 40 °C after 60 min of reaction and the Lewis acidity data were obtained at 100 °C. (B) DBT conversion data were obtained at 60 °C after 20 min of reaction and the Lewis acidity data were obtained at 100 °C. 
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Scheme 1. A mechanism of preoxovandium complex formation. 
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Scheme 2. DBT oxidation via Pathway I on the catalyst with low vanadia loading. 
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Scheme 3. DBT oxidation via Pathway II on the catalyst with moderate vanadia loading. 
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Table 1. Porosity and pore wall thickness of the SBA-15, Zr-SBA-15, V2O5/SBA-15, and V2O5/Zr-SBA-15 catalysts.
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	Sample
	SA

(m2/g)
	Dp

(nm)
	Vp

(cm3/g)
	W(nm)





	SBA-15
	873
	5.2
	0.93
	4.8



	10V/SBA-15
	509
	5.1
	0.59
	4.9



	20V/SBA-15
	415
	5.6
	0.58
	4.4



	30V/SBA-15
	114
	17.5
	0.41
	4.3



	Zr-SBA-15
	910
	5.7
	1.39
	4.4



	10V/Zr-SBA-15
	580
	5.8
	0.95
	4.3



	20V/Zr-SBA-15
	412
	5.8
	0.72
	4.3



	30V/Zr-SBA-15
	341
	6.8
	0.70
	4.4







SA: surface area obtained from the Brunauer-Emmett-Teller (BET) model; Vp: pore volume; Dp: average pore diameter; W: pore wall thickness (W = a0 − DBJH) where a0 is lattice cell parameter and DBJH is pore diameter obtained from the Barrett-Joyner-Halenda (BJH) model of N2 adsorption isotherm.
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Table 2. Surface acidity data of SBA-15, Zr-SBA-15, V2O5/SBA-15, and V2O5/Zr-SBA-15 catalysts.
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	Sample
	Brønsted

(µmoles/g)
	Lewis

(µmoles/g)
	Total Acidity

(µmoles/g)





	SBA-15
	46
	851
	897



	10V/SBA-15
	39
	1198
	1237



	20V/SBA-15
	73
	1314
	1387



	30V/SBA-15
	61
	1513
	1574



	Zr-SBA-15
	62
	1057
	1119



	10V/Zr-SBA-15
	73
	1602
	1675



	20V/Zr-SBA-15
	17
	1884
	1901



	30V/Zr-SBA-15
	14
	2232
	2246
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