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Abstract

:

NiMo catalysts supported on mesoporous MCM-41 type materials shaped with binder were tested for activity in the hydrodesulfurization of 4,6-dimethyldibenzothiophene (4,6-DMDBT) and the diesel fuel fraction (0.92 wt% of sulfur). The aim of the investigation was to evaluate the effect of ion exchange with protons of Al- or Ti-substituted MCM-41 mesoporous supports. The subjected catalytic systems were NiMo/HAlMCM-41 and NiMo/HTiMCM-41, and for comparison purposes NiMo/AlMCM-41 and NiMo/TiMCM-41. The samples were characterized by N2 sorption (at 77 K), XRD, TEM, XPS, SEM and Py–IR. It was found that the functionalization of AlMCM-41 and TiMCM-41 with protons increased the conversion of 4,6-DMDBT and the pseudo-first-order rate constant. Correspondingly, 4,6-DMDBT HDS reactions over the NiMo/HTiMCM-41 catalyst proceeded to a similar extent via hydrogenation and direct desulfurization, whereas over the NiMo/HAlMCM-41 they proceeded mainly via direct desulfurization. Furthermore, the ion-exchanged catalysts displayed two-fold higher efficiency in direct desulfurization than their non-modified counterparts. The NiMo/HTiMCM-41 catalyst exhibited the highest catalytic efficiency in the HDS of 4,6-DMDBT and the diesel oil fraction. The high activity of the NiMo/HTiMCM-41 catalyst is mainly attributed to its appropriate acidity, as well as the metal–support interaction providing both the high dispersion of the active phase and the desirable multilayered stacking morphology of the active phase slabs.
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1. Introduction


Environmental concerns have imposed stricter regulations on vehicle fuels in order to limit harmful emissions like SOx and NOx from exhaust gases. The petroleum industry is currently facing the problem of not only manufacturing clean, high-quality fuels but also producing them from increasingly heavy raw materials. It is well known that a significant part of the reserves of today’s extracted crude oil consists of heavy oil fractions with high sulfur, nitrogen, polyaromatic, and metal contents [1]. In order to meet the increasing global motor fuels demand, it has become mandatory to make better use of heavy crude oil fractions like vacuum residues, by hydrocracking them into lighter, useful fractions. At the same time, the still-growing global demand for liquid engine fuels and the depletion of fossil fuel reserves has led to increasing attention on the liquefaction of alternative raw materials, such as waste tire pyrolysis into high-quality fuels requiring the removal of harmful sulfur compounds [2]. Therefore, over the years, the interest keeps growing for an effective hydrotreating catalyst, mainly for the hydrodesulfurization (HDS) of these heavy fractions. The limit for the clean fuel specifications with respect to the sulfur content is set to lower than 10 ppm level [3,4,5,6]. Although today’s HDS technology is effective and able to provide this level of desulfurization, it is often considered to be high-priced. The process of the hydrodesulfurization of heavy fractions (where the concentration of sulfur compounds is the highest) is realized in two stages. In the first one, the amount of sulfur is removed to a level of 300–500 ppm; this process is relatively easy [7]. Further desulfurization is more difficult because it concerns the compounds in which the access to sulfur is more difficult for steric reasons (e.g., 4,6-dimethyldibenzothiophene, 4,6-DMDBT). The elimination of sulfur from such molecules requires more drastic conditions of the process, which are related to increasing costs. Thus, the HDS technology is known to be financially tasking in terms of its operational conditions, which require a resistant solid catalyst as well as high temperature (up to 400 °C) and hydrogen gas pressure conditions (up to 100 atm) [6,8].



Therefore, cheaper but efficient HDS technologies are continuously required. It seems that the effective solution would be the discovery of an advanced HDS catalyst showing high activity in hydrodesulfurization reactions. The hydrodesulfurization of 4,6-DMDBT goes via three pathways: hydrogenation (HYD), direct desulfurization (DDS), and the acidic method, mainly isomerization (ISOM) followed by DDS (Figure 1).



The acidic route was observed for catalysts such as zeolites, which presented Brønsted acid sites at their surface. It has been reported that the Brønsted acid sites can facilitate the formation of coordinatively unsaturated sites (CUS) and further prompt the DDS route through the cracking of C–S bond in sulfides for the HDS reaction [9]. The increase of the acidic function of the catalyst improves its performance because it catalyzes the skeletal rearrangement of the alkyl substituent in the 4,6-DMDBT molecule, which reduces the steric hindrance, allowing the easier access of the sulfur to the catalyst’s active site [10].



The industrial HDS process employs catalysts composed of Mo or W species promoted by metals with vacant d orbitals such as Ni (3d8) or Co (3d7) deposited on alumina. The active phase of these catalysts is the so-called Co(Ni)-Mo(W)-S species, where the active sites are CUS located at the edges of the Mo(W)S2 slabs. Many studies have shown that the activity and selectivity of the catalysts are correlated not only to the reducibility, size and arrangement of the active phase but also are significantly influenced by the acidic properties of the carriers, especially Brønsted acidity [11,12]. Moreover, many studies have tried to improve the performance of hydrotreating catalysts by doping the alumina support with acidic agents, such as fluorine, boron, phosphorus, and zeolites [13,14]. The catalytic performance of the conventional HDS catalysts can be modified by replacing the alumina with other materials, leading to an important improvement of the HDS activity. In the past few years, much consideration has been given to the application of mesoporous materials such as MCM-41 as supports for the hydrotreating of catalysts [15,16,17,18,19,20]. The potential advantages of the use of mesoporous materials are their high surface area, uniform pore size, and the possibility of the modification of their surface properties, i.e., the acidity via framework substitution of Al. The results of HDS studies involving MCM-41 supported catalysts reported in the literature mainly refer to the desulphurization of dibenzothiophene (DBT) over catalysts prepared using AlMCM-41. It has been also found that the incorporation of Ti into MCM-41 and HMS increases the catalytic activity in the DBT HDS reaction [16,19]. It has been revealed that the initial DBT HDS activity of the NiMoW/TiSBA-16 catalyst prepared by the sol-gel method doubled that of a commercial NiMo/γ-Al2O3, which was linked with its better textural properties, acidity and adequate active phase dispersion [11]. In a study of Nava et al. [21], it was demonstrated that CoMo/TiSBA-15 showed a higher catalytic activity than their Ti-free counterparts, due to the enhancement of the DDS route in this reaction. The differences observed in the catalyst performance were attributed to the structure and specific electronic properties of the supported active phases, due to a higher Lewis acidity than the Ti-free samples. Cao et al. [9] found that the HDS of the DBT efficiency can be significantly improved by the incorporation of Al and Ti atoms into NiMo/Al-Ti-SBA-16 catalysts through the enhancement of the acidity and properties of the active metals. It has been reported that the Brønsted acid sites can facilitate the formation of S-edge sites, which further facilitate the DDS selectivity. The recent investigation of Huirache-Acuña et al. [16] showed the influence of Ti substitution in ternary sulfided NiMoW/Ti-HMS mesoporous catalysts on the DBT HDS performance. Ti-incorporation improved the catalytic efficiency by up to 2.4 times relative to the non-Ti-modified catalyst and to an industrial catalyst. The authors ascribed the high activity of Ti-doped catalysts to the differences observed in the stacking, length and dispersion of the active phase, which strongly enhanced the catalytic activity and sulfur removal via the HYD route. The ion-exchange of mesoporous materials is an effective way to improve the surface acidity due to the protons’ immobilization. Nevertheless, the influence of the functionalization with surface protons of the MCM-41 sieves has been studied only in the case of proton-exchanged siliceous [22,23] or alumina siliceous materials [24] in HDS reactions, but never the titanium ones. However, protonated titanium materials, such as titanate nanotubes, have been shown to be active materials in acidic catalysis [25,26]. The literature data show that great progress has been made in the synthesis of catalysts for the HDS process; however, the design of the catalyst’s composition still remains a challenge to achieve the optimum activity, feasibility and economic profitability. It seems that combining the advantages of the incorporation of Al and Ti species into MCM-41 support and ion exchange should be an effective way to improve the HDS efficiency.



The aim of this study is to ascertain how the modification of the MCM-41 sieves with Al or Ti substitution and proton incorporation affects the features and activity of NiMo catalytic systems. To the best of the authors’ knowledge, no paper considering that effect in the case of MCM-41 supports has been published so far. In addition, most of the works refer to the supports in powder form. This investigation concerns the characterization and catalytic activity of NiMo catalyst-supported MCM-41 materials extruded with a binder (here γ-Al2O3). This allows us to follow the properties of the catalysts, which are similar to the commercial catalysts, i.e., they are shaped with a binder. Studies on mesoporous materials do not take into account that aspect. Thus, it would be of interest to compare the activity of NiMo/HAlMCM-41 and NiMo/HTiMCM-41 in the HDS of the most refractory sulfur compounds, such as 4,6-DMDBT and the diesel fuel fraction originating from fluid catalytic cracking with a 0.92 wt% sulfur concentration.




2. Results and Discussion


2.1. Characterization of Supports and Catalysts


The low-temperature N2 adsorption–desorption isotherms are plotted in Figure 2, and the texture parameters are itemized in Table 1. According to the IUPAC classification, the HTiMCM-41 and HAlMCM-41 materials present isotherms of type IV (Figure 2A,B), showing a sharp inflection at a relative pressure of around p/p0 = 0.3–0.4, which is characteristic of well-ordered mesoporous sieves [27]. However, the second inflexion and hysteresis of type H3 can be observed for the samples above the relative pressure of 0.45, which is attributed to the capillary condensation of nitrogen within the interparticles, macropores, and/or some impurity phases (e.g., aluminium or titanium species which have not been substituted in the structure of the material). Evidence for the presence of a highly ordered hexagonal structure in the HAlMCM-41 and HTiMCM-41 samples is provided by TEM micrographs and XRD patterns, as shown in Figure 2 (as an insertion). It should be noted that the extrusion with a binder followed by impregnation resulted in a decrease of the nitrogen uptake step, indicating the limitation of the mesopore volume in NiMo/HAlMCM-41 and NiMo/HTiMCM-41 catalysts. Isotherms of both catalysts should be ascribed to IV curves; however, the step gradually becomes flat upon shaping with a binder followed by Ni and Mo oxides. Moreover, the incorporation of the NiMo phase and shaping with a binder significantly decreased the textural parameters of the catalysts, pointing to the location of significant NiMo sites inside the mesopores (Table 1). The XRD pattern of the NiMo/HTiMCM-41 sample (Figure 2B) confirms a well-ordered structure, but the diffractogram of the NiMo/HAlMCM-41 (Figure 2A) catalyst is not so conclusive as for the parent material. It suggests that the framework structure is partly disordered under the influence of the catalyst preparation procedure.



The results revealed that the incorporation of Ti and Al into MCM-41, its extrusion with a binder, and incipient wetness impregnation cause the partial deterioration of the mesoporous structure, which is more significant in the case of the HAlMCM-41-containing sample.




2.2. Acidity by Py–IR


The Py–IR spectra with the adsorbed pyridine for all of the samples examined are shown in Figure 3. These spectra show the presence of protonated pyridine ions (PyH+) on the Brønsted acid sites (at about 1545 and 1640 cm−1), and coordinated pyridine adducts (PyL) on the Lewis acid sites (at about 1620 and 1450–1445 cm−1) [28]. The peak at 1490 cm−1 is assigned to the pyridine adsorbed on both the Brønsted and Lewis acid sites [29]. The bands at 1440 cm−1 clearly observed in the H-TiMCM-41 series could correspond to Py interacting with Lewis sites of low strength, or alternatively could originate from physically adsorbed pyridine [30].



Table 2 lists the concentration of the acid sites of each catalyst quantitatively calculated from the Py–IR spectra obtained after pyridine desorption at 130 °C. In general, in comparison with the nominal Al and Ti concentrations, all of the samples were characterized by a low number of Brønsted and Lewis acid sites due to the smaller share of Al and Ti atoms exposed on the external surface in comparison to those hidden in the mesopore walls. In fact, the Brønsted acidity value for the H-AlMCM-41 sample is similar to those reported elsewhere for HAlMCM-41 materials [31]. Moreover, protonated HAlMCM-41 shows a lower amount of both Lewis and Brønsted acid sites compared to those of HTiMCM-41, and it is in agreement with the work of Araújo et al. [32]. Therefore, it can be concluded that the Ti atoms are located more favorably than the Al atoms on the surface of the mesopore walls, giving rise to their higher accessibility to Py and reagent molecules. The dispersion of the active phase (NiO and MoO3) and its reduction can also be positively influenced by more exposed Ti atoms. In the case of the HAlMCM-41 sample, the Lewis acid sites can originate from extra-framework Al species (EFAL) present in the form of Al3+, AlO+, Al(OH)2+, Al(OH)2+ or charged AlxOyn+ clusters within the sample, where they are represented as AlaObHcn+ [33]. The Brønsted acid sites are the bridging hydroxyl Si-(OH)-Al groups between the tetrahedral aluminum and silicon atoms (FAL) [32]. Such Si-(OH)-Al sites are, however, characterized by a lower strength than that of bridging hydroxyls in zeolitic materials [34]. The formation of Lewis acid sites is also more pronounced in mesoporous aluminosilicates (or titanosilicates), because the extraction of Al (or Ti) atoms from the mesoporous matrix is easier than that from their crystalline counterparts, i.e., zeolites. Furthermore, the presence of some residual ions affects the acidity of the Al- and Ti-substituted and protonated MCM-41 samples. With the HAlMCM-41 sample, there is a possible interaction of the surface residue sulfuric ions (which come from the Al precursor, i.e., Al2(SO4)3  ×  18 H2O) with Si–OH and Al–OH, leading also to the formation of extra-framework Al species [33]. In the case of the HTiMCM-41 sample, the Lewis acidity is generated by coordinatively unsaturated and saturated titanium ions, possibly derived from titanium with four (monopodal and tripodal modes), five, or six coordination numbers (extra-framework TiO2 or the hydration of Ti4+ ions) [32,35]. The Brønsted acidity in TiMCM-41 is created by the formation of acidic titanols and silanols [12]. Whereas the protonation effect of TiMCM-41 on the acidity was not explored in the literature, other Ti-containing materials, such as titanate nanotubes, were widely investigated in this regard. The results indicate that ion-exchanged sites in the interlayer spaces of the titanate nanotubes do not display a function of Brønsted acid sites, but those on the surface of the titanate nanotubes play the role of proton donors [36]. The inducing of Brønsted acidity in the protonated titanate nanotubes is explained by some of the structural factors [37]. In line with the works of [36,38,39,40], the acid sites in the H+-exchanged titanate nanotube were generated by the hydroxyl groups on the scrolled titanate nanosheets. Although the acid strength of H+-exchanged titanate is weak, the hydroxyl groups pointing towards the center of the nanotube may lead to a strong electric field that behaves as a strong acid site. The distortion in the rolled-up sheets of protonated titanate may also increase the acidity of the hydroxyl groups due to its high strain energy [41]. Taking into account the shape of TiMCM-41 mesopores, i.e., cylindrical tubes, it can be assumed that the same geometrical factor plays a role in creating the Brønsted acidity in protonated HTiMCM-41, but this requires further detailed research. In line with the A260/A0 values (Table 2), the strength of the Lewis acid sites also changes upon shaping with a binder and the deposition of the active phase (NiO and MoO3); however, while in HAlMCM-41 the increase of the strength of the Lewis sites is observed, in the HTiMCM-41 series the average strength declines.



The acidity measurements have also revealed that shaping with a binder and the deposition of the active phase (NiO and MoO3) on HAlMCM-41 and HTiMCM-41 supports has a substantial influence on the final acidity of the catalysts. The preparation of NiMo/HAlMCM-41 leads to a significant increase in the total acidity. The concentration of Brønsted centers increases approximately two-fold in comparison to the neat HAlMCM-41 sample, whereas the concentration of the Lewis centers for the NiMo/HAlMCM-41 material increases by about 65%. In the case of the HTiMCM-41-containing sample, the opposite phenomenon is observed, and the acidity diminution is noticed over the NiMo/HTiMCM-41 catalyst relative to the HTiMCM-41 support. The NiMo/HTiMCM-41 catalyst preparation may bring an approximately two-fold decrease in the quantity of Brønsted acid sites, while the amount of Lewis sites dropped less significantly, as compared with HTiMCM-41. The increase in the Lewis acid site concentration (NiMo/HAlMCM-41) or the preservation of this electron-acceptor function (NiMo/AlMCM-41, NiMo/HTiMCM-41, and NiMo/TiMCM-41), besides undoubtedly covering the mesopore surface with the metal phase (Table 1), can be ascribed to the presence of highly exposed unsaturated Ni and Mo cations. Still, the accessibility of the electron-acceptor species is ruled by the different acidic properties of the HAlMCM-41 and HTiMCM-41 supports [42].



It was also found here that the impregnation of oxides onto the HTiMCM-41 and the shaping procedure reduces the strength of electron-accepting centers and proton centers. Despite the contrary trend in the behavior of the impregnated materials, it is observed that NiMo/HTiMCM-41 displays a slightly higher value of the total acidity, with a higher strength relative to NiMo/HAlMCM-41. The Py thermodesorption data followed the trend of the altered position of the PyL band, originally located at 1446 cm−1 and 1454 cm−1 in HAlMCM-41 and HTiMCM-41, respectively. The subsequent modifications lead to the enhancement of the strength of Lewis sites for HAlMCM-41, as manifested by the upshift of the PyL band to 1448 cm−1, whereas the drop of strength was observed in the HTiMCM-41 series; the PyL band shifts to lower frequencies (1450 cm−1). This dropping of the number of the Lewis sites accessible for Py and originating from Ti species (represented by the 1454 cm−1 PyL band) can be indicative of the preferential location of the NiO and MoO3 phases on Ti sites.



In order to explain the differences in the acidity of NiMo/HAlMCM-41 and NiMo/HTiMCM-41, one may consider many factors influencing their final surface properties. In general, the deposition of metal oxide clusters into the acidic supports induces two opposite effects. Firstly, the introduced metal cationic species could cover some of the acidic sites originating from the support, bringing the decrease of both types of acid sites. Secondly, the new Lewis and Brønsted acid sites may also be created as a result of interactions between the metal precursor and the support during the impregnation procedure, i.e., due to the metal−support interactions (MSI). An important aspect that should be also addressed in the acidity discussion concerns the effect of the introduction of an additional catalyst component, i.e., a binder.



It is evident that the incorporation of the oxide phases of Ni, Mo and the binder into the HAlMCM-41 material generates a significant increase in the number of acid sites. The electron-deficient species from active-phase components may serve as a kind of newly created Lewis acid site, which recompenses the primary Lewis acidity originating from the parent HAlMCM-41 and being overlapped during impregnation [43,44]. The relatively high Lewis acid site concentrations in the NiMo/HAlMCM-41 can be also ascribed to the presence of the alumina binder (γ-Al2O3). As noticed, the NiMo/HAlMCM-41 contains more Brønsted acid sites than the initial HAlMCM-41. This created acidity is attributed to newly formed acid sites as a result of the chemical reactions between HAlMCM-41 and the binder. It is possible that the incorporation of the alumina binder not only accounts for the increase in the Lewis acidity but also contributes to the formation of Brønsted sites. Through the calcination of the drawpieces, pseudoboehmite (all Al in a six-fold coordination) is converted to γ-Al2O3 (Al in six-, four- and five-fold coordination), releasing water that in turn promotes the mobility of aluminum species [45].



Over the NiMo/HTiMCM-41 catalyst, a drop of acidity should be attributed to an increasing role of the covering phenomenon of some of the existing acid centers by active-phase precursors and the binder. Indeed, the enrichment of the MCM-4 surface with Ti atoms (Table 1) was postulated to facilitate the dispersion of the oxide phase. It cannot, however, be excluded that some interaction between Ni and Mo accounts for the formation of some new acid sites. It has also been corroborated that MoOx additives generate Brønsted acidity on titania surfaces [46,47].



Furthermore, it is worth noting the differences in both the number and strength of Brøntsed and Lewis sites between ion-exchanged catalysts, and that these were not functionalized with protons. It was found that ion exchange leads to only a slight increase in the Brønsted acid sites’ number in Al-containing samples (compare NiMo/HAlMCM-41 and NiMo/AlMCM-41). Meanwhile, in the case of Ti-modified samples, unexpectedly, the improvement is much more pronounced (compare NiMo/HTiMCM-41 and NiMo/TiMCM-41). Nevertheless, these findings are in agreement with those observed for neat HAlMCM-41 and HTiMCM-41 materials, showing a significant Brønsted acidity in HTiMCM-41. The results revealed also that an ion exchange decreases the strength of the acid sites of both types (A260/A0).



To sum up, it is essential to highlight the significance of the nature of the support for the acidity given that, although the catalysts comprise the same active phases (NiMo) and binder, their acidity is considerably different. It was found that through the ion exchange of the Ti-modified MCM-41 support, an NiMo/HTiMCM-41 catalyst with acidic characteristics superior to those of NiMo/HAlMCM-41 is achieved.




2.3. XPS


An appropriate way to monitor the interaction of NiMo species with the support surface consists in studying the materials by XPS. Two representative XPS spectra recorded on the NiMo/HAlMCM-41 and NiMo/HTiMCM-41-reduced samples (at 450 °C) are shown in Figure 4. The binding energy (BE) data obtained after the deconvolution of the main peak for molybdenum-containing species are presented in Table 3.



As illustrated in Figure 4(Aa), the XPS spectrum of the NiMo/HAlMCM-41-reduced sample presents signals centered on BE values of 854.4 eV and 857.7 eV, which are assigned to the spin-orbit splitting of Ni 2p3/2 of Ni2+ species. The first band can be attributed to Ni species with weak MSI, whereas the second one can be assigned to Ni species with stronger interactions with the support [48]. The Ni oxide species that may be present on the surface of the NiMo catalysts supported over alumina and silica-alumina carriers (i.e., the most-used supports for NiMo catalysts), as a consequence of the calcination process, correspond to NiO, Ni2O3, Ni(OH)2, NiMoO4 (a product of the reaction of Ni with MoO3), NiAl2O4 spinel (a product of the reaction of Ni with Al2O3) and NiSiO3 (a product of the reaction of Ni with SiO2).



As such, the signal at ca. 854.4 eV is attributed to Ni2+ in an octahedral coordination of NiObulk [49]. That type of NiObulk with no interaction (or a weak interaction) with the support is termed a ‘free state NiO’. The presence of stoichiometric NiO at a BE of ca. 854.4 eV, which is slightly lower than the 855.0 eV characteristic for pure NiO, suggests a weak interaction with the support in NiMo/HAlMCM-41. The peak at around 857.7 eV corresponds to the Ni species interacting with the support. In line with the observations of Fang et al. [50], that band can be linked to very small crystallites of NiO located on the framework wall of the MCM-41 mesostructure, i.e., NiOsurface (in his work, the Ni/AlMCM-41 catalyst was investigated, and the peak was observed around 357.2 eV). This signal also nearly corresponds to the BE value reported for NiSiO3 species (ca. 857.5 eV) in a Ni/SiO2 catalyst [51]. The BE at ca. 857.7 eV can be also associated with the presence of Ni2O3 over the NiMo/HAlMCM-41 surface [52]. In addition, based on references [53,54,55], the signal at a higher BE (ca. 857 eV) can be assigned to NiMoO4 or NiAl2O4 species. All of the values of BE for the Ni species mentioned above are close to each other, and this suggests that these nickel species, i.e., Ni2+ and Ni3+, may coexist on the surface of the NiMo catalyst. Nevertheless, the presence of only small peaks below 857.7 eV along with the position of the strong shake-up satellite peaks, centered approximately at 862.8 and 866.3 eV, prove that a small amount of the NiO phase is present on the surface of the catalyst, and the Ni2+ species may consist of NiAl2O4, NiSiO3 and NiMoO4 [56,57].



As can be observed in Figure 4(Ab), in the Ni 2p3/2 XPS spectrum of the reduced NiMo/HTiMCM-41 catalyst, a subpeak is positioned at around 854.9 eV, and the main signal is at about 856.8 eV. Therefore, a significant shift in BE is observed for NiMo/HTiMCM-41 compared to the NiMo/HAlMCM-41 sample. For the reduced NiMo/HTiMCM-41 catalyst, apart from the discussed peaks, the small peak at 852.9 eV corresponding to the Ni0 species appears [58]. These results are in good agreement with earlier reports on the better susceptibility to the reduction of Ni species deposited over Ti-modified materials relative to Al-modified ones [59].



The XPS patterns of Mo3d in the range of 225–245 eV are displayed in Figure 4B. The XPS spectrum of the reduced NiMo/HAlMCM-41 catalyst (Figure 4(Ba)) is characterized by two well-resolved contributions at BEs of 233.7 and 237.1 eV, which can be assigned to the Mo 3d5/2 and Mo 3d3/2 spin-orbit components of Mo (VI), respectively [60]. Meanwhile, the spectrum of the reduced NiMo/HTiMCM-41 sample in the Mo 3d region shows the presence of spectral lines at 234.7 and 237.3 eV (Figure 4(Bb)). In both cases, the values of BE are somewhat higher than those usually observed at for stoichiometric MoO3 (232.9 and 236.1 eV) [61], suggesting some interactions of molybdenum species with the support surface. The less-intense signals for the Mo 3d5/2−Mo 3d3/2 doublet (i.e., BE at 230.8 and 234.1 eV, and at 231.5 and 234.1 eV for the NiMo/HAlMCM-41 and NiMo/HTiMCM-41 samples, respectively) are linked with the presence of Mo (IV) [62].



Let us to compare the position of the peaks in the XPS spectra for the catalysts tested (Table 3). One may note that, for the HTiMCM-41 based samples, the BE are shifted to higher values compared to those based on HAlMCM-41 counterparts. It is commonly accepted that the strength of the interaction between molybdenum species and the support is reflected by the BE value, i.e., a stronger Mo−support interaction provides a higher BE. It could be concluded that the Mo−support interaction over HTiMCM-41 is stronger than that over HAlMCM-41. This result points to an increase in the strength of MSI in the NiMo/HTiMCM-41 sample compared to the NiMo/HAlMCM-41. The observations reported here are consistent with those published by Méndez et al. [63]. They demonstrated stronger metal–support interactions in NiMo/TiMCM-41 catalysts than in NiMo/AlMCM-41. Nevertheless, the absolute value of the chemical shift in BE varies in a number of articles because of differences in the molybdenum concentration, type of support, Mo loading procedure, Mo precursor, and spectra calibration. The changing values of the BE of the Mo(VI) ions might also reflect the presence of molybdenum particles of different sizes and forms, and the shifts toward higher BE are indications of the increasing dispersion of Mo species [64].



The strong MSI interactions affect the final properties of the NiMo catalyst in two opposite ways. On the one hand, the strong MSI may result from the formation of inactive species such as NiAl2O4 or Al2(MoO4)3 [65]. Therefore, it could be expected that the replacement of Al atoms with Ti atoms in the MCM-41 framework can efficiently prevent the formation of strong Mo–O–Al and Ni–O–Al linkages. On the other hand, such strong MSI may provide a better dispersion of the active phase, ensuring its homogeneous distribution [66]. Molybdenum was observed to disperse on the titania support in a stable configuration that resists segregation and sintering [67,68]. These results are in agreement with observations on SEM micrographs (Figure 5) which revealed the homogenous dispersion of the Mo phase over a Ti-modified support, and the presence of Mo agglomerates over the HAlMCM-41 material. All of these findings indicate that the chemical modification of the MCM-41 material by the substitution of Al for Ti is beneficial for an increase in the proportion of octahedral Mo6+ species which are well distributed over the surface of the NiMo catalyst.



It is also worth discussing the low degree of sample reduction. Because the sample reduction procedure prior to XPS measurements involved only a 30 min run under a H2 flow, the effect of the Ni and Mo species’ reducibility is insignificant. With a NiMo/HTiMCM-411 H2-treated catalyst, the results reveal that the peak area of the Ni0 signal is much smaller than the signals of other Ni-containing species, indicating that only a small fraction of the nickel oxide is reduced. Furthermore, the Mo species are reduced only to a small extent. It should be noted that not only the temperature but also the time affects the reducibility of the NiMo phase. Choi et al. [69] found that after the reduction of MoO3 at atmospheric pressure and at 500 °C for 3 h, approximately 75% of the total molybdenum was present as Mo4+. Nevertheless, it is evident that the NiMo/HTiMCM-41 sample is more susceptible to reduction than the NiMo/HAlMCM-41 catalyst. To summarize, in this study, the stronger interaction between the Mo species and the HTiMCM-41 support favors the good distribution and activation of the active phase components. The NiMo/HTiMCM-41 catalyst showed interesting catalytic performance, as shown below.




2.4. SEM


The images captured by SEM for the NiMo/HAlMCM-41 and NiMo/HTiMCM-41 catalysts are presented in Figure 5 and Figure 6. The SEM observations (Figure 5) showed the uniformity of the Al and Ti distribution across the surface of the NiMo/HAlMCM-41 and NiMo/HTiMCM-41 catalysts, respectively. As shown by these micrographs, the Ni distribution over NiMo/HTiMCM-41 is slightly more uniform compared to NiMo/HAlMCM-41. The dispersion of Mo over the investigated supports presented even more interesting results. The comparison of the dot mappings for Mo makes it clear that, in the case of NiMo/HAlMCM-41 (Figure 5a), molybdenum is aggregated on the support surface, whereas it is uniformly dispersed on the surface of the NiMo/HTiMCM-41 catalyst (Figure 5b). Thus, it can be concluded that Ti-modification prevents the Mo agglomeration on the catalyst’s surface. The coverage of the HTiMCM-41 support with molybdenum is better than HAlMCM-41 because of its stronger MSI. These findings are in line with the XPS results, showing an enhancement of the metal–support interaction in the NiMo/HTiMCM-41 catalyst relative to NiMo/HAlMCM-41.



SEM analyses of the surface morphology by observation of the cylindrical extrudates were carried out on two planes: on the external surface and on the internal plane (i.e., after cracking the drawpiece in half). The SEM images in Figure 6 reveal pronounced differences in the morphology of the catalysts, especially on the external surface of the drawpieces. The SEM image of the surface for the NiMo/HAlMCM-41 catalyst appears to be composed of regular crystallites of various sizes, directed to the surface of the extrudates at different angles (Figure 6a). The crystalline phase occurs as a unique flat-sheet morphology of Mo species, and its density is relatively high. Few agglomerates of Mo have been detected on the internal surface of the NiMo/HAlMCM-41 catalyst. As for NiMo/HTiMCM-41, no crystalline phase of MoO3 is visible on the external plane (Figure 6b). Only some aggregates of the Mo (fairly dispersed and spread over the layer of the exposed support plane) have been found in this sample. Compared to the NiMo/HAlMCM-41 catalyst, the Mo agglomerates on the surface of the NiMo/HTiMCM-41 are smaller in size. The internal surface of the NiMo/HTiMCM-41 sample is well covered by molybdenum species.




2.5. Catalytic Performance


In order to ascertain the effect of the above features on the HDS activity, hydrodesulfurization experiments on the 4,6-DMDBT and diesel fuel fraction were performed. Figure 7 depicts the relation between the conversion and the contact time (tc) for the HDS 4,6-DMDBT reaction, and the plots of ln(1/1 − x) against tc. The results clearly illustrate that the type of support exerts a noticeable influence on the catalytic properties (Figure 7a). In general, a Ti-modified catalyst presents significantly higher HDS activity than the catalyst supported on Al-doped MCM-41. For example, the conversion of 4,6-DMDBT changes with increasing tc from about 48 to 94% for NiMo/HTiMCM-41, and only from 40 to 88% for NiMo/HAlMCM-41 (Figure 7a); the highest differences are noted within 0.21–0.31 s.



The results show that the 4,6-DMDBT conversion distinctly depends on the modification of the MCM-41 surface with protons. This effect is especially notable over the Al-containing MCM-41 supports. The conversion of 4,6-DMDBT changes with increasing tc from about 46 to 88% for NiMo/HAlMCM-41, but only from 18 to 75% for NiMo/AlMCM-41 (Figure 7a). The hydrodesulfurization reaction was found to be pseudo-first-order with respect to 4,6-DMDBT over all of the catalysts investigated (Figure 7b). The rate constant value calculated for the HTiMCM-41-based catalyst is 1.3-fold higher than for HAlMCM-41 (Table 4). It is worth noticing that the modification with H+ of the support’s surface yields the catalysts (NiMo/HTiMCM-41 and NiMo/HAlMCM-41), which show higher rate constant values by 1.1 and 1.5-fold compared to their non-ion-exchanged counterparts (NiMo/TiMCM-41 and NiMo/AlMCM-41), respectively.



Summing up, these results show that the incorporation of Ti into the MCM-41 framework (even in the case of a non-proton functionalized catalyst) increases the activity of the NiMo catalysts compared to their Ti-free counterparts. Among all of the catalysts tested, NiMo/HTiMCM-41 displays the highest activity, which was ascribed to important features such as its acidity, active phase dispersion, morphology, and susceptibility to reduction. The incorporation of Ti into the support provides a stronger MSI, allowing an improved dispersion of the Ni and especially Mo oxides (see the SEM images in Figure 5b). In general terms, the high activity of the HDS catalyst may be attributed to the Ni-Mo-S active sites in the so-called Type II morphology that are present after the sulfidation step in NiMo/HTiMCM-41 [70]. The multilayer Ni-Mo-S particles are usually regarded as Type II active phase, which are considered to be more active than the low degree of stacking Type I phase. The Type I morphology of the Ni-Mo-S clusters is characteristic for γ-Al2O3 supported catalysts. It is highly probable that in the NiMo/HTiMCM-41 catalyst, the designed preparation procedure, i.e., the introduction of Ti and ion exchange, allows the increase of its reducibility and further sulfidation, improving the formation of multilayer Ni-Mo-S Type II active species. Besides this, the incorporation of Ti can promote the activation of NiMo species, which could be clarified by the fact that, in NiMo/HTiMCM-41, the formation of strong Mo–O–Al and Ni–O–Al linkages is prevented effectively. Therefore, the lower activity of NiMo/HAlMCM-41 (compared to NiMo/HTiMCM-41) can be associated with MSI in an HAlMCM-41-supported catalyst, leading to the formation of Al2(MoO4)3 and a nickel-distorted spinel-like structure. The presence of such structures makes the reduction and sulfidation of Ni and Mo species more difficult, and consequently diminishes the catalyst activity. These results are in agreement with the XPS results, showing a better reducibility of Mo in NiMo/HTiMCM-41 relative to the NiMo/HAlMCM-41 sample. Therefore, it can be concluded that the incorporation of Ti and ion exchange is beneficial for the HDS activity of the NiMo/HTiMCM-41 catalyst. This is due to an improvement in the dispersion of the active MoS2 phase, and in the proportion of Mo oxide species which are capable of being activated properly.



Table 4 shows the product distribution at the highest conversion achieved on each of the catalysts, whereas Figure 8 presents the product distributions along with the full range of tc for both NiMo catalysts supported over ion-exchanged materials.



Figure 1 presents the main products of the HDS of the 4,6-DMDBT molecule, with all of the sulfur-containing compounds on the top horizontal line and the final hydrocarbon products on the bottom line. The analysis of the reaction pathways was made considering 3-(3′methylcyclohexyl)-toluene (MCHT) and 4,6-dimethyltetrahydrodibenzothiophene (4,6-DMTHDBT) as HYD pathway products, 3,3′-dimethylbiphenyl (3,3′-DMBPh) as a DDS product, and 3,4′-dimethylbiphenyl (3,4′-DMBPh) and 3,6-dimethyldibenzothiophene (3,6-DMDBT) as the ISOM products. The course of the HDS of the 4,6-DMDBT reaction through one of the possible paths depends on the nature of the bond between the 4,6-DMDBT molecule and the active site. The HYD path is recognized to occur by the formation of the π-bond between the aromatic rings of 4,6-DMDBT and the active site, on which the π electrons of the aromatic rings adsorb. Thus, the saturation of the aromatic rings takes priority over the C–S bond cleavage. The DDS route goes by forming the σ-bond between the electron pair of the S atom of the thiophenic ring and the active site, followed by the C–S bond cleavage without the hydrogenation of the aromatic rings. Nevertheless, the formation of the σ-bond between 4,6-DMDBT is faced with the steric hindrance formed by the alkyl group near the S atom, especially over the conventional sulfide catalysts. Therefore, after the adsorption of 4,6-DMDBT on the catalyst’s surface, a π-bond is predominantly formed, rather than a σ-bond. Hence, the HDS runs mostly through the HYD pathway, rather than the DDS. Many efforts have been made to modify the properties of the HDS catalyst in order to direct the HDS reaction to one of the paths. The selectivity of HDS has a key impact on the product quality because the HYD pathway provides an aromatics-free fraction, as well as on H2 consumption, because the less H2-consuming DDS pathway is cost effective.



Regarding the product distribution over NiMo/HAlMCM-41 (Figure 8a), the main desulfurized product obtained with this catalyst is 3,3′-DMBPh, which shows that the DDS pathway is the predominant HDS reaction route. The NiMo/HAlMCM-41 catalyst unexpectedly shows a high hydrogenolysis ability in HDS of 4,6-DMDBT (the DDS rate with this catalyst was twice as large as that obtained with the NiMo/HTiMCM-41 catalyst). This is in opposite to the privilege of the 4,6-DMDBT molecule for the HYD pathway described above, which is attributed to the hindered action of methyl groups at the positions of 4 and 6, strongly blocking the DDS pathway. However, Esquivel et al. [10] tested NiW/AlSBA15 for 4,6-DMDBT HDS reactions, and reported enhanced activity in the DDS pathway using this support.



From the product distribution plots (Figure 8b) for the NiMo/HTiMCM-41 catalyst, it can be seen that the yield of both 3,3′-DMBPh and MCHT is comparable over the entire range of tc, and that it increases with increasing tc. Hence, none of the pathways are the preferred route for the HDS of and 4,6-DMDBT over a HTiMCM-41 supported catalyst. This is contrary to the study by Ganiyu et al. [71] on NiMo/TiSBA-15, which observed that the DDS was the preferred route for the HDS of 4,6-DMDBT. In his work, the HDS rate for DDS was enhanced by the addition of Ti, while the HDS rate for the HYD route remained almost constant. In turn, in the recent work of Morales-Ortuño et al. [72], it was revealed that NiMo catalysts supported on TiSBA-15 and TiSBA-16 desulfurized 4,6-DMDBT principally via the HYD path. It was also reported that the enhanced Mo/TiO2 catalyst activity enabled a slight increase in the DDS while significantly enhancing the HYD reaction [73].



Considering the HYD/DDS ratio, i.e., the measure of catalyst selectivity (at tc of 0.62 s), the catalysts can be ordered as follows: NiMo/HAlMCM-41 (0.21) < NiMo/HTiMCM-41 (1.04). This indicates that the Ti-containing catalyst displays a higher hydrogenation capability. This finding is confirmed by the product yield curves shown in Figure 8, where it can be seen that 3,3′-DMBPh is the predominant product for all 4,6-DMDBT conversions for NiMo/HAlMCM-41, whereas over NiMo/HTiMCM-41 the equimolar 3,3′-DMBPh and MCHT product mixture is obtained. Therefore, the results show that the incorporation of Al or Ti into the MCM-41 support, in addition to ion exchange, strongly influences the selectivity of the catalysts for HDS of 4,6-DMDBT.



The NiMo/HAlMCM-41 catalyst shows a relatively high activity together with a significantly lower HYD/DDS ratio than the NiMo/HTiMCM-41 catalyst. This is an interesting finding, because the majority of the catalysts (especially supported over Al-containing materials, e.g., the commercial NiMo/γ-Al2O3) which are active for the HDS of 4,6-DMDBT have a high HYD ability. The high HYD selectivity of the catalyst is correlated with the active species morphology, mainly the stacking degree of the MoS2 phase. It is generally considered that the HYD rate increases with the increasing degree of stacking, which is attributed to the less restricted planar geometry of the adsorption of the reactants on MoS2 multilayer crystallites [74]. It has been shown that a high activity for HDS 4,6-DMDBT is usually obtained over a catalyst with well-dispersed short (3–4 nm) MoS2 clusters formed by 2–3 layers. The reduction in the degree of stacking of MoS2 particles usually resulted in an improvement of the selectivity towards the DDS path and a decrease in the overall catalytic activity of the HDS of alkyl-substituted refractory dibenzothiophenes. Therefore, it can be concluded that, in the case of NiMo/HAlMCM-41, the MSI provides the MoS2 active species with a low degree of stacking.



In this study, it was found for the first time that the NiMo/HTiMCM-41 system is an effective catalyst displaying high selectivity in HYD, and at the same time in the DDS reaction. The strong interaction between the active species and support in the NiMo/HTiMCM-41 catalyst accounts for a high dispersion, and as a consequence, contributes to the formation of structures which are able to catalyze the HYD reaction. Therefore, the increase in the HYD activity when NiMo/HTiMCM-41 is used may be associated with its increase in the degree of stacking of MoS2 particles, because this favors the adsorption of 4,6-DMDBT via the π-bond. The acidic properties of the HTiMCM-41 support can also influence the hydrogenation ability of this catalyst. The high activity along with sustained high HYD activity may be due to the modification of the dispersion and electronic state of the active NiMoS species by the acid centers from the HTiMCM-41 support. Investigating the activity of NiMo/ZSM-5 + SBA-16 [75], Zhou and co-workers inferred that the HDS of DBT mainly proceeds via an HYD route that benefits from the enhanced Brønsted acidity. On the other hand, Shi et al. [76] found that in the NiMo/USNiY catalyst, the dispersion of the metal atoms increases with an increasing concentration of Lewis acid sites, and as a consequence the NiMo/USNiY favors the HYD pathway selectivity in the HDS of 4,6-DMDBT. The other mechanism of HYD over acid sites is based on the spillover hydrogen phenomenon. The study of Lecrenay et al. [77] reported that the addition of an HY zeolite with well-controlled acidity into the CoMo/Al2O3-HY catalyst provides HYD activity and makes the catalyst more coke resistant. The authors explain the HYD reaction improvement over a CoMo/Al2O3-HY catalyst in terms of the H-spillover attacking the reaction intermediate formed on some strong acid sites. Hence, the presence of relatively strong Brønsted acid sites and their high concentration in the NiMo/HTiMCM-41 sample may also contribute to the enhancement of its HYD performance.



It is worth noticing that the favorable effect of surface protons introduced in the DDS reaction is evident. Hence, the yield of 3,3′-DMBPh obtained with both NiMo/HAlMCM-41 and NiMo/HTiMCM-41 catalysts at the highest 4,6-DMDBT conversion is almost 2-fold larger than that obtained with its non-ion-exchanged counterparts (Table 4). This should be attributed to an increasing role of the acid sites generated over the surface of ion-exchanged catalysts in the DDS reaction. The acid sites catalyze C–S bond cleavage in the DDS route because they may act as a co-catalyst by providing a proton for facile S-atom removal from the thiophenic ring [78,79]. Hence, the following elimination step of the S2− ions of the active species (acting as basic sites) is easier. The protons located on the sulfur atoms can be relocated to the support surface in order to regenerate the acid sites. This is what also seems to explain the activity of NiMo/HAlMCM-41 and NiMo/HTiMCM-41 in the DDS pathway.



It is worth mentioning that the expected enhancement of the isomerization activity over NiMo/HTiMCM-41 (displaying the highest Brønsted acidity) is not achieved. From among all of the catalysts examined, the NiMo/HAlMCM-41 is the only one showing a significant activity in the isomerization reaction. Even despite the two-fold lower Brønsted acidity than the NiMo/HTiMCM-41 catalyst, the NiMo/HAlMCM-41 brings up to 7 mol % of 3,4′-DMBPh (Figure 8a). Only a small amount of 3,6-DMDBT (which is the intermediate product in the isomerization) is observed on NiMo/HTiMCM-41 (Figure 8b). Therefore, the isomerization activity order between NiMo/HTiMCM-41 and NiMo/HAlMCM-41 cannot be explained only by the trends in the acid sites’ concentration; it also involves their strength. The isomerization catalytic activity–acidity correlation observed in this study for the NiMo/HAlMCM-41 catalyst indicates that the isomerization activity is provided by acid sites with moderate strength.



In order to validate the activity of the NiMo catalysts supported on functionalized MCM-41 materials, a diesel fuel fraction with a sulfur content of 0.92 wt% was used as the HDS feed oil (Figure 9). With the temperature applied, the HDS activity of the catalysts increases as follows: NiMo/AlMCM-41 < NiMo/HAlMCM-41 < NiMo/TiMCM-41 < NiMo/HTiMCM-41 (Figure 9a). The activity findings obtained for the HDS tests of diesel fuel are also reflected in the color of the products obtained after hydrotreating (Figure 9b). At 360 °C, the HDS efficiency obtained over the NiMo/HTiMCM-41 catalyst is about 10% higher than that over the NiMo/TiMCM-41 catalyst, and about 14% higher than that in the presence of the NiMo/HAlMCM-41 catalyst. Therefore, in this regard, the real feedstock HDS tests corroborate the results on a model 4,6-DMDBT molecule and the highest activity of NiMo/HTiMCM-41 catalyst. According to a series of HDS tests, it was also found that the influence of the HDS temperature on the sulfur level in the products depends on the catalyst composition. The temperature exerts the highest influence on HDS efficiency when the catalyst is supported over HAlMCM-41 material.



The catalytic performance evidences that there is some deviation from the results obtained in the transformation of 4,6-DMDBT. The tendency in promoting the effect of ion exchange on the HDS efficiency is contrary to that obtained in the conversion of the 4,6-DMDBT molecule. More specifically, in the case of Al-containing samples (compare NiMo/AlMCM-41 and NiMo/HAlMCM-41), the ion exchange is concomitant with a slightly greater difference in HDS activity than in the case of Ti-containing ones (compare NiMo/TiMCM-41 and NiMo/HTiMCM-41). This difference in the activities of the catalysts observed in the HDS of the diesel oil fraction and 4,6-DMDBT might be related to the difference in the nature of the feedstocks, and some differences in the activation procedure.





3. Materials and Methods


3.1. Materials


The MCM-41 was synthesized using sodium silicate (SiO2  ×  NaOH, 27% SiO2 in 14% NaOH, Sigma-Aldrich, St. Louis, MO, USA) as a silicon precursor, cetyltrimethylammonium chloride (CH3(CH2)15N(CH3)3Cl, Aldrich) and sulphuric acid (Sigma-Aldrich, 95%). Metal cations were introduced from aluminum(III) sulfate (Al2(SO4)3  ×  18H2O, POCh) and titanium(IV) isopropoxide (Ti(O4C12H28), Honeywell-Fluka, Charlotte, NC, USA). The support extrusion was conducted using aluminium oxyhydroxide as a binder (PURAL KR1, Sasol GmBH; boehmite, SBET = 304 m2 g−1) and 3% nitric acid(V) (HNO3, Avantor S.A. Radnor, PA, USA) as a peptising agent. Active ingredients were introduced from a molybdic(VI) acid solution (H2MoO4  ×  H2O, Avantor S.A.), and nickel was introduced with nickel(II) nitrate ((Ni(NO3)2  ×  6H2O, Avantor S.A.). A catalytic test was performed with a reactant mixture of 4,6-DMDBT (Sigma-Aldrich) and decalin (Avantor S.A.). Silicon carbide (SiC, Honeywell-Fluka, Charlotte, NC, USA) was used as an inert material for the catalyst dilution. All of the aqueous solutions were freshly prepared in deionized water.




3.2. Support and Catalyst Preparation


Synthesis of MCM-41: Al- or Ti-substituted MCM-41 materials with a Si/Al (or Si/Ti) ratio of 8 were synthesized following the procedure described by Wojcieszak et al. [52]. In the first step, distilled water (50 g), sulfuric acid (0.3 g) and sodium silicate (8.08 g) were combined under stirring at RT. After 10 min, the template and water mixture (n-hexadecyltrimethylammonium chloride, 25 wt% solution in water; 83.75 g) started to be dropped. When half a portion of the template/water mixture was added, the Al or Ti precursor was introduced (1.5130 g of Al2(SO4)3 × 18H2O or 1.3439 cm3 of Ti(O4C12H28)), and in the next step the rest of the surfactant was introduced. The gel obtained was stirred for about half an hour. The pH was adjusted to 11 by the dropwise addition of sulfuric acid with vigorous stirring; after that, 20 g distilled water was added. The gel was loaded into a stoppered PTFE bottle, and it was heated without stirring to 100 °C for 24 h. Next, the mixture was cooled to RT, and the pH was adjusted to 11 by the dropwise addition of sulfuric acid with vigorous stirring. This reaction mixture was heated again to 100 °C for 24 h. The solid obtained was filtered and washed several times with water, and was dried overnight at 100 °C. The template was removed by calcination at 500 °C for 2 h in a helium flow, and 18 h in air. The synthesis of TiMCM-41 was carried out in a dry glove box filled with nitrogen.



Ion exchange: The HAlMCM-41 and HTiMCM-41 materials were obtained from AlMCM-41 and TiMCM-41 by means of an ion exchange procedure using an excess of 0.5 M of a solution of NH4NO3. The process was carried out in a reflux system at a temperature of 60 °C for 3 h. Next, the mixture was cooled to 30 °C. The solid was collected by filtration and washed with deionized water after each reaction. The process was repeated until the pH was stabilized, which happened in the third cycle. The protonic form of mesoporous materials was obtained by the thermal decomposition of ammonium ions in the NH4-MCM-41 samples at 550 °C in flowing nitrogen for 2 h and dry air for 4 h.



Preparation of the catalysts: The calcined powders of MCM-41 (non-exchanged and ion-exchanged) were mixed with 10 wt% AlO(OH) (after calcination γ-Al2O3), which was used as a binder. The resulting mixtures were peptized with 3% HNO3 and then shaped into cylindrical pellets using a high-pressure extruder device. The resulting pieces were subjected to drying at 25 °C for 24 h and at 110 °C for 12 h, and then calcination at 500 °C for 3 h. The active ingredients (14 wt% of MoO3 and 3 wt% of NiO) were added via the two-stage incipient wetness impregnation of the shaped supports. The thermal treatment of the bimetallic catalyst was carried out after each impregnation step, and in the same conditions as those for the extruded carriers.




3.3. Characterization of Supports and Catalysts


Texture and structure: The textural properties of the materials were measured by nitrogen adsorption at −196 °C, using an Autosorb-1C Quantachrome analyzer. Prior to the adsorption measurements, the samples were degassed in vacuum at 150 °C for 12 h (analysis time 13 h). The total surface area of the samples was determined using a BET model. The distribution of the pore sizes was calculated according to the Barrett-Joyner-Halenda method (BJH). The powder XRD data of the samples were recorded in a TUR-62 diffractometer with CuKα radiation, at a scan rate 0.02 2θ/s, within a range of 2θ of 1.4–10°. The mesoporous structure was investigated with a Philips CM-20 SuperTwin TEM microscope, operating at 160 kV and providing 0.25 nm resolution. The samples were prepared by dispersion in methanol and putting a suspension on a microscope copper grid covered with carbon.



Acidity: The acidity, i.e., the type, number and strength of the acid sites, was determined by the adsorption of pyridine (Py–IR). The IR spectra were recorded at room temperature with a BRUKER 48 PC spectrometer. Prior to the acidity measurement via pyridine (Py) chemisorption, the samples were activated at 530 °C for 1 h. The adsorption was carried out at 130 °C, and an excess of pyridine was introduced into the cell. After saturation with Py, the samples were degassed at 130 °C in a vacuum for 30 min. The quantitative calculation of the Brønsted and Lewis acid sites was made with respect to the height of the absorption bands at ca. 1545 and 1455 cm−1, respectively. The integrated absorbance of each band was achieved using suitable software, and the calculation of the adequate acid site number was established using the molar extinction coefficients of ε1545 ≈ 0.07 cm2 μmol−1 and ε1455 ≈ 0.100 cm2 μmol−1. The acid strength distribution was determined on the basis of pyridine desorption studies at elevated temperatures under vacuum conditions. The conservation of the 1545 cm−1 (Brønsted sites) and 1455–1440 cm−1 (Lewis sites) bands under the desorption treatment at a temperature of 260 °C was taken as a measure of the strength of the acid sites (A260/A0).



SEM: The scanning electron microscopy observations were carried out using a Jeol JSM 5888 LV electron microscope equipped with an Oxford Isis system for microanalysis. Prior to the analysis, the samples were sprayed with an approximately 100 nm-thick carbon layer.



XPS: The XPS measurements were performed using a SPECS PHOIBOS 100 hemispherical analyzer equipped with a Mg source (1253.6 eV) operating at 100 W (wide-range scan) and 200 W (high-resolution spectra). The spectrometer energy scale was calibrated with the use of Au 4f7/2, Ag 3d5/2, and Cu 2p3/2 lines at 84.2 eV, 367.9 eV and 932.4 eV, respectively. The analyzer mode was set at a constant pass energy of 30 eV in the survey, and 5 eV in the narrow scans. The detection angle was normal to the sample surface. The base pressure in the UHV analysis chamber was better than 5 × 10−10 mbar. The correction of the energy shift due to the static charging of the samples was accomplished with a C 1s peak at 284.6 eV as a reference. The spectra were collected and processed using SpecsLab software. The accuracy of the reported binding energies was ±0.1 eV. The element concentrations were evaluated from the peak areas after Shirley background subtraction.




3.4. Catalytic Activity Assessment


The reactions were carried out in a continuous-flow microreactor. The catalyst was crushed and sieved to a particle size of 0.25–0.315 mm. A sample of 0.5 g catalyst diluted with 2.5 g SiC was used for each reaction. The catalyst was presulfided in situ with a mixture of 2.5 wt% dimethyldisulfide in decaline at 350 °C and 6.0 MPa for 4 h. The liquid reactant (4,6-DMDBT in decaline, 300 ppm S) was fed to the reactor by means of a high-pressure pump. The catalytic activity was determined at 350 °C, 6.0 MPa. The contact time (tc = 0.08−0.62 s) was changed by varying the flow rates of the liquid and the gaseous reactants while keeping their ratio constant. The catalyst was stabilized for a minimum of 3 h after the contact times were changed. The reaction products were collected at the reactor outlet every hour, and were analyzed by a gas chromatograph equipped with a 30-m HP–1 capillary column (30 m × 0.25 mm × 0.25 µm) and a flame ionization detector.



The conversion (Conv.) of 4,6-DMDBT and the degree of the HDS of 4,6-DMDBT were defined by the following:
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where Ss is the sum of the molar % of all of the products formed after the catalytic transformation of 4,6-DMDBT (including sulfur-containing compounds). S4,6-DMDBT is the molar % of 4,6-DMDBT still present after the reaction. SH is the sum of the molar % of all of the non-sulfur-containing products formed after the catalytic transformation of 4,6-DMDBT. The contact time (tc) was defined as follows:
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The HDS of a diesel oil fraction containing 0.92 wt% S (density, 864 kg m−3; IBP, 231 °C; FBP, 375 °C;    T  360 ° C     = 90 vol.%) was carried out in a high-pressure flow fixed-bed reactor (temperature, 340–360 °C; pressure, 6 MPa; LSHV, 3 h−1; H2, feed ratio, 350:1 Nm3/m3). Before the activity measurements, the catalyst (4 cm3, with a grain size of 0.75–1.02 mm) was activated via the following procedure: reduction (H2 pressure of 6 MPa, 340 °C, 2 h) followed by sulfidation, using a diesel oil fraction (S, 0.92 wt%) at 350 °C, 6 MPa, 3 h−1, 350:1 Nm3/m3. The sulfur concentrations in the feed and products were analyzed by XRD fluorescence spectroscopy (Phillips PW 1400).





4. Conclusions


This investigation attempted to determine the ways in which the modification of the MCM-41 sieves with Al- or Ti-substitution and proton incorporation affects the properties and activity of NiMo catalysts shaped with a binder. The activity of catalytic systems of NiMo/HAlMCM-41 and NiMo/HTiMCM-41 was compared in the HDS of 4,6-dimethyldibenzothiophene (4,6-DMDBT) and diesel fuel with a 0.92 wt% sulfur concentration. It was found that the Ti-containing materials (HTiMCM-41 and NiMo/HTiMCM-41) exhibited much better textural properties, acidity and metal–support interactions than their Al-containing counterparts (HAlMCM-41 and NiMo/HAlMCM-41). The functionalization of mesoporous materials with protons via ion exchange enhanced significantly the catalytic activity of NiMo/HAlMCM-41 and NiMo/HTiMCM-41 catalysts in the HDS reaction. The catalyst selectivity with respect to the reaction path (DDS or HYD) was determined by the ratio of the number of Brønsted to Lewis centers. It was evident that the NiMo/HTiMCM-41 catalyst displayed the most promising catalytic properties for the HDS, relative to NiMo/HAlMCM-41 and to the two other non-ion-exchanged catalysts (NiMo/AlMCM-41 and NiMo/TiMCM-41). In this study, for the first time, we have achieved an NiMo/HTiMCM-41 catalytic system, in the molded form (drawpieces) characteristic of industrial catalysts, showing superior performance in the HDS of 4,6-DMDBT and the diesel fuel fraction due to some mutual effects: (i) an adequate surface area ensuring the good dispersion of the active metals, (ii) the high acidity making the catalyst active in both the HYD and DDS pathways, and (iii) the metal–support interaction providing the multilayered stacking of the active phase and the high dispersion of Ni–Mo–S slabs. As a result, the synergistic effects of the physicochemical features of the NiMo/HTiMCM-41 catalyst, the susceptibility to sulfidation, and metal–support interaction of the active metallic species coordinately contribute to the catalytic performance in the HDS of 4,6-DMDBT and real diesel fuel feedstock. Nevertheless, a more detailed study of the activated (i.e., sulfided) and spent NiMo catalysts supported on the HAlMCM-41 and HTiMCM-41 materials is required in order to explain the reasons for the strong modification in the catalytic activity. Moreover, further studies are required to show the performance of the mesoporous catalysts in the long reaction time in a stream test.
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Figure 1. Reaction network of the HDS of 4,6-dimethyldibenzothiophene (4,6-DMDBT), 4,6-dimethyltetrahydrodibenzothiophene (4,6-DMTHDBT), 3-(3′-methylcyclohexyl)-toluene (MCHT), 3,3′-dimethylbiphenyl (3,3′-DMBPh), 3,6-dimethyldibenzothiophene (3,6-DMDBT) and 3,4′-dimethylbiphenyl (3,4′-DMBPh). HYD, hydrogenation; DDS, direct desulfurization; ISOM, isomerization. 
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Figure 2. Characterization (N2 isotherms, XRD patterns and TEM images) of (A) Al-containing samples: (a) HAlMCM-41 and (b) NiMo/HAlMCM-41; and (B) Ti-containing samples: (a) HTiMCM-41 and (b) NiMo/HTiMCM-41. 
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Figure 3. FTIR spectra of pyridine adsorbed at 130 °C on (A) AlMCM-41-containing samples: (a) H-AlMCM-41, (b) NiMo/AlMCM-41, and (c) NiMo/H-AlMCM-41; as well as (B) TiMCM-41-containing samples: (a) H-TiMCM-41, (b) NiMo/TiMCM-41, and (c) NiMo/H-TiMCM-41. 
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Figure 4. The XPS spectra of (A) the Ni 2p3/2 region, and (B) the Mo 3d5/2 and Mo 3d3/2 regions for the reduced (a) NiMo/HAlMCM-41 and (b) NiMo/HTiMCM-41 samples. 
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Figure 5. Distribution of Al, Ti, Ni and Mo on the surface of the (a) NiMo/HAlMCM-41 and (b) NiMo/HTiMCM-41 catalysts. 
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Figure 6. SEM micrographs of the NiMo catalysts: (a) NiMo/HAlMCM-41 and (b) NiMo/HTiMCM-41 (on the left, the arrow indicates the place of observation on the extrudates). 
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Figure 7. Catalytic performance of NiMo catalysts: (a) 4,6-DMDBT conversion (350 °C and 6.0 MPa, tc in the range 0.08–0.62 s) and (b) pseudo-first-order kinetics linear plots for 4,6-DMDBT HDS conversion (ln(1/1 − x) vs. the contact time, where x is the 4,6-DMDBT conversion). 
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Figure 8. Product distribution for the HDS of 4,6-DMDBT over (a) NiMo/HAlMCM-41 and (b) NiMo/HTiMCM-41. 
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Figure 9. Performance of NiMo catalysts in the HDS of the diesel fuel fraction: (a) the effect of the temperature, and (b) the products obtained at 360 °C. 
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Table 1. Textural properties of the calcined MCM-41 materials, shaped with binder supports and the catalysts.
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	Sample
	     S  B E T      

    (   m  2      g   − 1   )    
	     V T     a

    (  c    m  3      g   − 1   )    
	     d  B J H      b

     (   n m   )     





	H-AlMCM-41
	534.3
	0.36
	2.8



	NiMo/HAlMCM-41
	329.1
	0.44
	2.8



	H-TiMCM-41
	745.9
	0.48
	2.8



	NiMo/HTiMCM-41
	483.4
	0.58
	2.6







a Total pore volume determined at p/p0 > 0.99; b Pore diameter (BJH method).
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Table 2. Acidity of the MCM-41 materials and MCM-41-supported NiMo catalysts by Py–IR.
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Sample

	
    P y  H +     a

	
    P y L    b

	
    P y  H +    +   P y L    c

    (  μ m o    l    P y      g    c a t    − 1   )    




	
    (  μ m o    l    P y      g    c a t    − 1   )    

	
A260/A0 d

	
    (  μ m o    l    P y      g    c a t    − 1   )    

	
A260/A0 d






	
H-AlMCM-41

	
18

	
0.23

	
150

	
0.42

	
168




	
NiMo/HAlMCM-41

	
41

	
0.19

	
250

	
0.42

	
291




	
NiMo/AlMCM-41

	
37

	
0.47

	
140

	
0.74

	
177




	
H-TiMCM-41

	
220

	
0.39

	
250

	
0.60

	
470




	
NiMo/HTiMCM-41

	
100

	
0.40

	
200

	
0.48

	
300




	
NiMo/TiMCM-41

	
32

	
0.50

	
245

	
0.54

	
277








a Brønsted acid sites; b Lewis acid sites; c total acidity. d The strength of the Brønsted and Lewis sites was determined in thermodesorption studies, and was calculated as A260/A0 ratio, where A0 denotes the absorbance after the chemisorption of Py at 130 °C, and A260 after the desorption of Py at 260 °C.
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Table 3. Mo 3d binding energies of calcined and reduced bimetallic catalysts.
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Catalyst

	
Mo 3d3/2 (eV)

	
Mo 3d5/2 (eV)




	
Mo4+

	
Mo6+

	
Mo4+

	
Mo6+






	
NiMo/HAlMCM-41

	
232.9

	
235.5

	
229.8

	
232.6




	
NiMo/HAlMCM-41 *

	
233.7

	
237.1

	
230.8

	
234.1




	
NiMo/HTiMCM-41

	
233.4

	
236.2

	
230.2

	
233.1




	
NiMo/HTiMCM-41 *

	
234.7

	
237.3

	
231.5

	
234.1








* Samples after reduction at 450 °C for 30 min.
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Table 4. Activity of NiMo catalysts in the hydrodesulfurization of 4,6-DMDBT.
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Catalyst

	
     k  4 , 6 - D M D B T      a

	
Conversion

(%)

	
Product Distribution (mol%) b




	
MCHT

[image: Catalysts 11 01086 i001]

	
3,3′-DMBPh

[image: Catalysts 11 01086 i002]

	
3,4′-DMBPh

[image: Catalysts 11 01086 i003]

	
4,6-DMTHDBT

[image: Catalysts 11 01086 i004]

	
3,6-DMDBT

[image: Catalysts 11 01086 i005]






	
NiMo/HAlMCM-41

	
3.29

	
88.3

	
13.36

	
66.88

	
7.09

	
0.45

	
0.49




	
NiMo/AlMCM-41

	
2.26

	
75.4

	
34.75

	
37.11

	
n.d.

	
2.60

	
0.94




	
NiMo/HTiMCM-41

	
4.44

	
94.4

	
47.86

	
46.23

	
n.d.

	
0.14

	
0.12




	
NiMo/TiMCM-41

	
4.04

	
93.0

	
65.11

	
27.17

	
n.d.

	
0.56

	
0.12








a   k  4 , 6 - D M D B T     overall pseudo-first order rate constant for 4,6-DMDBT hydrodesulfurization; b product distribution at the highest 4,6-DMDBT conversion; n.d., not detected.
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