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Abstract

:

The literature from the past few years dealing with hydrodesulfurization catalysts to deeply remove the sulfur-containing compounds in fuels is reviewed in this communication. We focus on the typical transition metal sulfides (TMS) Ni/Co-promoted Mo, W-based bi- and tri-metallic catalysts for selective removal of sulfur from typical refractory compounds. This review is separated into three very specific topics of the catalysts to produce ultra-low sulfur diesel. The first issue is the supported catalysts; the second, the self-supported or unsupported catalysts and finally, a brief discussion about the theoretical studies. We also inspect some details about the effect of support, the use of organic and inorganic additives and aspects related to the preparation of unsupported catalysts. We discuss some hot topics and details of the unsupported catalyst preparation that could influence the sulfur removal capacity of specific systems. Parameters such as surface acidity, dispersion, morphological changes of the active phases, and the promotion effect are the common factors discussed in the vast majority of present-day research. We conclude from this review that hydrodesulfurization performance of TMS catalysts supported or unsupported may be improved by using new methodologies, both experimental and theoretical, to fulfill the societal needs of ultra-low sulfur fuels, which more stringent future regulations will require.
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1. Introduction


Currently, the refining processes for purifying petroleum products have experienced significant growth in the production volume due to the constant increase in global fuel consumption. Gasoline consumption is expected to be growing almost 1% per year whereas the ultra-low sulfur diesel (ULSD) demand is expected to grow closer to 2% per year [1].



To fulfill this increasing demand, the refineries must process heavier petroleum fractions feedstocks. The processing of heavy oils presents a complex problem since it requires pressure and temperature increases to meet the particular requirements to remove sulfur from refractory compounds [2]. Coupled with this, the environmental regulations have been changed to historically lower levels [3]. In Europe and the USA, the sulfur content limits are now between 10 to 50 ppm for gasoline and diesel [4]. Besides the “zero sulfur” emissions are targeted shortly around the globe [5,6,7]. The drastic decrease in the sulfur-containing compounds in gasoline and diesel specifications have led to the development of more active and selective catalysts. However, this deep level of hydrodesulfurization (HDS) requires a significant increase in the relative volume activity [8]. The problem at this moment is that most of the available information about this process and the involved catalysts has been acquired focusing on desulfurizing light petroleum fractions.



Sulfur content in crude oil varies widely between regions and countries, i.e., from 0.1 wt. % for North African and Indonesian [9] to 6.0 wt. % [10] recently reported for the Mexican Altamira heavy crude oil. Besides, high sulfur heavier oils are increasingly used because the worldwide light crude reserves are drastically decreasing or even reaching depletion see Figure 1. This emerging need to process heavy crude oil fractions currently drives both refineries and academic research.



The refineries are presently not prepared to process heavy fractions and treating them represents a major operational and economic challenge for industry [5]. On the one hand, the complexity and quantity of sulfur compounds to be hydrotreated in the bulk fractions are considerably larger than in those where the actual HDS units are dispersed. For example, in the 90s, one unit that was designed to produce a targeted diesel with 1500–350 ppm S; now, the same unit has to produce <10 ppm S ULSD without sacrificing production and achieving API (American petroleum institute) uplift in the diesel product. On the other hand, the so-called ultra-deep hydrodesulfurization is needed to reach the sulfur content limits (present and future) [11,12,13]. Therefore, highly active catalysts seem to be the critical factor to deal with the bulk sulfur compounds and remove them selectively from refractory alkyl-substituted dibenzothiophene (DBT) molecules such as 4,6 dimethyl DBT (4,6-DM-DBT), 4-methyl 6-ethyl DBT (4M,6E-DBT), 4,6 dibutyl DBT (4,6-DB-DBT), or 4,6 dipropyl DBT (4,6-DP-DBT) [5,14].



Sulfur removal from sterically hindered compounds presents a strong inhibition effect of polyaromatics and nitrogen-containing compounds, which must be solved at the same time [15]. To overcome these problems, the HDS units need to increase their working pressure and temperature conditions; however, this carries along another series of problems [16]. Coke deposition and gradual segregation of the active phases may be observed in the long-term if the working catalyst loss stability.



Other options, such as revamping the hydrotreating units or building new ones may be considered, and the economic cost could be very high but affordable [5]. For example, the previously mentioned unit designed in the 1990s to produce a targeted diesel with 1500–350 ppm S but now must produce <10 ppm S ULSD without sacrificing production and achieving API uplift in the diesel product would certainly need revamping. An estimation by the Environmental Protection Agency (EPA) for installing a new HDS unit at a place in the refinery to obtain ULSD of 15 ppm S or less would cost twice the price than that to obtain low sulfur diesel (500 ppm of S) [17,18].



The literature dealing with hydrodesulfurization catalysts to produce ULSD is wide and vast. Different research lines are well defined and followed by specific investigation groups [19]. Also, a wide variety of advanced techniques have been used to explain the structure, dispersion, promotion, morphology, and activity of HDS catalysts [20]. Despite the difficulty of splitting all related literature into groups, we will divide this review into three broad areas, i.e., supported catalysts, unsupported catalysts, and related theoretical studies.




2. Supported HDS Catalysts


2.1. The Role of Support in the Active Sulfide Phases


The nature of the support generally plays a key role in the morphology, dispersion, and obviously in the catalytic activity of the prepared catalysts [21,22]. Besides, it is well known that conventional alumina is not a totally inert carrier under reaction conditions and could allow the migration of the active promoters, such as Co or Ni, into its more external surface forming sub-superficial spinels [23] or promote isomerization reactions depending on the acidic character of those ions. In early reports, Topsøe et al. recognized that if the interaction between the CoMoS phases and the alumina carrier can be eliminated or at least considerably decreased, the new sulfided structures would have more intrinsic activity [24,25]. This fact allowed them to propose the existence of a different structure with lesser support interaction, which they called CoMoS phase type II. Since then, much research has been done trying to modulate the support interaction with the active phases. It is currently well accepted that catalysts for different oil fractions must present slight differences related to the metal support interactions. Therefore, modulation of the active phase dispersion over alumina is the determining factor of activity, selectivity, and stability (see Figure 2) [16].



In this sense, understanding the effect of the support has been extensively pursued. The dispersion, average stacking, and length of the MoS2 or WS2 slabs and the way in which metal sulfides are bonded to the support surface are the focus of several investigations [26]. Early reports mentioned that the catalytic performance of MoS2-based catalysts strongly depends on their morphology but also on the orientation, since slabs may be bonded either by the edge or by the basal planes [27] depending on the support. Usually, over gamma alumina, the preferential bonding is by the basal planes (111) and (100) since these display relatively weak and intermediate interactions with MoS2 structures respectively as Bara et al. recently showed [28]. By contrary, the plane (110) presented highly dispersed and oriented oxide particles with strong metal support interaction, the authors associated this plane with small and weakly stacked MoS2 slabs and a very low sulfidation degree.



Sakashita et al. provided the evidence of MoS2 clusters bonded to TiO2 anatase surface by the edge planes [29]. Transmission electron micrographs clearly showed the (002) plane of the MoS2 clusters with 0.6 nm of interplanar spacing see Figure 3.



Some years later, Arrouvel et al. using density functional theory (DFT) calculations confirmed that the anatase surface could enhance tilted and perpendicular orientations for the MoS2 cluster due to epitaxial growth. Also, they proposed that the (110) plane of hydroxylated alumina could allow a slab tilted orientation due to the flexibility of its hydroxyl groups [30]. Recently, it was proposed that an excess of superficial Al with respect to stoichiometric one, due to the morphology of the support, could also lead to slab-orientations effects [31]. During the preparation of the surface oxides, Me–O–Al linkages are formed, which allows the later formation of WS2 crystallites bonded through their high energy edge planes to the alumina surface. The formation of W–S–Al bonds allows the WS2 crystallites to be anchored to the surface at angles close to 90° [32]. Recently, Berhault discussed that the edge-basal plane ratio and the particle size along the axis of the MoS2 particles influence the catalytic behavior [33]. Studies by his group pointed out that also in the basal planes could be created active sites when the slabs present some bending [34].



Nevertheless, to directly observe the entire active phase and isolate the bending effects involves a great challenge. As Berhault pointed out, the disordered state of molybdenum sulfide, the dispersion and the fact that only 10% of the active phase is actually observed by transmission electron microscopy (TEM) due to the orientation of the slabs contribute to this difficulty. Díaz de León et al. recently published a study of the effects of support on NiW catalysts. They detected the presence of slabs which have some bend in almost all samples analyzed by high resolution transmission electron microscopy (HRTEM) [4]. The mentioned bend was more clearly observed in the NiW catalysts prepared over Al2O3–TiO2 (AT) and ZrO2–TiO2 (ZT) mixed oxides. To elucidate this and other related effects, a systematic experimental-theoretical study was conducted using γ-Al2O3 (A), SiO2 (S), TiO2 (T), ZrO2 (Z), AT, and ZT as supports to synthesize NiW catalysts with the same atomic density per square nm [35]. They proposed that the metal-support interaction may be modulated by substituting the carrier and that specific interaction is directly observed in the slab length and stacking of the active phase. Interestingly, they found that the mixed oxides ZT and AT showed the highest activities among the series. Their DFT results revealed that the promoted slabs tend to be bent by the interaction with the support due to a charge redistribution that induces a loss in crystallinity and creates defects with high hydrogenation capacity all over the slabs in the inflection points [35], as Shimada and his group had previously pointed out [36]. In this context, Afanasiev recently prepared hollow metal sulfide nanoparticles to analyze the slab curvature effect (see Figure 4) [37]. He evidenced a significant number of defects in the hollow MoS2 nanospheres due to dislocation of planes (002) at the joint points. His results showed significant evidence of the contribution to the catalytic activity of the slab curved basal planes of the slab. Finally, he also proposed that for chemically similar supports, a higher curvature of MoS2 particles might have an advantage over a less curved counterpart [37].



Mixed Oxides Support: A Different Approach


As mentioned earlier, the research directed to modulate the metal-support interaction can be envisaged from many viewpoints, such as the use of crystallographic phases different from the typical gamma alumina [38] or supporting the active phases over unconventional single metal (Ms) oxides such as those based on Ti [26,39,40,41,42,43,44,45], Zr [26,41,42,43,44,46,47], Si [23,26,48,49,50] or Ga [51]. Nevertheless, more recently to gain advantage from the individual single metal oxide properties and to overcome their intrinsic limitations, several binary mixed oxide materials such as Al2O3–Ga2O3 [50], Al2O3–TiO2 [4,52,53,54,55,56,57], ZrO2–TiO2 [35,58,59], Al2O3–ZrO2 [60,61,62], MgO–TiO2 [63], Al2O3–MgO [56,64], Mn–Al2O3 [65,66,67], and Al2O3–zeolite [68] have been studied, among several others that have been tested to prepare HDS catalysts. As expected, in several cases higher activities of catalysts prepared over those mixed oxides were reported compared with those supported on alumina. Modifications of the morphological parameters such as length and stacking of the MoS2 slabs prove that the interactions can be modulated. A few authors have also reported clear differences between support properties such as surface acidity, surface area, surface potential and electronic properties, among others.



Nevertheless, structure-activity correlations have not been clearly stated yet, and the exact composition of each support participating in the new mixed oxide always plays a role in the final observed catalytic properties. Early studies showed for example that Mo over Al/Ti = 1 and Ti/(Ti + Zr) = 0.8 supports lead to the highest activities among tested catalysts for hydrocracking and coal-derived liquids upgrading [69]. For the HDS of DBT, several reports have been published using Al/Ti = 2 to obtain the highest activity [4,35,52,55] among materials prepared by the sol-gel method.



In all cases, the precursors and the methodology to mix the catalysts also impact the activity results [70,71]. Recently, our research group reported that for NiW, the effect of support could be elucidated by unraveling how the sulfide cluster interacts with the surface [4,35]. Normally, when a catalyst (NiMo, CoMo, or NiW) is synthesized, the metal–O–Ms linkages are expected to be formed (Ms refers to the metal in the support). During the sulfiding process, these Mo–O–Ms bonds are broken and transformed into Mo–S–Ms bonds. Nevertheless, some of these Mo–O–Ms bonds could remain at the periphery of the MoS2 slabs [72]. When the Mo–S bonds are formed, the interaction between the metal sulfide slab and the support can be redefined and could be calculated through DFT. These results also indicated that in Ti-containing supports the orientation effects of metal sulfide slabs were clearly observed, although in the mixed oxide the cluster seems to have more affinity to Al or Zr than to Ti. Therefore, when clusters “avoid” having contact with specific atoms on the surface, the cluster tends to be bend. This slab-bending effect should be carefully analyzed under the light of the recent findings discussed in the previous section.





2.2. Details of ULSD Catalyst Preparation


The supported catalysts for industrial application are typically prepared by incipient wetness impregnation of the metal precursors over hot alumina pellets. By adding organic or inorganic additives to the Al2O3 based catalysts, their activity can be modulated. Consequently, the additives prevent the migration effect and thus increase the participation of promoter-atoms in the formation of the nonstoichiometric CoMoS phase through the S-edges of MoS2 [73]. Therefore, the concentration, temperature of the solution and especially the pH of the solutions strongly affect the species in the aqueous solutions and their interaction with the carrier surface. The metal hydroxide species involved in the mother solutions (at a specific concentration and pH) for the preparation of catalysts could be cationic as in [Ni(H2O)6]2+ species [74] or anionic as in Mo7O246−, MoO42− [75], HW6O215−, and W6O216− species [76] at the same pH. The electrostatic interaction of these species with the support surface depends on whether the surface is positively or negatively charged at the defined pH. Alumina has a zero point of charge (ZPC) at pH of about 8, so above this value, its surface is negatively charged. Meanwhile, below that pH value, the surface is positively charged [75]. Díaz de León et al. stated that a change in the surface potential could induce a modification in the species deposited over the surface. Their Raman spectroscopy results showed that the ratio between (O = W = O + W = O) terminal bonds and the internal W–O–W bonds changed depending on the surface potential of the support materials [76]. Also, Vazquez-Garrido et al. attributed the differences in the Mo oxide surface species to the differences in the Z potential of their supports (for Al2O3–MgO it was 9.0 while for the Al2O3–TiO2 4.9). For the Al2O3–TiO2 support, the species obtained were Mo7O246− and Mo8O264−, while for the basic support it was MoO42− [57].



2.2.1. Organic Additives


As we mentioned, during the preparation of hydrodesulfurization catalysts is possible to include precursors of the active phases as Mo or W, promoter atoms such as Co or Ni as well as additives. Nevertheless, the preparation of the CoMoS, NiMoS, or NiWS mixed sulfide phases is of paramount importance and have to be maximized for attaining the highest possible activity. In that sense, the use of chelating agents has proven to be a very useful route to prepare highly active HDS catalysts. The first effect of chelating agents is that they can form complexes with the Co, Ni, Mo, or W precursors that change the coordination sphere of this metals and avoid the later formation of isolated ions over the surface of support increasing the participation of promoter ions in the nonstoichiometric Co(Ni)Mo(W)S phases. The second known effect is a delay in the sulfidation process [76,77,78] avoiding the consequent segregation of the thermodynamically stable Co or Ni sulfides (Co9S8 or Ni3S2). It is well known that cobalt oxide sulfidation takes place at a much lower temperature than for tungsten oxide. However, only a few reports are available on the segregation effect during the sulfidation process as for Co-W sulfide catalysts [79,80]. Vissenberg et al. showed that 473 K is enough temperature to obtain a high quantity of stable Co9S8. They also pointed out that, as soon as WS2 is formed, the NiSx particles re-disperse to form the NiWS phase [81]. Meanwhile, the CoSx particles continue forming more Co9S8 instead of the CoWS phase.



Some authors have suggested that the use of chelating agents could solve this problem. Kishan et al. successfully used 1,2-cyclohexanediamine-N,N,N,N-tetraacetic acid (CyDTA) and triethylene-tetraaminehexaacetic acid (TTHA) during the impregnation procedure, obtaining circa 2.4 times more activity for CoW catalysts prepared with TTHA than for catalysts prepared without chelating agents [82]. Nevertheless, the lower activity displayed by this combination in comparison with NiW, NiMo, and CoMo has discouraged the study of this system.



Saccharose (SA) was also used as an organic additive in simultaneous impregnation of NiMoP/Al2O3 preparation [83]. Authors observed a significant improvement in the dispersion of metallic species, increases in the sulfurability of Ni oxide species and the catalytic activity at low SA content inclusions. However, increasing the SA leads to an increase in the carbon content, which induces a severe blockage of the active sites. Studies using nitrilotriacetic acid, ethylenediamine, ethylenediaminetetraacetic acid (EDTA) have shown favorable effects enabling the formation of the active phase, and this increases the activity [77,84,85,86]. Recently, hydrocarboxylic acids have been shown to induce higher catalytic behavior than catalysts prepared using amino polycarboxylic acids [87]. Among them, citric acid (CA) has attracted widespread attention when used to prepare promoted catalysts such as CoMo, NiMo, or NiW systems due to its low cost and excellent solubility. Several authors have reported that CA could be able to improve the dispersion of Mo (W) [88,89,90,91,92], modify the morphology of the MoS2 slabs [93,94], change the excessive metal support interaction [73,89,95,96,97] and help to delay the sulfidation process [73]. Likewise, there is a consensus that CA improves the promotion effect of Co or Ni atoms and therefore increases the participation of the promoter atoms in the formation of the mixed Co(Ni)–Mo–(W)–S phase.



As mentioned before, the pH of the impregnation solutions could also determine the morphology of the active species. Studies by D. Valencia et al. using different pH values to prepare NiMo catalysts and adding CA, confirmed that the pH of the impregnation solution is determinant of activity and selectivity [98,99,100]. Also, the authors reported that an increased amount of CA during the synthesis improved their NiMo catalysts in the direct desulfurization pathway. Later, Castillo-Villalón et al. reported that the incorporation on CA modifies the morphology of MoS2 crystallites [101]. Their results suggested that CA increases the formation of Mo–S sites at the S-edge of the slabs. Similar results were simultaneously published by J. Chen et al. [94]: by using infrared spectroscopy the authors found that CA promoted the growth of the S-edge of MoS2 slabs, gradually changing the morphology from a slightly truncated triangle with predominately M-edge to a hexagon with more or less the same size proportion of M-edges and S-edges, as shown in Figure 5.



Additionally, Suarez-Toriello et al. showed that CA could induce isolation of impregnated metal species avoiding excessive metal-support interactions and delaying nickel reduction at higher temperatures. The authors found that CA incorporation prevents the formation of insoluble nickel species and soluble Ni–Cit-species are formed instead. Their XPS and activity results also suggest that this effect is directly reflected as an increase of Ni participation in the formation of the nonstoichiometric NiWS phase [74].



It is well known that the lifetime of a catalyst in an industrial hydrotreater strongly depends on the operating conditions and the liquid feed quality. HDS catalysts deactivate with time due to coke deposition, sintering, or metal poisoning among other contaminants [102]. Dufresne suggested that some oxygen compounds can act as redispersion metal agents when a decoked catalyst is being reactivated [102]. In that sense, chelating agents have also been used to control the regeneration of wasted catalysts with promising results. Maleic acid was used by Bui et al. [103] to regenerate CoMo catalysts. Their results showed that this chelating agent is capable of extracting Co from CoMoO4 species efficiently and form a cobalt maleate complex. This complex releases the Co after 300 °C favoring the redecoration of the MoS2 slabs and increasing the activity.



Pimerzin et al. [104] also used different organic additives as CA, ethylene glycol (EG), tri-ethylene glycol (TEG), thioglycolic acid (TGA), and dimethylsulfoxide (DMSO) to treat spent CoMo catalysts, finding similar results as Bui et al. [103]. The authors found that the use of CA, EG, TEG, or TGA restore almost entirely the catalytic activity due to the redispersion of active metals allowing the formation of new highly promoted active CoMoS phase. Another study performed by Zhang et al. using CA to modify CoMo/γ-Al2O3 calcined catalysts revealed that the sulfidation degree of the MoOx species and the activity of the CoMo catalysts linearly increased with the CA applied [105]. These authors also proposed that the MoO42− or β-CoMoO4 species can be successfully transformed into polymolybdate species. Finally, the addition of CA can also help to recover Co2+ ions from the sub-superficial CoAl2O4 spinels and, therefore, to induce the formation of more CoMoS sites.




2.2.2. Inorganic Additives


As mentioned in the previous section, the chelating agents are usually introduced into the system in an attempt to avoid the loss of the promoter atoms in the sub-superficial layers of supports. This effect leads to the direct interaction of Ni hydroxide cations (or Co) with the cation deficient octahedral or tetrahedral sites at the more external layers of the metal oxide surface. When this migration phenomenon happens, some part of the promoter charged to the catalysts is lost in the formation of sub-superficial spinels.



The introduction of additives such as F [106,107], Mg [108,109,110,111], B [112,113,114,115,116], P [86,117,118,119], or Ga [76,120,121,122,123,124] seems to correctly solve the migration phenomena, and to improve stability and lower the interaction between the active phase and the support. Nevertheless, other aspects, such as activity and selectivity should be carefully observed, since the surface and textural properties sometimes change drastically, and in most of the cases, large increases in the additive content, in fact, cause a decrease in activity [76,118].



Typically, due to the nature of the additives, changes in surface acidity are reported [76,106,112]. For example, F, Mg, B, and Ga regulate the Bronsted acidity leading to changes in the electronic properties of MoS2 and CoMoS sites, whether these changes affect or not the morphology of the sulfide phase [106,109,114,125]. In particular, Ga used as an additive of alumina support, modifies the general morphology of WS2 slabs by changing the dispersion and increasing the promotion of the active phase almost to the maximum theoretical Ni promotion ratio [120]. These findings revealed that the formation of GaAl2O4 over the surface not only changes the surface potential compared with the original alumina but also inhibits the Ni migration phenomena. Besides, as a natural consequence, the quantity of Ni in octahedral species (Nioct2+) related to the promotion of the active phase [126] increased considerably. The effect of additives is generally observed directly on the activity and selectivity. In this sense, the hydrogenation pathway seems to be more sensitive to the inclusion of additives. Han et al. found that the inclusion of F in the MoS2/Al2O3 system can have a substantial effect on the Bronsted acidity [107]. They proposed that the Bronsted sites interact with the active phases in the surroundings allowing an induction effect that leads to an electron deficient state increasing the formation of coordinatively unsaturated sites (CUS), which raise the hydrogenation capacity.



Moreover, the hydrogenation pathway is expected to proceed via the π-bonds due to steric hindrance effects of alkyl substituents. The so-called BRIM sites, when present, are associated with increases in the hydrogenation capacity [127]. Therefore, it may be suggested that the presence of additives induces an increase in the local metallic character of the Ni–Mo(W)–S edge sites, in the phases allocated in the neighborhood of these additive metals. Particle size could also cause a modification in the metallic character of the NiWS edge sites [30], and as mentioned, the inclusion of additives induces increases in the dispersion of the active phase. Therefore, the change in slab size could by itself explain modifications in the selectivity.





2.3. Concluding Remarks


The hydrodesulfurization activity of the supported catalysts depends upon several factors: type of support, active component, organic-inorganic additive, and their content, pH of the impregnation solution, metal-support interaction, type of promoter and its content, slab length-stack number and sulfidation conditions such as temperature and time among others. Furthermore, inorganic-inorganic additives improve the thermal stability, can modulate the metal support interactions, dispersion of metal sulfides, acidity and could generate the CUS in the catalyst. By keeping all these factors in mind, a catalyst, which surely will produce ultra-low sulfur fuels can be designed.





3. Unsupported HDS Catalysts and Their Structure-Activity Relationship


Unsupported catalysts have received much attention in recent years due to their high activity about 2.5–3 times higher than for supported catalysts and because of the stringent environmental legislation obliging refineries to produce ultra-low sulfur fuels. Unsupported catalysts can be used as a whole and as one of the layers (20–30% of reactor load) in commercial scale reactors to produce ULSD. The present section deals with the structure-activity relationship studies of unsupported catalysts. Unlike the supported catalysts, no metal support interactions (strong and week) are present for the self-supported catalysts. However, the metal sulfide slab length and stacking determine the activity of catalysts which depends on the synthesis procedure. Therefore, the catalyst synthesis method is essential, with that in mind this section is further divided into two subsections, namely the direct synthesis of metal sulfides by the decomposition method and the synthesis of the metal oxide precursors followed by in-situ/ex-situ sulfidation.



3.1. Decomposition of Thiosalts


This section describes the structure-activity relationship of promoted and un-promoted bulk MoS2 catalysts derived from the decomposition of precursors such as thio-salts [128,129,130], an alkyl group-containing salts [131,132,133,134] and oxythiosalts [135,136], and others. Various factors associated with the catalyst performance and their effect on HDS activity and selective path (hydrogenation (HYD) or direct desulfurization (DDS)) have been reported in the literature, these include, the effect of carbon, promoter effect, transition metal sulfides, catalyst activation temperature, use of activation gas, and synthesis methods.



The hydrodesulfurization activity of catalysts prepared from decomposition depends upon the content of promoter, temperature and activation gas (hydrogen or nitrogen) used, which in turn could determine the number of layers, length of the slabs and slab orientation. For example, the Ni promoted catalysts (NiMo or NiW) prepared under hydrogen environment and at high temperatures exhibited high activity [128,135] and normally displayed a combination of short slab lengths and low stacking degree. Besides, the catalyst in which a low stacking degree was detected along with curved slabs [128], resulted in high activity [131] as reported by Nogueira et al. [34] and Afanasiev [37] due to the presence of defects in the slabs as we discussed in Section 2.1. Similar results were observed for CoMo catalysts activated under hydrogen atmosphere displaying small MoS2 slabs with low stacking number and higher activity (through DDS route) compared to the catalyst activated under nitrogen environment [129].



The major drawbacks of the unsupported catalysts are typically low surface areas, lower dispersion of slabs and longer slab lengths. Therefore, in order to overcome these problems and improve the catalytic performance further, some research groups utilized organic surfactants [136] and alkyl containing precursors [131,132,133,134] (as the alkyl group acts as an internal template) that can improve the dispersion of the metal sulfide slabs and higher surface areas during the synthesis of catalysts. In that sense, Acuña et al. synthesized tri-metallic catalysts (CoMoW) with various carbon chain lengths from C1 to C3. They observed that with the increase in the alkyl chain length the organic carbon increased considerably, and this was directly reflected on the BET surface area showing increments. However, it was not observed a significant change in the catalytic activity that could be attributed to the alkyl chain [132]. Authors reported that the major drawback of the alkyl-containing precursor was the formation of char during the decomposition process. This carbon blocked the active sites, therefore, playing a negative role in HDS activity. Besides, they observed that the increase in alkyl chain of the precursors showed impact on the slabs length decreasing it, but no influence on the stacking degree was observed. Contrariwise, a positive effect of carbon was observed for unsupported catalysts by Armenta et al. for the same combination of trimetallic catalyst (CoMoW) but using carbon chain larger than what Acuña et al. reported [132]. The authors used chains from C12 to C18 observing the formation of sulfur carbide. In this case, the carbon formed during the decomposition of precursors served as dispersing agent [133]. Besides, the HDS activity results showed that the DDS route was the main reaction pathway and was dependent on the carbon content in the final catalysts. Romero et al. also reported similar observations for MoS2 catalysts, as the activity of the catalyst, was proportional to alkyl chain length up to certain extent above which it acts as a poison for the catalyst due to active sites were covered by carbon [134]. Moreover, the favored catalysts mechanism was through the hydrogenation path.



The type of promoter and its loading in the catalyst has a significant effect on the degree of sulfidation of metal oxides which decides the HYD or DDS mechanism and tolerance to the heterocyclic compounds present in the real feed [137]. Metal sulfides like MoS2 and WS2 are known to be active in HDS. However, the HDS performance of the un-promoted catalysts depends upon the type of the feed. The studies on hydrogen index and hydrodesulfurization on model compounds reported by Ho et al. indicated that MoS2 exhibited high activity for model compound and poor performance in the case of real feed. The authors claimed that this was due to an intrinsic (hydrogenation) and an environmental factor (tolerance to organo-nitrogen). Introduction of Co, in MoS2 resulted in high activity for the real feed indicating the importance of the promoter. Various promoters such as Co, Ni, or Fe have been used for MoS2 unsupported catalysts [138]. The authors observed a higher sulfidation degree when the promoter used was Ni. This is in agreement with the results reported by Le et al. in the case of NiW unsupported catalysts. These authors observed that the sulfidation degree increased almost linearly with the increase in the Ni wt. % content [135]. On the other hand, Yi et al. observed that increasing the Ni content in the catalyst results in low stacking of Mo/WS2, which in turn exhibited low activity [139].



Moreover, the promoter content determines the catalyst mechanism whether reaction proceeds through HYD or DDS route. High loadings of promoter content increase the hydrogenation (HYD route) and vice versa (Bocarando et al.) [140]. Apart from the role of promoters, metal additives like Ga could generate coordinatively unsaturated sites in the catalysts as reported by Zepeda et al. [141].



Another fact that some researchers have studied is the metal-sulfur bond energies [142] and their role over the stoichiometric sulfur located at the edge in MoS2 slabs [143]. For example, Daudin et al. [142] reported a study about various transition metal sulfides where they found a direct correlation between the HDS/HYD selectivity and the metal–sulfur bond energies, as shown in Figure 6. They proposed three cases: when metals presented low (1) and high (2) sulfur–metal bond energies exhibited high activity for the hydrogenation route. While when they presented moderate (3) metal-sulfur bond energy, the DDS increased rapidly exhibiting the highest HDS/HYD ratio among the studied systems. Moreover, the authors found an almost perfect fit for their experimental results using Langmuir–Hinshelwood kinetics. They proposed that the dissociation of H2S and H2 takes place on Me–S (metal-sulfur) species and free metallic sites while the competitive adsorption of the organosulfur molecules and alkenes occurs only on the metallic sites.



Afanasiev et al. observed that stoichiometric sulfur (S22− species) present at the edges of unsupported MoS2 slabs plays a key role in the catalytic activity [143]. The –SH groups produced from the S22− species by the interaction with hydrogen have a strong impact on the catalytic behavior. The catalysts presenting this effect controlled the HDS reaction through the HYD route. The affinity of nickel and cobalt ions toward the MoS2 slabs at the sulfur edge resulted lower than when –SH groups appear at the edges.




3.2. Oxides Followed by Sulfidation


3.2.1. Template-Free Method


In the case of catalysts prepared through synthesis by template-free method of an oxide catalysts and followed by thermal sulfidation process, we focused the discussion on three synthesis procedures as follows: (i) layered double hydroxides [144,145,146,147]; (ii) hydrothermal method [148,149,150,151]; and (iii) precipitation method [152,153]. Layered double hydroxides (LDH) are used as precursors and structural templates as well for the synthesis of HDS catalysts [147]. The activity of catalysts derived from the LDHs are dependent on the geometric position of the hexavalent metal ions in tetrahedral or in octahedral coordination [144], the surface area of the precursor oxides, promoter content, activation temperatures, etc. Similar properties were observed for catalysts derived from thiosalts and LDHs. However, the activation temperatures are relatively high especially in the case of W containing catalysts derived from LDHs [146] when compared to catalyst derived from thio-salts. Moreover, Coelho et al. observed that there was no correlation between the activity of catalysts derived from LDHs and properties such as the surface area or the Mo/Al ratio [145].



In order to achieve high surface areas for the unsupported catalysts, the hydrothermal method was also adopted for the catalyst synthesis. It is known that the catalytic activity of catalysts is strongly proportional to catalyst activation temperature which in turn depends on variation in catalytic properties like crystalline nature, defects in basal planes, size-shape, agglomeration of metal sulfides [148,149]. Yin et al. observed that an increase in sulfiding temperature resulted in agglomeration of Ni3S2 and MoS2/WS2 nanoparticles and increases the stack of MoS2/WS2 [148]. Similar results observed by Zhang et al. [149]. The increase of sulfidation temperatures results in crystallinity of the MoS2, longer slabs, and showed curved shape. Additionally, it was reported that the formation of defects on the basal planes acts as active sites with high activity in HDS as we discussed in Section 2.1. Also in some of the studies, it was reported that the presence of Lewis acidic sites resulted in de-alkylation [150] and isomerization reaction [151] in the case of alkyl-substituted DBTs.



Other effects have also been studied such as the use of non-conventional promoters, the use of metals such as Zn or Cu [152,153] as additives as well the use of solvents synthesis [154,155] or the inhibition effect of imparted by the nitrogen-containing compounds [156] on unsupported catalysts preparation. Nevertheless, some of these parameters use to exhibit great impact on the HDS catalytic activity changing the sulfidation degree or modifying the particles sizes. For example, Yue et al. [154] achieved smaller catalyst particles when a methanol-water mixture was used for the unsupported catalyst synthesis. It was observed that the improvement in catalytic properties is related to the increase in the sulfidation degree and to the high dispersion of the active components. Also, the authors found a direct correlation between the DBT conversion and the weakly bonded sulfur on the catalyst surface (Figure 7).




3.2.2. Template Method


Another method for achieving high surface areas and improve the dispersion is the use of organic templates. This section deals with the hydrodesulfurization activity of the catalysts synthesized using various organic templates such as polyethylene glycol [157,158,159,160], polivinylpyrrolidone (PVP) [161], pluronic 123 (P123) [162], tetrabutylammonium bromide [163], or biotemplates [164]. The use of templates could improve morphology, thermal stability, and the formation of active NiMoS/CoMoS phases [157]. Various morphologies as belt-like [158], fullerene-like [159], core-shell like [160] particles with more active sites were reported for unsupported HDS catalysts. The morphology and active phases depend on the content of the surfactant used in catalyst synthesis. Liu et al. [161] reported that β-NiMoO4 phase is preferred in achieving highly active NiMoS phase with the high surface area can be obtained while low content of surfactant (PVP) used. Compared to supported catalysts, longer slabs lengths are typically observed for the unsupported catalysts; this parameter seems to have more impact on the HDS activity than the stacking number [158,163]. A positive effect of carbon was observed for the catalyst synthesized using surfactant like cellulosic fibers [164] which is similar to the catalyst derived from the thermal decomposition of alkyl containing precursors (described in Section 3.2.1). Some of the experimental results confirmed that instead of an increase in stacking number, increase in slab length is more critical for high HDS selectivity [158,165]. As described in the previous sections, promoters increase the formation of the active phase. Indeed, the Cu promoted NbS2 catalyst was more active than molybdenum sulfide per mass [162].





3.3. Concluding Remarks


Although unsupported catalysts are more active compared to supported catalysts, there are major drawbacks observed for these catalysts such as low surface area, sintering of the catalysts, etc. The unsupported catalysts derived from the thio-salts cannot be scaled up as the precursors are expensive and thus not economically viable. Furthermore, promoters oxidized when exposing to the environment. Alternatively, synthesis of unsupported catalysts by precipitation and hydrothermal methods are eco-friendly. The catalysts activities can be further improved by an increase in surface area and in the dispersion which in turn depends on catalysts preparation method, precursors used, organic surfactants, etc. The degree of sulfidation, metal sulfide slab shape, size, length, and its orientation are the activity determining factors. Shorter slab lengths with a minimum of two slabs in a stack and larger Mo edges in the slabs are ideal to achieve hydrodesulfurization activity. Likewise, in supported catalysts, metal additives, promoter content, weak metal-sulfur bond energies, hydrogen as activation gas, moderate sulfidation temperatures (350–400 °C), etc. are also important for high HDS activity and selectivity of DDS/HYD route.





4. Theoretical Studies


Theoretical studies, particularly those based on DFT calculations, have greatly contributed to the understanding of the physical/chemical properties of materials based on MoS2 and their relationship with the experimentally observed properties. The theoretical results show that the bulk 2H-MoS2 is a material that presents both direct and indirect band gaps with values very close to the experimentally reported [166,167,168], but also predict that the doping of this material with transition metals (or under pressure) could tailor their chemical, optical and electronic properties for the development of new interesting technological applications [169,170,171]. Also, a whole universe of possibilities arises with a reduction in dimensions of this kind of materials, which offers the possibilities of exploiting band-gap engineering [172,173,174,175,176,177,178,179,180] and of obtaining new magnetic properties [181,182,183].



Due to the important role that catalysts based on MoS2 play in the petrochemical industry, theoretical studies have been focused on investigating the synergistic phenomena associated to the composition and distribution of the different atomic species, geometries, and support effects to improve the performance of catalysts in HDS processes. In that regard, theoretical results showed that for configurations that expose both bare Mo- and S-edges in the MoS2 slabs, the metallic edges are preferential sites for catalysis whereas S-edges are inactive [184,185,186,187]. Consistently, recent studies [188] show that the main reaction route of thiophene HDS occurs along the CUS Mo-edge, whereas the activation of Mo-S connected edges is temperature dependent. On the other hand, Silva et al. [189] proposed an optimum cluster size suitable for catalysis studies, described as Mo27Sx, which shows that different sulfur compounds could be adsorbed on several active sites of S- and Mo-edges [190]. Dynamic behavior of the 4,6-DMDBT molecule (switching between the π and σ adsorption) on brim and edge sites was observed by Gronborg et al. [191] through the DFT studies. It was shown that under HDS conditions formation of vacancy is unfavorable. Through scanning tunneling microscopy (STM) imaging the authors found that the (DDS route) adsorption of the 4,6-DMDBT molecule is possible only at the corner vacancy of the S-edge in the CoMoS nanocluster (Figure 8).



Although the doping or inclusion of transition metals like Fe, Co, Ni, Cu, Ru, W, or Pt, generally improve the performance of MoS2 catalysts for numerous reactions [169,192,193,194,195,196], due to the particular interests in industrial processes, Ni and Co are the most studied dopants in the theoretical field.



Notably, the Ni as a promoter of the bimetallic catalyst (NiMoS), has the function of producing sulfur uncovered Lewis acid sites that favor HDS processes [197,198,199], resulting from the structural changes that modify the electronic properties of the surface. However, the incorporation of Ni on MoS2 to form the NiMoS phase is not always more favorable than the formation of bulk nickel-sulfide compounds [200]. Similarly, when MoS2 is promoted with Co (CoMoS), the barrier of hydrogenation reactions is reduced, and the C–S-scission reaction barrier increases [201,202,203] even when normally Co is known for favoring C–S bond scission much more than hydrogenation. Recent studies [204] reveal that smaller molecules like thiophene and methyl thiol prefer vacancies, while large molecules as 4,6-dimethydibenzothiopene prefer physisorption on the brim of the edges or basal plane. The study of binding energy trends revealed that the nitrogen-containing compounds could strongly inhibit the HDS on the brim sites but have a minor effect on the CUS-like sites. In catalytic processes like hydrodeoxygenation (HDO), the presence of oxygenated compounds (mainly water) may compromise the stability of the catalyst [205,206,207,208].



Further studies show that, in comparison with non-promoted Mo catalysts, the CoMoS catalyst is more stable and is not deactivated due to the Co atoms that prevent sulfur–oxygen exchanges [209]. Also, under HDO conditions, the adsorption of guaiacol, phenol, and anisole was studied in the presence of compounds that can be present under reaction conditions (H2O, H2S, and CO), revealing the η1 adsorption mode leads to a direct deoxygenation reaction (DDO) and that CO is the major inhibitor in HDO process.



Studies of the possible configurations of trimetallic catalyst Co(Ni)Mo compounds particularly under HDS conditions, showed that for periodic slab models under typical sulfidation conditions, Ni prefers to incorporate into the Mo-edge while Co prefers the S-edge [210]. Nevertheless, at the nanoscale and theoretically, the coexistence of Co–Mo or Ni–Mo edge is possible, although under HDS conditions the morphology adopted by the slabs is close to a hexagon where Co and Ni partially decorate the Me-edge, while the S-edge could partially be decorated by Ni [211]. Therefore, Ni or Co atoms participating in the promotion is a crucial parameter for optimizing the HDS/HYD selectivity ratio [212].



Although most of the catalytic reactions are directly related to the nature of the catalyst, the support may improve or reduce their catalytic properties, which is critical at the nanoscale, because the structure and the stability of the catalysts could be affected by the support [213,214]. One of the earliest theoretical efforts to understand the cluster/support interaction was motivated by the difference of catalytic activity presented by Type-I and Type-II CoMoS structures supported on alumina [215,216]. The results in these studies suggest that the weak interaction of Type-II CoMoS structures with the support may be due to the fact that in this case a highly endothermic process is required to create vacancies in such a way that the S linkages are severely reduced. Later on, Costa et al. [217] contrasted the effect of anatase-TiO2 and γ-Al2O3 supports on MoS2 and CoMoS catalysts, which showed that the higher HDS activity observed on anatase-TiO2 is due to the strong edge-wetting and to the ligand effects that it presents. Recent studies confirm this effect with a more significant number of supports but considering a nanosized NiW catalyst [35]. Particularly in this last study, the interaction of a NiW catalyst with two different SiO2 supports presented different adsorption energies, as a consequence not only of the difference in sulfur-metal bond number but also because of the different morphological changes that the cluster suffered. This implies that the nature of the cluster/support interaction does not just depend on the composition of the support, but also on the metal-metal distances presented by the support at the surface.



Concluding Remarks


Although the theoretical studies can help to unveil the nature of some of the mechanisms involved in the catalytic processes and to find newly improved catalysts, it is still not entirely clear the dependence on the catalytic properties imposed by different supports and their stability under different thermodynamic conditions. In this direction, these studies can help to develop new strategies to improve the catalyst performance (reaction stability) or to extend its lifetime.





5. General Conclusions


The global tendency in ULSD fuels is to reduce the sulfur concentration to 10 ppm S or even lower to prevent air contamination in crowded cities. Zero sulfur emissions are a desirable goal in the mid-term for many advanced countries. These stringent requirements will need advanced HDS processes. However, due to the very high investment involved in the development of new processes, the more viable solution remains the advanced design of high-performance new-generation catalysts that can be adapted to the existent HDS units. These novel catalysts will have to eliminate complex sulfur molecules, preferentially by the direct desulfurization pathway reaction decreasing the consumption of hydrogen, to operate in the medium range of pressure (40–50 atm) with low space velocity values (1.5 h−1 to 2.0 h−1) and must be ultra-stable.



The transition metal promoted catalysts widely used for decades remain very promising for the development of a new advanced generation of ULSD catalysts. However, they need to be tuned very precisely to obtain high-performance operation. Thus, for instance, the alumina support can be optimized by new additives or by the incorporation of second support with complementary surface properties with enormous possibilities to ameliorate the metal-support interaction, which could improve the morphology of the active phases and sites introducing better selectivities and with long-term stability.



For the catalytic removal of the sulfur from refractive compounds like DBT and its derivatives to achieve ULSD, the determining factors are typically active metal dispersion over support, metal-support interaction, active phases morphology, catalyst stability, among several others. In the case of supported catalysts, additives like P, B, F, Mg, Ga, and others could modify the metal support interactions and stability of the catalyst to achieve type-II active phases. For example, NiMoS or CoMoS type-II catalysts are less interactive with support and relatively highly active compared with type-I in the production of ultra-low sulfur fuels. Nevertheless, it is well known that in the metal sulfide catalysts based on Mo or W, the edges are those who presented higher activity. Therefore, dispersion factor regarding morphology, i.e., stacking number and slab lengths are necessary parameters to be improved for the deep removal of sulfur from refractive compounds such as DBT; methyl substituted DBT and others. Another critical factor that has to be considered is the use of chelating agents. Several recent research has pointed out that the use of a chelating agent could improve the dispersion of metals and also could increase the participation of promoter atoms in the nonstoichiometric phases CoMoS, NiMoS, or NiWS. The formation of complexes during the synthesis procedure also could delay the sulfidation of Co or Ni and therefore suppress the formation of bulk sulfides.



The use of unsupported catalysts derived from multi-metallic transition sulfides also offers excellent possibilities for improving the HDS catalytic properties for more demanding desulfurization conditions. Such catalysts offer a great variety of precursors with well-known chemical processes for the synthesis and the transformation to sulfides. Different morphologies are obtained, and different promoters/additives could be introduced to improve their activity or selectivity. For some precursors such as the alkylthiometallates and under specific conditions (in situ, ex-situ, high pressure, among others), high surface areas (200–400 m2/g) with mesopore distribution could be obtained.



Finally, modeling methods by using advanced theoretical calculations will further continue to be excellent predictors to understand the catalytic properties of TMS by reproducing the experimental HDS results and electronic properties of experimental catalysts.



In conclusion, from the new experimental and theoretical reports about TMS catalysts performed in the last ten years, an optimistic future is open for developing new, better performing catalysts that will fulfill the societal needs for the near and far future.
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Figure 1. Impacts on ultra-low sulfur diesel production. 
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Figure 2. Metal-support interactions in hydrotreating catalysts depending on the intended use by H. Nie et al. [16]. 
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Figure 3. (a,b) TEM micrographs and (c,d) schematic diagrams of MoS2 clusters supported on TiO2 anatase powders. Sakashita et al. [29]. 
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Figure 4. Taken and modified from [37], high resolution transmission electron microscopy (HRTEM) images of hollow spheres prepared by P. Afanasiev. 
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Figure 5. Effect of citric acid in slabs morphology, J. Chen et al. [94]. 
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Figure 6. Selectivity hydrodesulfurization, comparison between experimental results and kinetic model (black line) as a function of sulfur–metal bond energies, E(MS) (T = 250 °C, P = 20 bar, H2/feed = 360 l/l). Daudin et al. [142]. 
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Figure 7. The relationship between the DBT conversion and weakly bonded S content of the catalyst. Yue et al. [154]. 
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Figure 8. (a) Mo and S edges in CoMoS catalysts, (b) scanning tunneling microscopy (STM) images of the CoMoS nanocluster, (c) Formation of vacancies at the middle of Mo edge rather than the corner, on exposure of the hydrogen. Gronborg et al. [191]. 
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