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CHAPTER 2



Catalytic Hydrodesulfurisation 1



The Process



Although some of the organic sulfur compounds found in oil and other feedstocks can be removed by the absorption, adsorption and oxidation processes that are used for H2S removal (Chapters 3 and 4), organic sulfur compounds are generally much less reactive than H2S. A high temperature hydrodesulfurisation reaction is therefore needed to convert the organosulfides to H2S. Hydrodesulfurisation (HDS) is the removal of sulfur by a reduction treatment. Sulfur present as thiols, sulfides, disulfides and thiophenes in oil feedstocks undergoes hydrogenolysis to generate H2S and a hydrocarbon, e.g. for methyl mercaptan: (2.1) and for thiophene: (2.2)



For given R and R' groups, the reactivity decreases in the sequence: RSH > RSSR' > RSR' > thiophenes where R is an aliphatic or aromatic group. High molecular weight organosulfides are less reactive than low molecular weight organosulfides, activity decreasing with increasing molecular weight.1 Hydrodesulfurisation is one of a number of hydrotreating processes used in treating feedstocks. All the processes involve reaction with hydrogen. Other processes include removal of nitrogen by hydrodenitrogenation (HDN), removal of oxygen (as water) from oxygen containing compounds by hydro-



deoxygenation (HDO), removal of heavy metals by hydrodemetallisation (HDM), removal of chlorine by hydrodechlorination and hydrogenation of unwanted unsaturated compounds. Hydrodesulfurisation is carried out over a presulfided, alumina supported, cobalt or nickel molybdate catalyst at ca. 350 0C and at 30 to 50 bar.1 The cobalt molybdate catalyst is generally used in preference to the nickel molybdate catalyst since it is more effective at hydrogenolysis.2 Nickel molybdate is the preferred option for HDN since it is a better hydrogenation catalyst; more hydrogen is consumed in HDN since the reaction is run at higher temperatures and is generally applied to the heavier fractions of crude oil which contain substantial amounts of unsaturated products, since they contain the most nitrogen.1 The hydrogenolysis of organosulfides is exothermic. However, the concentration of the organosulfides is sufficiently low in most feedstocks for any temperature rise in the catalyst bed to be generally negligible.2 As stated above, the catalyst is sulfided prior to use. Sulfiding can be carried out at ca. 300 0C using a feed gas typically containing ca. 1 % of an easily decomposed sulfur compound such as dimethyl sulfide and ca. 5% hydrogen.2 During this activation step the MoO3 is converted to MoS2 and the cobalt is partially sulfided. It is important that the dimethyl sulfide is introduced to the catalyst at the same time as the hydrogen since, if the catalyst is prereduced to MoO2, it is less readily sulfided and large amounts of oxygen are retained in the catalyst.1 The catalyst formed under these conditions is also less active and selective in HDS. Since the HDS reactions are exothermic they are favoured by low temperatures and high pressures. The actual operating conditions are a compromise between the thermodynamically favoured temperatures and pressures and conditions compatible with plant operations. A temperature of ca. 350 0C is generally used because the catalysts are inactive below 280 0C and hydrocarbon cracking reactions occur at temperatures greater than 4000C. The reaction is carried out at 30-50 bar, depending on the operating pressure of the plant, in a feed gas which contains 2-5% H2 in a natural gas feedstock and 25% H2 if using a feedstock containing higher hydrocarbons such as naphtha. Naphtha is a general term used to describe a mixture of hydrocarbons formed from the fractional distillation of oil feedstocks. The light distillate fraction (see Table 1 in Chapter 1) for C5 hydrocarbons, for example, is known as virgin naphtha and the kerosene fraction is referred to as heavy naphtha. When using naphtha feedstocks, the excess hydrogen is used to suppress cracking reactions.2
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The Catalyst



The Co-Mo/Al2O3 hydrodesulfurisation catalyst is prepared by impregnation of a high surface area alumina support with aqueous solutions of Co(NO3)2-6H2O and (NH4)6Mo7O24.3 The catalyst typically contains 1-4 wt% Co and 8-16 wt% Mo. The catalyst precursor is then dried and calcined to give the supported mixed Co/Mo oxide which is then activated by sulfiding in
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(Reprinted from ref. 3, figure 1, page 5, courtesy of Marcel Dekker Inc., New York)



hydrogen and a sulfur-containing feed as described in Section 1. The precise composition of the active catalyst is governed by the concentration and the order of impregnation of the metal salts, the calcination temperature and the degree to which the catalyst is sulfided.4 A calcination temperature of ca. 5000C is used for optimum performance. At higher temperatures more molybdenum and cobalt aluminates are formed and molybdenum oxide is volatile at temperatures above 7000C.5 The MoO3 is almost completely sulfided during activation to form MoS2. MoS2 has a layered structure with weak van der Waals type interactions between the sulfur atoms in contiguous layers.1 The layers can be bonded to the alumina surface either by their basal plane or on their edges (Figure 2.1).3 Surface science studies using a MoS2 single crystal showed that this had negligible activity for the hydrodesulfurisation of thiophene.5 The surface area of the basal plane of the crystal was much greater than that of the edge. When the crystal was bombarded with Ar + (sputtered) so that molybdenum ions were exposed, there was a marked increase in the hydrodesulfurisation activity.6 This indicates that the active sites for catalysis are formed at the corners or edges of layers rather than the basal planes. The main role of the alumina is to stabilise the MoS2 layers. The cobalt in the Co-Mo/Al2O3 catalyst prior to sulfiding can occupy tetrahedral or octahedral sites in the alumina and/or form Co3O4 crystallites on the surface.3 The exact location will depend on the cobalt loading and the treatment of the impregnated precursor. On sulfiding, the cobalt is found in three environments (Figure 2.2). Co3O4 forms Co9S8; cobalt ions in tetrahedral sites in the alumina remain there after sulfidation and cobalt ions that were located in octahedral sites in the oxides are adsorbed on the edges of the MoS2 crystallites after sulfiding.3'4 The cobalt found on the edges of the MoS2 layers is known as the Co-Mo-S phase,3 and this is thought to be the principal active site in the hydrodesulfurisation catalyst. The cobalt ions in the tetrahedral sites of the alumina are few
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Schematic representation of the different phases present in a typical aluminasupported catalyst. (Reprinted from ref. 4, figure 3, page 401, courtesy of Marcel Dekker Inc., New York)



in number4 and are thought to be inactive.1 The proportion of the phase C09S8 increases with increasing cobalt loading.4 The catalytic activity for hydrodesulfurisation of the sulfided Co-Mo/Al2O3 catalyst is much greater than that of Mo/Al2O3, and there is some controversy concerning the precise role of the cobalt in the active Co-Mo-S phase. It has been suggested that the cobalt acts as a promoter by improving hydrogen adsorption,1 or by increasing the number of active molybdenum sites at the surface.3 It has also been proposed that the cobalt may replace the molybdenum as the catalytically active site.3 The Co-Mo-S phase is found in two forms. Type I is formed after low temperature activation in H2S. In this structure the Co-Mo-S is bonded to the support by oxygen bonds. The type II Co-Mo-S phase is formed by high temperature sulfiding when all these bonds are either broken or sulfided. The precise temperature at which the change occurs decreases with increasing Co/ Mo ratio.5 The type II structures are more active for HDS whereas the type I structures are more active for hydrogenation reactions.
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Mechanism of Hydrodesulfurisation



The model compound thiophene is selected for a discussion of the mechanism since it is typical of sulfur-containing compounds found in feedstocks. Although thiophene has been widely studied as a model sulfur compound in hydrodesulfurisation, there is still considerable controversy about the mechanism of desulfurisation. Three mechanistic routes have been identified.5'7 The first route entails the hydrogenation of the thiophene ring. The thiophene molecule is regarded as a pseudo aromatic molecule due to delocalisation of electrons through its n system and this gives it an inherent stability. Partial or



complete hydrogenation of the ring results in a loss of this aromatic character and stability, i.e.: (2.3)



(2.4)



The second route involves the cleavage of a carbon-sulfur bond and addition of hydrogen to give a diene thiol intermediate.



(2.5)



An elimination reaction then takes place with the diene thiol intermediate to form butadiene and H2S.7 Butadiene can then be further hydrogenated to butenes and butane. (2.6) The cleavage and elimination reactions described above can either take place in two stages as shown above, or by a concerted reaction in which the intermediates are retained on the surface of the catalyst and only butenes or butane are observed as products.5 The third route for the desulfurisation of thiophene involves dehydrosulfurisation of thiophene to form butadiyne. This is an elimination and cleavage reaction which takes place without involvement of the hydrogen. It is thought that this reaction is unlikely to occur for thiophene due to the stability of the thiophene ring. This reaction typically occurs in alkyl sulfides where the carbonsulfur bonding is less stable.



(2.7)



In practice, it is unlikely also that cleavage of a C-S bond would take place directly from thiophene as it is too stable. The most likely mechanism is therefore that the thiophene will be partially hydrogenated, as shown in Equation 2.3; this would destabilise the ring so that the molecule is more



susceptible to C-S bond cleavage and elimination of H2S as described in Equations 2.5 and 2.6. The adsorption sites for the thiophene are thought to be anion vacancies present in the Co-Mo-S phase.4 Theoretical calculations indicate that the thiophene is adsorbed perpendicularly to the surface via the sulfur. Hydrogen is thought to adsorb on a different active site, and there is considerable controversy as to whether the hydrogen is present as a molecular or dissociatively adsorbed species. The rate-determining or slow step in hydrodesulfurisation is the reaction between adsorbed thiophene and adsorbed hydrogen.8 There is also evidence for the participation of a further adsorption site in which intermediate butenes desorbed from the anion vacancy sites are adsorbed and further hydrogenated to butane.9
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