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Chapter One 

Hydrodesulfurization Catalysis 

1.1 Introduction 

Hydroprocessing catalysts based upon the transition metal sulfides have 

been widely used for over 70 years and molybdenum (Mo)ーbasedcatalysts still 

remain the main industrial catalysts in hydroprocessing of petroleum-based 

feedstocks (1). Original interest in these catalysts centered on their activity in 

出ehydrogenation of coal liquids出atcontain considerable amounts of sulfur 

maintaining the transition metal in the sulfided state before the World War II. 

Cobalt (Co)， nickel (Ni)， Mo， tungsten (W) sulfides and their mixtures were 

recognized as the most active and least expensive of the transition metal 

sulfides (2). After the World War II， their major uses shifted to 

hydroprocessing of sulfur-and nitrogen帽containingpetroleum-based 

feedstocks with Co or Ni-promoted Mo and W catalysts usually supported on 

alumina. Today， the removal of sulfur， nitrogen， oxygen， and metals from 

fossil oil by reductive treatments in so-called hydroprocessing have been of 

importance with other large scale petroleum refining processes (cracking and 

reforming， etc.). Its application is growing to meet several needs， including 

the processing of heavier feeds， the production of high-performance 

lubricants， and cleanup of buming fuels to diminish air-polluting emissions of 

sulfur and nitrogen oxides that contribute to acid rain. Although alumina 

supported Mo-based catalysts， which were promoted with Co or Ni， were 

widely used in hydroprocessing， it is during the 1980-90s that a comparatively 

full comprehension of the location and the promotion of the promoter ions in 
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出ehydrotreating catalysts was developed. In the past years new suggestions 

for the mechanisms of hydrodesulfurization (HDS)， hydrodenitrogenation 

(HDN)， hydrodeoxygenation (HDO)， and hydrodemetalization (HDM) have 

also been put forward. In this paper we only concern with the HDS reaction， 

since the aim of this paper is only involved with the mechanism of HDS 

reaction and the limiting length of manuscript. For other hydrotreating 

work， one can refer recent articles on HDN (3， 4)， HDO (5， 6)， and HDM (7). 

1.2 Sulfur Compounds 

百lesulfur compounds found in petroleum or synthetic oils generally fal1 

into one of two types: heterocycles or nonheterocycles. The latter comprises 

of thiol or mercaptan. In this paper， we do not concern ourselves with HDS 

of later because they undergo HDS rapidly (1). Heterocycles mainly 

comprises of thiophene and its alkyl or phenyl substituents. A few were 

shown in Figure 1.1. Certainly， there are other heterocyclic sulfur 

compounds as sulfides. They also undergo HDS rapidly and there were few 

studies on HDS of sulfides (1). 

1.3 Thermodynamics 

The experimental conditions in hydrodesulfurization processes depend 

upon the boiling range and character of the feedstocks， the degree of 

desulfurization required and the catalyst employed. Industrial HDS is 

generally carried out at 300・425oC and 10・200atm (1， 8， 9). HDS of sulfur 

compounds is exothermic and essentially irreversible under the reaction 

conditions employed industrially. Representative values of the gas-phase-

hydrodesulfurization equilibrium constants of several sulfur compounds， 
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Fi伊re1.1. Structure of sulfur compounds. 

Table 1.1. Equilibrium constants for HDS of selected sulfur compounds. 

log K i1Ho， kcal/mol of 

2270C 4270C sulfur reactant 

2・propane出iol+ H2 6.05 4.45 -13 

一~ propane +H2S 

thiacyclohexane + 2H2 9.22 5.92 -27 

-ー n-pentane+ H2S 
thiophene + 4 H2 12.07 3.85 -68 

一~ n-butane + H2S 
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including a mercaptan， a sulfide， and a heterocyclic compound， are listed in 

Table 1.1 with the corresponding standard enthalpies of reaction. The 

equilibrium constants all decrease with increased temperature， which indicates 

the exothermicity of the HDS reaction， and approach values much less出釦 l

only at temperatures considerably higher than those required in practice， 

which indicates that this reaction is irreversible in practical reaction 

conditions. 

Thermodynamics data for sulfur compounds present in higher boiling 

fractions (i.e.， multi-ring heterocycles) are unavai1able， except for recent data 

for dibenzothiophene and its methyl substituents HDS. The latter results 

indicate that HDS of dibenzothiophene and its methyl substituents are also 

favored at temperature's representative of industrial practice and are 

exothermIc. The enthalpies of dibenzothiophene， 4-methyldibenzothiophene， 

and 4， 6-dimethyldibenzothiophene are -12， -20， and・21kcal/mol， respectively 

(10). Extrapolation of the latter results suggests that HDS of higher 

molecular weight sulfur compounds (e.g.， benzonaphthothiophene) are also 

favored to temperature and are exothermic. 

As being discussed subsequently， sulfur removal occurs with or without 

hydrogenation of the heterocyclic ring. The pathways involving prior 

hydrogenation of the ring is favored only at low temperature and at high 

pressures because hydrogenation of the sulfur-containing rings of sulfur 

compounds is equilibrium-limited at practical HDS temperatures. An exむnple

is reported by Weisser and Landa (11)， in which the equilibrium constant for 

hydrogenation of thiophene to give tetrahydrothiophene is less th釦 unityat 

temperatures above 350 oC. Thus， sulfur-removal pathways through 

hydrogenated sulfur intermediates may be inhibited at low pressures and high 

temperatures because of the low equilibrium concentrations of the latter 

species. It appears出atnew catalyst more active at low temperature must be 
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developed when extensive hydrogenation is also desired during the 

hydroprocessing. 

1.4 Structure and Composition of the Catalyst 

Industrial HDS is generally carried out over a sulfided Co-or Ni-Mo/y-

Ah03. Because both catalysts were based on Mo/ Ah03， Mo/ Ah03 was also 

widely investigated. 

1.4.1 Sulfided Mo/y-Ah03 

HDS catalysts are normally prepared by pore volume impregnation of 

alumina with aqueous solutions of (NH4)6Mo7024， CO(N03h， and Ni(N03)2 

with intermediate drying and calcination steps. The resulting oxide precursor 

of the catalyst is presulfided before the actual HDS reaction by a sulfiding 

procedure血atmay consist of reacting in a mixture of H2S and H2 or thiophene 

and H2， or in a liquid feed of sulfur-containing molecules and H2・ Today，

most researchers agree that the resulting catalyst is (almost) completely 

sulfided， that is， M003 is transformed into MOS2 and the cobalt ions have 

passed from an oxide into a sulfide environment. During sulfiding as well as 

during actual HDS reaction， because the catalysts are highly reduced with H2S 

always present， thermodynamics predict that molybdenum should be in the 

MOS2 form， cobalt in出eC09Sg， and nickel in the Ni3S2 or NiS form. Indeed， 

EXAFS studies of the Mo K -edge absorption spectra demonstrated that in 

sulfided Mo/ Ah03 catalysts the average Mo ion has the same environment as 

an Mo ion in MoS2(12-15). 百leonly difference was出atin the catalyst the 

N(Mo・Mo)coordination number for the second shell of (Mo) neighbors 

surrounding each Mo ion was less than 6， which was found in pure MOS2・

This indicates either出atthe size of MOS2 particle slab on the alumina surrace 
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is small， or that the long-range order in these pa口ic1esis not perfect. Also 

temperature-programmed sulfidation studies have shown that the kinetics of 

sulfidation is fast enough to transform the majority of Mo and Co into the 

sulfide form (16). 

MOS2 belongs to a group of materials出atcrystallize with the layered 

structure， and it is found that each layer is composed of sheets of Mo atoms 

sandwiched between sheets of sulfur atoms. Within a given layer the bonding 

is mainly covalent， whereas between layers the bonding is mainly of出evan 

der Waals type (17). Crystals grow in the form of platelets with large 

dimensions parallel to the basal sulfur planes and a small dimension 

pe中endicularto the basal plane. Topsφe et al. claim that MOS2 can be present 

on industrial supports as very large patches of a wrinkle， one-slab-thick MOS2 

layer (18). In other studies three-dimensional-like structures were described. 

In a recent HRTRM model study of HDS catalysts， MOS2 crystallites occurred 

in the form of platelets with among the ratio of a height-to-width of 0.4-0.7 

(19). Some of these platelets were oriented at a no回目O釦 gleto出esurface， 

Models of the active sites in Mo/Ah03 catalysts have usually been 

developed by consideration of the morphology of MOS2・ Onthe basis of bond 

energy considerations， Voorhoeve had already assumed in 1971 that the anions 

in the basal planes of MOS2 are more strongly bonded to the Mo cations than 

the anions at edges or comers (as in the layer lattice of TiCh). 百lerefore

catalysis most likely occurs at edges and comers， and not at basal planes (20). 

Experimental verification for出ishas been provided by a surface science study 

of the catalytic activity of an MOS2 single crystal. Salmeron et a1. showed that 

such a crystal， with a large ratio of basal plane over edge surface area， has a 

negligible activity for HDS of thiophene (21). However， sputtering of the 

basal plane and exposure of Mo ions increased the activity (22). 
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1.4.2 Sulfided Co-or Ni-Mo/ AI203 

Many spectroscopic techniques are capable of detecting the presence of 

cobalt in one structure or another. Especially， the application of Mりssbauer

spectroscopy and EXAFS technique could quantitatively determine the 

simultaneous presence of different cobalt structures. In recent years， 

primarily due to the inverse Mりssbauerstudies by the Topsoe group and 

EXAFS research， a quantitative picture has emerged about the structure of 

cobalt in HDS catalysts (13， 23). 

Cobalt can exist in several forms in a promoted Mo/ Ah03 catalyst. In 

the oxide precursor form， cobalt ions interact strongly with the spinel type y-

A1203 lattice and occupy octahedral sites just below AhO 3 surface or 

Figure 1.2. Orientation of small MOS2 crystallites on the surface of Ah03・

suggesting出atMOS2 platelets are bonded to the alumina surface by Mo-O-Al 

bonds (Figure 1.2). 
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tetrahedral sites in the Ah03 bulk (24-26). At higher loading cobalt can also 

form C0304 crystallites on the surface of the support. In the sulfide form， 

cobalt may be present in three forms， as C09S8 crystallites on出esupport， as 

cobalt ions adsorbed onto the surtace of MOS2 crystallites， and in tetrahedral 

sites in the Ah03 lattice (23). Depending on the relative concentrations of 

cobalt and molybdenum (27) and on the pretreatment， a sulfided catalyst 

contains a relatively large amount either of C09S8 or of cobalt adsorbed on 

MOS2 (so-called Co-Mo-S phase). The strucωre of the catalyst in the sulfided 

state is predetermined by the structure of the oxide precursor. Therefore 

C0304 was found to transformed into C09S8， cobalt ions in octahedral support 

sites transformed into cobalt adsorbed on MOS2 (Co-Mo-S phase)， and cobalt 

ions in tetrahedral suppo口sitesremained in those positions (23). 

B y combining the Mりssbauerstudies with catalytic activity studies， 

Topsφe et al. established that the promoter effect of cobalt is related to the 

cobalt ions adsorbed on MOS2 (27). They have therefore confirmed 

suggestions made by Voorhoeve and Stuiver (20)釦 dby Fa汀agher釦 dCossee 

(28) that the promoter effect is not due to separate C09S8 crystallites but to 

cobalt ions in contact with MOS2・ Originallythe occu汀enceof this adsorption 

state was somewhat confusing， since thermodynamically出emost stable phase 

of cobalt under sulfide conditions is C09S 8・ Furthermore，solid-state 

chemistry studies have shown出atCOM02S4 is catalytic inactive (29)釦 d出at

cobalt does not form temary compounds with MOS2， as it does with NbS2 and 

TaS2・ Nevertheless，it can adsorb on the surface of MOS2 crystallites. 

Farragher was the first to suggest that the cobalt is located at the edges of the 

MOS2 platelets. Proof for this suggestion was obtained by Chianelli et al. in 

scanning Auger studies of cobalt-promoted single crystals of MOS2・ An

EXAFS study of the Co k -edge demonstrated that the cobalt ion in a sulfided 

Co-Mo/ Ah03 catalyst surrounded by suぜurions. However， no second shell 

of neighboring ions can be determined， indicating出atthe cobalt ions are not 

present in a unique， well-ordered structure. Farragher suggested that出e

cobalt ions at出eMOS2 edges are located between subsequent MoS21ayers， and 

he therefore called this a pseudointercalation structure， to differentiate it from 

real intercalation in which the cobalt ions would be randomly distributed 

between altemate MOS2 layers (28). Previously， intercalation proper had 

been suggested by Voorhoeve to be the structure of cobalt (20). On the other 

hand， Topsφe and Topsφe claimed that the cobalt ions are located at出eedges 

of the molybdenum plane of an MOS2 layer， therefore extend the MOS2 layer 

(30). Convincing evidence for this model came from an infrared study on a 

series of sulfided Co-Mo/Ah03 catalysts， which NO was used as probe 

molecule. The IR spectrum of NO molecules adsorbed on cobalt ions can be 

distinguished from出atof NO molecules on molybdenum ions. By increasing 

the cobalt loading at fixed molybdenum loading it was demonstrated that the 

spectrum of NO adsorbed on Co sites increased in intensity， while that of NO 

adsorbed on Mo sites decreased in intensity. If the cobalt ions had been in the 

location proposed by Farragher， the intensity of the NO on Co spectrum 

should have increased， but the intensity of出eNO on Mo spectrum should be a 

stayed constant. Cobalt ion in the locations proposed by Tops仰 andTopsoe， 

however， cover molybdenum ions and block adsorption of NO on these Mo 

ions. Therefore the observed behavior is according to the Co location 

proposed by Tops砂eand Topsφe (30). A point出atshould be studied further 

is whether NO molecules actually chemisorb on the catalyst surface without 

disturbing its structure. If corrosive chemisorption were indeed to occur， the 

conclusions drown from the IR adsorption study would need reinterpretation. 

Either Farragher or Tops回eet al. describe the environment of the cobalt 

ions with octahedral or trigonal prismatic holes. On the basis of the solid-state 
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NMR work， Ledoux has recently suggested出atthe cobalt ions may indeed be 

situated in tetrahedral positions at the MOS2 edges (31). 

Kasztelan et al. have quantitatively considered the solid-state structure of 

MOS2 and白eedge location of the cobalt promoter by calculation the number 

of edge and comer Mo and Co sites as a function of MOS2 particle size (32). 

The geometry for a single MOS2 slab was considered. The reasonable fit 

between predictions and experimental results indicates that出eassumptions 

underlying the model are not unrealistic. 

In summary， the structure of a sulfided Co・Mo/Ah03 catalyst consists of 

small MOS2 crystallites出ateither lie with their basal planes parallel to出e

Ah03 surface or are edge-bonded to the Ah03 surface. The majority of the 

cobalt is present as cobalt ions adsorbed on the edges of the MOS2 crystallites 

and as C09S8 crystallites on出eAh03 surface. A high Co/Mo ratio and a high 

sulfidation temperature of the oxide precursor favor C09S 8 formations， 

however， some cobalt is always present in tetrahedral sites in the A1203 lattice. 

A schematic picture of the resulting structure is presented in Figure 1.3. 

1.4.3 Role of the Cobalt or Nickel Promoter 

There are four basic structural models出athave been proposed to 

account for the results of HDS experiments. 

(a) Monolayer Model 

This model (33， 34) is based on the common belief血atM003 a catalyst 

precursor， can be well dispersed as a monolayer on the Ah03 support (35) 

through dehydration of the surface. During sulfiding， sulfide ions replace the 

terminal oxide ions. Since the sulfur anion is larger than the oxygen anion， 

sulfur uptake in the monolayer configuration can occur only to a limited 

extent， corresponding to an S/Mo ratio of no more白釦 unity(36). Massoth 
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Figure 1.3 Structure of the different forms in which cobalt ions can be 

present in Co-promoted MoS2iAh03・

(34)， however， observed ratios as high as 2.75， which led him to propose a 

surface structure involving one-dimensional chains of MOS2， instead of two-

dimensionallayers. 

The difficulties of this model are that the role of promoter (such as Co 

or Ni) is uncertain， and that unsupported catalysts show catalytic behavior 

similar to白ecorresponding supported catalysts. 

(b) Pseudointercalation Model 

This model (20， 28) is based on the structure of bulk MoS2 that has a 

prismatic arrangement of S atoms around each Mo. 百lepromoter Co or Ni 

is intercalated in the octahedral holes between S-Mo-S layers at出ecrystallite 
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edge. The active sites are出usbelieved to be exposed M03+ ions located at the 

sulfur-deficient edge sites. 

1t is not clear right now whether pseudointercalation is essential to the 

promotional effect. Karroua et al. (37)， Zabala et al. (38) and Goetsch et al. 

(39) have demonstrated that C09S8 ， when intimately blended with MOS2， 

shows an appreciable promotional effect. 

(c) Contact Synergy Model 

On the basis of his work on mixed bulk sulfide catalysts， Delmon (40) 

have advocated that the promotional role of Co occurs at the interface between 

the thermodynamically favored MOS2 and C09S8 phases. This contact 

ynergism between the two phases is explained by an electron transfer at the 

interface. 

(d) 'CoMoS" Phase model 

The presence of an active phase， called "CoMoS" phase， in supported and 

unsupported CoMo catalysts has recently been identified by Topsφe and his co・

workers (18 and the references therein) using Mりssbauerspectroscopy. In 

alumina-supported catalysts it is suggested出at出e"CoMoS" phase is present as 

a single S-Mo-S sheet， with Co most likely present at molybdenum sites. In 

unsuppo口edcatalysts， the "CoMoS" phase likely consists of severallayers with 

bulk MoS2-1ike structures. 

Summarizing， each of these models has its merits as far as HDS is 

concemed. While the details of the catalyst structures are still unclear， for 

high activity it seems important to have the promoter metals intimately 

associated with an MoS2-1ike species. Several such models of the active 

phase(s) have recently been hypothesized by Yermakov et al. (69) and 
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Chianelli et al. (42). Models出atare based on geometrical considerations 

have been proposed by Kasztelan et al. (32). 

1.5 Reactivity， Reaction Networks and Kinetics 

1.5.1 Reactivities 

The hydrodesulfurization (HDS) of a number of sulfur compounds 

dissolved in n-cetane solvent on a Co-Mo/Ah03 catalyst have been reported by 

Nag et al. (43). 百lepseudo-first-order rate const組 tsfor the disappearance 

of each at 300 oC and 71 atm are given in Table 1.2. The three-ring 

compounds are 1 order of magnitude less reactive than the two-ring 

compounds， but the reactivity is similar for compounds having three or more 

nngs. 

The high-pressure reactivity data in Table 1.2 imply that dibenzo・

thiophene is one of the compounds most representative of the unreactive sulfur 

Table 1.2. Reactivities of several heterocyclic sulfur compounds. 

Reactant 

thiophene 

benzothiophene 

dibenzothiophene 

benzo (b) naph出0-

(2， 3-d) thiophene 

7， 8， 9， 10・tetrahydro-

benzo (b) naphtho-

(2， 3-d) thiophene 

1 5 

Pseudo-first -order 

Rate Constant， 

L/(s.g of catalyst) 

l.38 x 10-3 

8.11 x 10-4 

6.11 x 10・5

l.61 x 10・4

7.78 x 10・5



compounds in higher boiling fractions of fossil fuels. Because it is readily 

available commercial1y， it is a good model compound for characterizing the 

HDS chemistry of heterocyclic sulfur compounds. 

The effect of methyl substituents on the reactivity of dibenzothiophene 

has also been investigated. Houalla et al. conducted the HDS reaction of 

methyl-substituted dibenzothiophene at 3000C and 102 atm with a flow reactor 

(44). Table 1.3 is described by pseudo-first-order kinetics. 百lemethyl 

substituents in 2， 8-positions of dibenzo出iophenehardly changed the reactivity 

and methyl groups in the 3 and 7 positions also had only a small effect on the 

reactivities. In contrast， methyl substituents at the 4-position reduced the 

reactivity by an order of magnitude， and methyl groups in the 4 and 6 

positions reduced it somewhat more. 

Recently， since the air pollution regulations become more strict， much 

attention has been focused on deep desulfurization of light oil. The 

developments of analytical techniques have enabled the analysis of poly-

aromatic sulfur-containing compounds (PASC) such as alkylbenzothiophenes 

Table 1.3. Reactivities of selected methyl-substituted dibenzo出iophene.

Reactant 

dibenzo出iophene

2，8-dimethy ldibenzothiophene 

3，7-dime出yldibe回 0出iophene

4，6-dimethyldibenzothiophene 

4叩 ethyldibenzothiophene

1 6 

Pseudo-fist-order 

Rate Constant， 

L/(g of catalyst.s) 

7.38 X 10-5 

6.72 X 10-5 

3.53 X 10-5 

4.92 x 10・6
6.64 x 10・6

and alkyldibenzothiophenes that are considered to be key compounds of出e

hydrodesulfurization of light oil (45-47). These methyl-substituted dibenzo-

thiophenes are now recognized as the sulfur compounds出atare most slowly 

converted in HDS of heavier fossil fuels. Kabe and co-workers reported the 

hydrodesulfurization of a middle distillate of Arabian light crude oil on a 

commercial Co-Mo/Ah03 at 350-390 OC (48). By the quantification of each 

sulfur-containing component in feed and products， they found that 

alkylbenzothiophenes was completely desulfurized at 350 oC independent of白e

presence of substituents and for dibenzothiophene and its alkyl-substituents， 

non-substituted dibenzothiophene was converted completely at 370 oC. In 

contrast， 6 % of 4・methyldibenzothiopheneand 52 % of 4，6-dimethyl-

dibenzothiophene were not converted even at 390 OC. Therefore， one of the 

challenges for future technology is to find catalysts and processes to 

desulfurize them. Compounds such as 4-methyldibenzothiophene are 

evidently the most appropriate model compounds for characterization of new 

catalysts and processes for heavy feeds. 

The observation that the reactivity of the methy ldibenzothiophenes 

substituted at positionsα(4 or 6) to the sulfur atom is only 1 order of 

magnitude smaller than those of the other substituted dibenzothiophenes 

indicate that there is not a significant steric effect and therefore suggests that 

adsorption of the sulfur compounds does not proceed on an end-on mむlller

through the sulfur atom (33). If end-on adsorption predominated， the rate 

constant for HDS of 4，6-dimethyldibenzothiophene would be expected to be 

several orders of magnitude less than that for 4-methyldibenzothiophene. 

Kwart et al. (49) therefore proposed a multi-point adsorption model. They 

considered the adsorption of the sulfur compound through the sulfur atom or 

the bond between the carbon atoms that are in 4-and 3-or 6-and 5-positions 

relative to the sulfur atom. Consistent with this picture， Sauer et al. (50) 
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proposed reaction mechanisms for thiophene HDS on the basis of presumed 

analogies to molecular organometallic chemistry. 

1.5.2 Reaction Networks and Kinetics 

To gain a quantitative understanding of HDS kinetics， a common 

approach is to carηout HDS with representative model compounds. There 

have been two groups of studies among this line: those which establish the 

HDS kinetics and reaction pathways for a single sulfur-containing compound; 

and those which determine the interactions between HDS and other 

hydrotreating reactions such as hydrodeoxygenation (HDO)， hydrode-

nitrogenation (HDN) and aromatic's hydrogenation. Experiments leading to 

the proposal of reaction networks have been carried out for thiophene， 

benzothiophene， dibenzothiophene and two isomers of benzonaphthothiophene. 

(a) Thiophene. 

Early thiophene HDS investigations， the great majority of which have 

been performed at atmospheric pressure have been reviewed (1， 8). 

Thiophene HDS evidently proceeds by two parallel pathways (Figure 1.4)， 

al出oughthe reaction network is not completely understood， with results of 

different investigators being in less出anfull agreement. Rate equation from 

出elow-pressure experiments indicates出atthiophene inhibits its own HDS; in 

some investigations， hydrogen sulfide has been found to inhibit HDS. 百le

possibility of inhibition by hydrogen is difficult to assess because only small 

ranges of hydrogen partial pressures have been used (8). Hydrogenation and 

hydrogenolysis are inferred to occur on two different kinds of sites since 

hydrogen sulfide affects rates of thiophene hydrogenolysis and olefin 

hydrogenation differently (1). 

1 8 

Table 1.4. Rate equations for thiophene hydrogenolysis and butene 

hydrogenation. 

1. Thiophene hydrogenolysis onσsites: 

kT.σKT.σKH2.σPTPH2 rT円=
一[1+ (KH2.σPH2)ln+KT，σPT + KH2S.σPH2S / PH2] 

2. Butene hydrogenation onτsites: 

kB.τKB.'tKH2."CPBPH2 rA平一
一[1+ (KH2.'tPH2)1/2 + KA.'tP A + KB.τPB ]2 

where the subscripts T， A， and B denote thiophene， butane， and butene， 

respectively. 

/〆
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Figure 1.4. Thiophene reaction pathways. 
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In a thorough set of exper出lentscharacterizing HDS thiophene in the 

vapor phase (51)， conditions were varied over a wide range. A reaction 

network was proposed in which thiophene hydrodesulfurized to give 1-butene 

and cis-and trans-butadiene， followed by hydrogenation of the butenes to give 

butane. Neither tetrahydrothiophene nor butadiene (which was proposed to 

be hydrogenated rapidly to give the three butenes) was detected. Two 

different kinds catalytic sites were assumed， one for thiophene hydrogenolysis 

and one for butene hydrogenation， according to results of low-pressure 

experiments (8). The data were correlated best by either of two sets of 

Langmuir-Hinshelwood rate equations， one based on a rate-determining 

surface reaction between adsorbed thiophene and molecularly adsorbed 

hydrogen and the other differing only in that hydrogen is assurned to be 

dissociatively adsorbed， which is a more realistic postulation. In each case， it 

was assumed that hydrogen sulfide was formed from reaction of gas-phase 

hydrogen with adsorbed sulfur by a Rideal-Eley mechanisrn. The rate 

equations based on出eassurnption of dissociatively adsorbed hydrogen is given 

in Table 1.4. The existence of two different kinds of sites was justified a 

posteriori by the large difference between adsorption equilibrium constants of 

hydrogen on the two sItes. The adsorption parameters of the organic 

compounds exceed those for hydrogen by 1-2 orders of magnitude. Hydrogen 

sulfide is a strong inhibitor of hydrogenolysis but does not inhibit hydro-

genation. The data were also fitted to a model in which the two kinds of sites 

are interconverted at a rate depending on hydrogen sulfide partial pressure， 

but the fit was not substantially better with出ismore complicated model. 

(b) Benzothiophene. 

Although benzothiophenes have long been recognized as major 

constituents of high boiling and residual petroleum fractions， little quantitative 

20 

Table 1.5. Rate equations for benzothiophene hydrogenolysis and 

hydrogenation. 

1. Hydrogenolysis of benzothiophene onσsites: 

kD，σKB，σKH2'σPDPH2 rn門=
一ー [1 + (KH2，σPH) 1/2 + (KH2S，σPH2S / PH2) + KB，cr(PB + PD)]3 

2. Hydrogenolysis of 1，2・dihydrobenzothiopheneonσsites: 

kB，σKB，σKH2'σPBPH2 
rB，σ= 
[1 + (KH2，crPH2)1/2 + (KH2S，σPH2S / PH2) + KB，σ(PB + PD)]3 

3. Hydrogenation of benzothiophene onτsites: 

rB-kB，τKBス(PBPH2-PD / K1) 局

1:-

[1 + KB，t(PB + PD) + KE，τPE]コ

where the subscripts B， D， E， and K1 denote benzothiophene， 1， 2-dihydro-

benzothiophene， ethylbenzene， and the equilibrium constant for benzo-

thiophene hydrogenation giving 1， 2-dihydrobenzothiophene， respectively. 

r 
O:7 
¥、
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Figure 1.5. Reaction network for benzothiophene. 
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information is available conceming the behavior of this type of fused two-ring 

heterocylic sulfur molecule under hydroprocessing conditions (8). The 

reported high-pressure experiments with liquid-phase reactants lead to 

contradictory conclusions regarding the network， whereas Daly reported that 

benzothiophene HDS gives ethyl benzene by either of two parallel pathways 

(52)， Geneste et al. reported that ethyl benzene is formed from a 

dihydrobenzothiophene intermediate (53). The only rate constants reported 

were for benzothiophene disappearance. 

A quantitative network has been reported for conversion of vapor-phase 

benzothiophene at higher pressures (54; Figure 1.5). Styrene was not detected 

and was assumed to be hydrogenated rapidly to give ethyl benzene after being 

formed from benzothiophene. As in the thiophene study repo口edby the sarne 

authors (51)， two different types of catalytic sites were assumed: one for 

hydrogenolysis of benzothiophene and of 1， 2-dihydrobenzothiophene and one 

for hydrogenation of benzothiophene. A sequential design of experiments was 

used to minimize the number of data required for model discrimination and 

parameter estimation. A best-fit rate equation (Table 1.5) was based on a 

mechanism in which the surface reaction is the rate-limiting step on both types 

of sites， with dissociative adsorption of hydrogen and the rate-limiting step 

involving simultaneous addition of two hydrogen atoms. Hydrogenation on 

the hydrogenation sites is negligible. Hydrogen sulfide inhibits 

hydrogenolysis， but not hydrogenation， as for thiophene. 

The functional forms of the rate equations based on the assumption of 

dissociative adsorption of hydrogen are identical for benzothiophene and 

thiophene. This consistency suggests equivalent mechanisms. Moreover， the 

adsorption parameters have similar values， which suggests出atthe parameters 

have a physical meaning in出econtext of Langmuir-Hishelwood models. 
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The effect of methyl substituents on benzothiophenes has been 

investigated by Geneste et al. (53) who observed出atthe conversion depends 

on the position and the number of methyl substituents， in the order: 

Benzothiophene (1) > 2-methylbenzothiophene (0.4) > 3-methylbenzo-

thiophene (0.2) > 2，3-dimethy lbenzothiophene (0.1) 

where the numbers in paren出esesdenote relative values of pseudo-first-order 

disappearance rate constants. The decrease in the rate is much less than 

expected from steric hindrance; the authors attributed the results to electronic 

effects， as a good correlation was obtained between the rate constant for 

hydrogenation and the first ionization potentiaL 

(c) Dibenzothiophene. 

Houalla et al. proposed a detailed network for dibenzothiophene HDS on 

the basis of data from two laboratory reactor types (55; Figure 1.6). 

Experiments were performed with dibenzothiophene and with its products as 

reactants， including 1， 2， 3， 4-tetrahydrodibenzothiophene， 1， 2， 3， 4， 5， 6・

hexahydrodibenzothiophene， and biphenyl. Each of the hydrogenated 

dibenzothiophenes was rapidly converted to the other， and for purposes of a 

kinetics analysis， the two hydrodibenzothiophenes were lumped. Figure 1.6 

indicates出atdibenzothiophene conversion proceeds selectively through the 

pa出 ofleast hydrogen consumption and that hydrogenation of biphenyl and 

cyclohexylbenzene is comparatively slow. However， the network shown is 

based on data from a flow reactor in which the hydrogen sulfide 

concentrations were low. The selectivity to the hydrogenated dibenzo-

thiophene is higher when the hydrogen sulfide concentration is higher. The 

latter selectivity also depends on the catalyst composition， as Houalla et al. 

found that the yield of cyclohexy lbenzene at a given conversion was about 3 

times higher with Ni-Mo/Ah03 catalyst than with Co-Mo/ Ah03 catalyst. 
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A similar network for dibenzothiophene hydrodesulfurization and 

hydrogenation was also reported (56) for Ni-Mo/Ah03 catalyst. The 

hydrogenolysis of dibenzothiophene to give biphenyl was only 2.5 times more 

Table 1.6. Rate equations for dibenzothiophene hydrogenolysis and 

hydrogenation. 

rapid than its hydrogenation. The lower HDS selectivity (increased 1. Dibenzothiophene hydrogenolysis: 

hydrogenation) in this network as shown in Figure 1.6 was attributed to出e

greater hydrogenation activity of the Ni-Mo/ Ah03 catalyst in comparison with 

Co-Mo/Ah03・ However，a contribution of a higher hydrogen concentration 

in Bhinde's experiments (it was approximately 50 % greater than that used by 

Houalla et al.) to the higher selectivity to hydrogenated dibenzothiophenes 

cannot be ruled out. The more rapid hydrogenation of dibenzothiophene 

suggests出atthe contribution of this pathway contributes more strong1y at 

higher hydrogen concentrations， resulting in higher hydrogen consumption for 

HDS at high pressures. 

The kinetics of dibenzothiophene disappearance was investigated by 

several authors (8， 57). Rate equations for dibenzothiophene disappearance 

were given， which associated with Langmuir-Hinshelwood mechanisms with 

hydrogen sulfide being an inhibitor. However， as Figure 1.6 shows， 

dibenzothiophene disappearance includes parallel hydrogenolysis and 

hydrogenation. In the work of Broderick and Gates (58)， rate equations were 

given in Table 1.6 for each pathway. Experiments were carried out with 

differential conversion of liquid-phase reactants in a flow reactor at 275-

3250C. The rates of hydrogenolysis and hydrogenation were take as the 

respective rates of formation of biphenyl and of the lump consisting of 

cyclohexylbenzene and the two hydrogenated dibenzothiophenes. The rate 

equation for hydrogenolysis corresponds to a Langmuir-Hinshelwood 

mechanism whereby the rate-limiting step is a surface reaction between 

molecularly adsorbed hydrogen on one type of site and dibenzothiophene on 

ano出er. Dibenzothiophene and hydrogen sulfide both inhibit hydrogenolysis， 

r= kKDTKH2CDTCH2 

(1 + KDTCDT + KH2SCH2S)2(1 + KH2CHJ 

2. Dibenzothiophene hydrogenation: 
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where the subscript DT denotes dibenzothiophene. 

Figure 1.6. Reaction network for dibenzothiophene. 
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the latter more strongly， in agreement with the kinetics of thiophene and 

benzothiophene HDS. The adsorption parameter for hydrogen could not be 

estimated accurately as a function of temperature (as evidenced by the positive 

enthalpy of adsorption). Biphenyl is not an inhibitor. Exception of the 

dependence of the rate on hydrogen concentration， the equation is almost 

identical in form with equations for hydrogenolysis of thiophene and 

benzothiophene. 

The difference in form between the dibenzothiophene hydrogenolysis 

rate equation and that for its hydrogenation is consistent with the notion that 

the two types of reactions take place on separate kinds of catalytic sites. As 

stated above， hydrogen sulfide does not inhibit hydrogenation. This agrees 

with results stated earlier for thiophene釦 dbenzothiophene. The difference 

in form between the dibenzothiophene hydrogenolysis equation and the 

thiophene and benzothiophene hydrogenolysis equations raises a question of出e

nature of the hydrogen adsorption. It does not seem plausible that hydrogen 

is molecularly adsorbed， as the equation for dibenzothiophene hydrogenolysis 

would imply if it were interpreted according to the Langmuir-Hinshelwood 
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formalism. The question of whether hydrogen and organic molecules 

compete for the same adsorption sites remains open. 
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(d) Benzonaphthothiophene. 

Benzonaphthothiophene is the heaviest organosulfur compound 

investigated with reaction networks having been reported for benzo (b) 

naphtho (2， 3-d) thiophene (59) and benzo (b) naphtho (1， 2-d) thiophene (8; 

Figure 1.7). In both networks， the rate of hydrogenation of the sulfur-

containing reactant is comparable to that of its hydrogenolysis. For benzo (b) 

naphtho (2， 3-d) thiophene， the hydrogenolysis rate of the sulfur compound 

having a saturated ring adjacent to the sulfur atom is only about 4 times 

(B) The numbers next to出ea汀owsare relative values of the pseudo-first-

order rate constants at 250 oc. 

Figure 1.7. Reaction network for (A) benzo (b) naphtho (2， 3・d)thiophene 

and (B) benzo (b) naphtho (1， 2-d) thiophene. 
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greater that of benzo (b) naphtho (1， 2・d)thiophene， the corresponding 

reactivity difference is more observed in出edibenzothiophene network. The 

reasons for this difference are not known， but may be related to differing 

reaction conditions. There are no Langmuir-Hishelwood rate expressions for 

reactions in any of出ebenzonaphthothiophene networks. 

1.5.3 Binary and Multicomponent Mixture 

The structural similarity (e.g.， aromaticity) of sulfur heterocycles to 

oxygen， nitrogen， and aromatic compounds suggest白atall these types of 

compounds may interact with the catalytic sites in a more or less similar way. 

Conceivably， there exists strong competition among the various hydrotreat泊g

reactions and aromatic's hydrogenation. In processing of commercial 

feedstocks， such competitive effect surely plays an important role. HDS 

networks include hydrogenation as well as hydrogenolysis reactions， which 

evidently occur on different kinds of catalytic sites (58， 60). 百leeffects of 

other components have been determined for both types of reactions， with the 

results interpreted with their competitive adsorption on出etwo kinds of sites. 

Weak inhibition by naphthalene of reactions in the dibenzothiophene 

network has been reported (56). However， other investigations indicated that 

inhibition of hydrogenation of sulfur compounds by aromatic hydrocarbons is 

stronger. In contrast， N agai and Kabe (61) observed in differential 

conversion experiments that addition of up to 2 wt% phenanthrene to a 

solution of 5 wt% dibenzothiophene decreased the yield of cyclohexy lbenzene 

but not出atof biphenyl. Phenanthrene was therefore assumed to adsorb 

solely on hydrogenation sites. Their assumption is cρnsistent with results of 

Van Paradise et al. (54). They found that ethylbenzene is a strong inhibitor of 

benzothiophene hydrogenation. The value of the phenanthrene adsorption 

parameter estimated by Nagai and Kabe was equal to 10 atm-1 and comparable 
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to出atobtained for thiophene HDS inhibition by La Vopa and Satterfield (62). 

Recently， Ishihara et al. reported that the effect of solvent under deep 

desulfurization conditions (concentration of dibenzothiophene = 0.1 wt%) was 

significant (63). 百leheat of adsorption of dibenzothiophene on Co-Mo/Ah03 

would vary from 22 kcal/mol (in n-heptane) to 10 kcal/mol (in tetralin). 

These indicated that出ecompetitive effect of aromatic compounds was not 

negligible. 

Oxygen compounds mildly inhibit the reactions of sulfur compounds (6， 

61， 64， 65). 百lepoisoning of both hydrogenolysis and hydrogenation sites 

were inferred. 

Basic organonitrogen compounds are the strongest among inhibitors of 

HDS (66) and therefore the most widely investigated， but only recently have 

quantitative inhibition effects been reported. Quinoline strongly inhibited all 

the reactions of the network. On the other hand， the inhibition effect of the 

nonbasic carbazole appears unexpectedly strong (62， 67). 

1.6 Support Effects on the HDS Catalyst 

The support that currently is most used as a support for industrial 

hydrodesulfurization catalysts is the gamma cubic type alumina. The 

interaction between Mo and alumina is known to influence the structure and 

activity of HDS catalyst based Mo (68・70). The strong interaction between 

Mo and alumina facilitates the formation of a monolayer rather than a 

multilayer Mo structure， resulting in higher dispersion of Mo on the suppo口

(68). 百leinteraction between Mo and alumina may decrease the HDS activity 

because of the potential suppression of molybdate sulfidation (69). On the 

other hand， Mo sulfide that interacts strongly with alumina has a lower 

intrinsic activity as compared with weak interaction Mo sulfide (70). For Co-
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and Ni-Mo/Ah03， it was also recognized that alumina is not an inert carrier. 

The interaction between Mo and alumina is the results of a reaction between 

Mo anion and the basic (protonated) hydroxyl groups on the alumina surface 

during the catalyst preparation (71・72). The molybdate adsorption on the 

alumina surface might occur by the decomposition of the adsorbing 

molecules/ion and physisorption on coordinately unsaturated Al+3 sites. (71， 

72). On the other hand，仕lepromoter ions， Co and N i， can also react with the 

suppo口andcan occupy octahedral or tetrahedral sites in the external1ayers or 

even form CoAh04 (NiAh04) depending on the conditions of preparation. 

The origin of the exclusive use of alumina can be ascribed to its outstanding 

textural and mechanical prope口iesand its relatively low cost. One important 

factor is also the ability to regenerate catalytic activities after intensive use 

under hydrotreating conditions. Due to the necessity to develop hydrotreating 

catalysts with enhanced properties， other suppo口ssuch as carbon， silica， 

zeolite， titania， etc. have been studied. In several cases， it was claimed that 

higher activities were obtained血anthose of alumina supported catalysts. 

Active Co-Mo or Ni-Mo catalysts were prepared using carbon as support 

by Stevens and Edmonds (73)， Duchet et a1. (74)， Bridgwater et a1. (75)， 

Topsoe et a1. (23)， Hoffmann et a1. (76). Generally， the catalytic activities 

reported in these studies are greater than those of typical alumina岨supported

catalysts. 

This high activity of the carbon-supported， mixed catalysts was 

explained by Topsφe et a1. about the CoMoS mode1. U sing Mりssbauer

emission spectroscopy， Topsoe et a1. showed that the cobalt atoms are situated 

at MOS2 crystallite edges in a so-called "CoMoS" structure and白atthis 

structure almost governs the HDS activity (9). These results were obtained 

for catalysts supported on either alumina or carbon， or even unsupported. 

百lUS出esupport is not necessary for the creation of the mixed phases， but 
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nevertheless it may play an important role by enabling dispersed phases to be 

produced， which is particularly the case for carbon. Later on， Candia et a1. 

reported that two types sulfiding temperature and type II at high sulfiding 

temperature (type II being more active than type 1 in HDS). The difference 

between type 1 and II were supposed to be the existence， in the first case， of 

remaining Mo-O-Al linkages， while type II CoMoS is fully sulfided， which 

means that the interaction between active phase and suppo口isonly of the van 

der Waals type. Topsφels Mりssbauerresults suggested出attype II CoMoS is 

出eone that most resembles the carbon -supported CoMoS. According to these 

authors， the catalysts have different activities essentially because they contain 

slightly different active phases. To check the validity of this interpretation， 

van Veen et a1. prepared fully sulfided CoMoS on carbon (77)， alumina and 

silica using nitrilotriacetic acid to complex with both Co and Mo， so出atthe 

precursor support interaction should be the same for a11 supports. They 

concluded that， even when the active phase (CoMoS II) is invariant and its 

dispersion is invariant， the support influences its specific activity， the effect of 

carbon being positive in comparison to alumina and silica. Nevertheless， since 

the samples were not characterized by XPS or electron microscopy， it is 

difficult to know whether the morphology of the active phase， i.e.， the 

crystallite dimensions and orientations， was similar. 

The higher catalytic activity for MolC compared to Mol A}z03 was also 

explained with differences in the structure of the sulfide phase present and in 

the interaction between this phase and the respective supports (78). A single 

slab monolayer strongly interacting with the support was assumed to be 

present on alumina， and small， three-dimensional particles essentially free of 

interaction on carbon. The net effect of the strong interaction with alurnina is 

a merely optimal dispersion of the Mo sulfide phase and an electronic transfer 
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出roughthe Mo-O-Allinkages. 百lIselectronic effect would explain the lower 

activity of alumina suppo口edcatalyst. 

Carbon supports may also be used for preparing highly active Co or Ni 

catalysts (74， 79). 1n fact， it was shown that Co and Ni are even more active 

than (Co) or equally active (Ni) as出eco汀espondingMo-based catalysts when 

they are supported on carbon and much less active when supported on alumina. 

By comparing the EXAFS and XANES spectra of Co/C with those of pure 

C09S8 and COS2， it was shown by Bouwens et al. (80) that Co/C has a larger 

fraction of octahedral cobalt血anC09Sg・ Similarly，Topsφe et al. and van der 

Krann et al (81) showed by MES出atfor low Co concentration (く10/0)， the Co 

phases present in the carbon suppo口edcatalysts are different from C09Sg・

Why this phase is formed on carbon instead of C09S8 as expected from 

thermodynamic considerations and why this phase is more active are still 

unanswered questions. 

According to Prins and co-workers， the great advantage of a material as 

inert as carbon is出epossibility that all transition metal compounds present in 

the precursor state will be quantitatively converted into their active sulfide 

form. This is why the same authors used this support for their thorough 

studies of the properties of transition metal sulfides (82) in HDS and HDN (83， 

84). A similar approach was also used by Ledoux et al. with the same 

objective of comparing the catalytic properties of various sulfides (85). 

An important drawback in the utilization of carbon materials for 

hydrotreating reaction is their extensive microporosity. For catalytic 

reactions involving large molecules the micropores are of little use， since the 

part of the transition metals will be deposited in these pores and be wasted. 

Most mesoporous carbons， on the other hand， have poor crushing strengths， 

low bulk density or too low a surface area. 

32 

Other kinds of supports such as silica-alumina， Ti02， Zr02， zeolites， 

clays， and natural minerals were also studied. 

The inherent HDS and HDN capabilities of titania and zirconia suppo口s

have been also applied in temary compounds and a CoMo(fi02-Zr02-V 205 

catalysts was found to be twice as active as a commercial CoMo for HDS of 

heavy diesel and vacuum gas oil (86). 1t should be noted that the properties of 

such mixed oxides depend on the preparation procedure to a great extent. 

Moreover， CoMo/TiO-Zr02， CoMo/TiOγCe02 and CoMorri02・Mn02

catalysts present very high initial HDS activities (87). 

The catalytic properties of molybdenum sulfide based catalysts supported 

on Si02-Ah03 depend on the amount of Si02 and on the reaction， i.e.， HDS， 

HYD， HC or HDN. Muralidhar et aL (88) found that HDS and HYD activities 

decrease with increase in Si02 content from 10 to 75 0/0， while the activity for 

the hydrocracking of 2人4-trimethyl-l-penteneshowed an opposite trend. 

These high hydrocracking activities have to be related to the properties of the 

proton acid supports and not to the properties of the sulfide phase. In the 

hydrotreatment of heavy feedstocks， it was observed that an increase of the 

HDS activity when 150/0 Si02-Ah03 was used as a suppo口forNiMo catalyst 

comparing with the properties of the same active phase on alumina (89). 

However， a decrease was found at higher concentrations of silica， i.e.， 25 0/0. 

百leHDS activity decreased in both instances. 

1.7 On This Study 

The structures and reactivities of Mo-based catalysts have been widely 

investigated in hydrodesulfurization reaction and the active sites in catalysts 

have been discussed and many reaction mechanisms ha ve been proposed in 

recent years. As indicated above， however， the structure of catalysts during 
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practical perfoロnanceof HDS could not be clarified and problems concerτlmg 

the behavior of sulfur species on the catalyst still remain to be solved. On 

the other hand， radioisotope tracer methods using radioactive 35S were 

believed to enable to clarify血isproblem because出ismethod made it possible 

to understand more exactly how sulfur in sulfur compounds is translated to 

H2S and how sulfur in the sulfided catalyst pa口icipatesin the actual HDS 

reactlon 

Sulfur has a radioisotope 35S with a half-life time of 87.5 days emitting 

soft s-radiation (167kev). lt has not been extensively used to study HDS 

catalysts. Lukens et al. (90) have measured the accessible surface area of 

suppo口edtransition metal sulfides by isotope exchange with a labeled H2S in 

liquid scintillation solution. Kalechits and co-workers (91， 92) have shown 

出atin the hydrogenation of a mixture of benzene and 35S-CS2 on WS2 catalyst， 

the sulfur in the catalyst was exchanged with radioactive sulfur of the 

feedstocks. This labile sulfur would be a part of the nonstoichiometric sulfur 

of the catalyst血atwould be responsible for the acceleration of acid catalyzed 

reaction (isomerization and cracking). Gachet et al. (93) presulfided a 

commercial Co-Mo/Ah03 catalyst with the gas mixture of 35S・H2Sand H2， 

then carried out出eHDS of dibenzo出iophene(DBT) at atmospheric pressure. 

They postulated that two types of sulfur appeared over the sulfided catalyst: 

labile sulfur and relatively fixed one. Gellman et al. (94) used radiotracer 

(35S-CS2) labeling technique to measure removal rate of sulfur adsorbed on the 

Mo (100) surface in HDS of thiophene加 dpos回lated出at出erate was fit with 

a first order kinetic equation. Isagulyants et al. (95) made an attempt to 

estimate quantitatively amount of sulfur held on the catalysts in the study 

where HDS of thiophene was conducted on a serious of Co-Mo catalysts 

sulfided by 35S elements and 35S-thiophene， respectively. Their study pointed 

out出atabout 20-30 % of sulfur held on vacancy sites was exchangeable. Paal 
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and his group (96， 97) ca汀iedout hydrogenation reaction of cyclohexanol and 

HDS reaction of thiophene in a pulse microreactor over the M003， COM004， 

Mo/Ah03 and Mo/Ah03 catalysts， which was promoted by Pd， Ir and Ru. In 

their study， the catalysts were sulfided by a gas mixture of 35S labeled H2S and 

H2・Inthese researches， however， all reactions were carried out at low 

pressure and over 35S labeled catalysts. So far， to our knowledge， the HDS 

reaction using 35S labeled sulfur compounds as model compound in the 

practical industrial operating conditions， i.e.， at high pressure in flow fixed 

bed reactor， has not been studied yet. 

The main objective of this work is to develop an understanding of the 

behavior of sulfur during the practical HDS condition and relation between 

labile sulfur and activity of catalyst using the radioactive 35S tracer. This 

thesis consists of five chapters. ln Chapter two， first， the radioisotope tracer 

method was developed. A model sulfur compound to be considered more 

difficult for HDS， 35S-1abeled dibenzothiophene was synthesized and HDS 

reaction of this model compound was carried on an Mo/Ah03 under the 

practical HDS condition. The radioactivities of unreacted 35S-

dibenzothiophene and formed 35S-H2S were monitored. The創nountof labile 

sulfur on the working catalyst was determined. This method allows us to 

understand more exactly paths of the sulfur transfer from DBT to H2S and the 

amount of sulfur in the catalyst participated in the actual HDS reaction. In 

Chapter three， labile sulfur on Mo/Ah03 was labeled by 35S during the 

reaction of 35S-DBT. Then， several sulfur compounds， e.g.， thiophene， 

benzothiophene， or other heteroatom compounds， e.g.， dibenzofuran， 

quinoline， were introducing to this catalyst. By tracing the radioactivity of 

35S-H2S releasing from the catalyst， we expect to gain the more information 

conceming the behavior of sulfur on the catalyst in hydrodesulfurization， 

hydrodeoxygenation and hydrodenitrogenation. In Chapter four， to 
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investigate the pronounced promotion of cobalt or nickel for Mo/ Ah03， the 

same method was applied to HDS of 35S-DBT on Co-Mo/Ah03 and Ni-

Mo/ A1203. Compared the amount of labile sulfur in different catalysts， the 

promotion of cobalt and nickel were investigated. In Chapter five， a Co-

Mo/ Ah03 catalyst was labeled by 35S during the reaction of 35S-DBT. Then， 

several sulfur compounds and a mixed gas of H2S/H2 were introduced to the 

catalyst. By estimating the release rate of 35S-H2S from the catalyst， the 

exchange mechanism of sulfur on the catalyst with sulfur in the sulfur 

compounds was investigated. In Chapter six， the radioisotope tracer method 

was tried to investigate the reason that caused the difference of reactivity 

between DBT and methyl-substituted DBTs. 
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Chapter Two 

Hydrodesulfurization of Radioactive 35S-Labeled 

Dibenzothiophene on Mo/ Al203 

Abstract 

To estimate the behavior of sulfur on a hydrodesulfurization catalyst， 

35S-labeled dibenzothiophene (35S-DBT) was hydrodesulfurized on a sulfided 

Mo/ A120 3 in a fixed-bed pressurized flow reactor. After the hydro-

desulfurization (HDS) reaction of 32S-DBT reached the steady state， the 

reactant solution of 35S-DBT was substituted for that of 32S-DBT with the 

same concentration of DBT. 1n this period， the radioactivities of unreacted 

35S-DBT and formed 35S-H2S was monitored. The radioactivity of unreacted 

35S-DBT reached the steady state immediately， while more time was needed 

for that of formed 35S -H2S to reach the steady state. This shows that the 

sulfur in dibenzothiophene was not directly released as hydrogen sulfide but 

initially accornmodated on the catalyst. After the radioactivity of formed 35S-

H2S reached the steady state， the reactant solution of 32S-DBT was substituted 

for that of 35S-DBT with the same concentration of DBT again. The behavior 

of sulfur on the catalyst was quantified from the formation rates of 35S-H2S in 

an increase or decrease periods of radioactivity. 1t was found that出eamount 

of labile sulfur， which could be calculated from the maximum amount of 35S 

accommodated on the catalyst， increased with increasing the reaction 

temperature and DBT concentration. 1n addition， it was suggested that the 

total sulfur on the sulfided catalyst under practical HDS reaction conditions 

existed as MoS 1.92・
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2.1 Introduction 

The structures and reactivities of sulfided Mo/Ah03 catalyst have been 

widely investigated in hydrodesulfurization reaction (HDS)， because Mo 

sulfide suppo口edon alumina is the most basic form of HDS catalysts (1， 2). 

It has been believed that MoS2-1ike phase is present on alumina surface in 

sulfided molybdena-alumina catalysts. For example， it was shown by means 

of EXAFS that molybdenum atoms in the sulfided catalysts are present in 

MoS2-1ike structures and that these are ordered in very small domains (3・5).

Hayden and Dumesic in TEM study of HDS catalysts reported that MOS2 

crystallites were created on thin films of alumina (6). Further， the amount of 

ulfur on sulfided molybdena叫 uminacatalyst has been directly rneasured by 

means of several methods. Arnoldy et al. showed by temperature酌

programmed sulfiding of Mo/Ah03 catalysts that sulfiding of a 4.5 atorns-

Mo/nrn2 catalyst can be completed at ca. 500 K， up to an S/Mo ratio of 1.9 (7). 

Kabe et al. also repo口edthat， by the thermogravirnetric analysis of sulfiding 

processes， total sulfur present in sulfided Mo/AhO 3 corresponded to 

Mo01.SS1.S (8). 

On the other hand， the active sites in sulfided Mo/ Ah03 catalysts have 

been discussed and many reaction mechanisms have been proposed in recent 

years (2， 9， 10). When it was assumed that the anions in the basal planes of 

MOS2 are more strongly bonded to the Mo cations than the anions at edges or 

comers， sulfur vacancy would be created at edges and corners rather than at 

basal planes (11).ηlerefore， the catalytic activity of HDS was expected to be 

much higher at edges and comers. 百1Isassumption has been experimentally 

verified by surface science studies of the catalytic activity of an MOS2 single 

crystal (12， 13). As described in Chapter 1， when the HDS reaction begins 

with the adsorption of thiophenes to the sulfur vacancy， two mechanisrns have 

46 

been proposed: One is出eone-point (end-on) mechanism where the reactant 

thiophene molecule is assumed to adsorb upright on the surface (14). The 

other is the side-on mechanism where the adsorption of thiophene takes place 

through "multipoint" adsorption (15). Recently， it was shown in kinetic study 

of HDS of methyl-substituted dibenzothiophenes (DBTs) that DBTs are 

adsorbed on the catalyst through the rc-electrons of their aromatic rings rather 

than unshared electrons of their sulfur (16). Despite these extensive studies， 

出enature of active sites and the behavior of surface sulfur species have not 

been clarified unambiguously. 

To elucidate the behavior of sulfur species on HDS catalysts， 

radioisotopic tracer methods using 35S have been developed. Gachet et al. 

(17) presulfided a commercial Co-Mo/ Ah03 catalyst with the gas mixture of 

35S-H2S釦 dH2， then carried out the HDS of dibenzothiophene (DBT) at 

atmospheric pressure. They pos印latedthat two types of sulfur appeared over 

the sulfided catalyst: labile sulfur and relatively fixed one. Campbell et al. 

(18) found that an MOS2 catalyst picks up radioactive 35S from 35S-H2S during 

its contact with the catalyst in the study where hydrogenation of 1，3-butadiene 

was carried out in a vacuum system over the molybdenum disulfides catalyst. 

Dobrovolszky et al. (19， 20) carried out the hydrogenation reaction of 

cyclohexanol and HDS reaction of thiophene over the M003， COM004， 

Mo/ A1203 and Pd， Ir or Ru・Mo/Ah03 catalysts sulfided by a gas mixture of 

35S-1abeled H2S and H2 in a pulse microreactor. Isagulyants et al. (21) made 

an attempt to estimated quantitatively the amount of sulfur held on Co-Mo 

catalysts sulfided by 35S elements and 35S-thiophene. These studies pointed out 

出atabout 20・30wt% of the sulfur of the catalyst were exchangeable. Gellrnan 

et al. (22) used radiotracer (35S-CS2) labeling technique to measure the 

removal rate of sulfur adsorbed on the Mo (100) surface in HDS of thiophene 

and reported that the rate was fit with a first order kinetic equation. The use 
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of 35S was believed to enable to clarify the behavior of sulfur in catalysts. In 

these experiments， however， all reactions were carried out over 35S-1abeled 

catalysts at low pressure. As far as we know， the HDS reaction using 35S 

labeled sulfur compounds as model compound in the practical industrial 

operation conditions， e.g.， at high pressure in flow fixed bed reactor， has not 

been studied yet. 

In this chapter， we have conducted the HDS reaction of 35S-1abeled 

dibenzothiophene (35S-DBT) to trace the behavior of 35S on catalysts at 

practical conditions of HDS. After the hydrodesulfurization of 

dibenzothiophene (32S-DBT) reached the steady state at high pressure and 

prevailing temperature， the reactant solution of 35S-DBT was substituted for 

出atof 32S-DBT under the same conditions. The radioactivities of unreacted 

35S-DBT and formed 35S-H2S were monitored with the reaction time. After 

the radioactivity of foロned35S -H2S reached the steady state， the reactant 

solution was changed again to 32S田DBTunder the same conditions. The 

amount of labile sulfur on the working catalyst was determined from an 

increase and a decrease in the rates of formed 35S-H2S. This method allows 

us to understand more exactly paths of the sulfur transfer from DBT to H2S 

and the amount of sulfur in the catalyst participated in the actual HDS reaction. 

2.2 Experimental 

2.2.1 九1aterials

Decalin (Kishida Chemicals， commercial GR grade) was further purified 

by passing column (i.d. 20 mm， 30 cm) containing activated alumina (0.063-

0.200 mm). 35S-1abeled dibenzothiophene (35S-DBT) was synthesized by the 

following method: To obtain 35S labeled sUlfur， the commercial toluene 

solution of 35S (total radioactivity: 1.5 mCi， Amersham， Co. Ltd.) was mixed 
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sufficiently with 8.7 g sulfur (32S)， then the toluene in mixture was evaporated 

at room temperature， and the sulfur mixture was dried for 24 hours in vacuo 

until the toluene was entirely removed. Using this 35S-1abeled sulfur， DBT 

was synthesized according to the method developed by Gilman and Jocoby 

(23). After the crude DBT was recrystallized by ethanol， colorless needle 

crystallites (purity more than 99.90/0) were obtained. Dibenzothiophene (32S-

DBT) was synthesized by the similar method except without radioactive 35S. 

Hydrogen (99.99 0/0) was obtained from Tohei Chemicals. Hydrogen sulfide 

in hydrogen (H2S 5.00/0) was obtained from Takachio Chemicals. Mo/Ah03 

catalyst (M003: 12.5 wt%) was prepared by following steps: y-Ah03 

(Specific Surface 260 m2fg， Pore Volume 0.79 cm3/g) was impregnated with 

aqueous ammonium heptamolybdate solution ((NH4)6M07024・4H20)by the 

usual impregnation technique. Then， impregnated catalysts were dried at 120 

oc for 8 h and calcined at 450 oC for 24 h in air and were crushed and 

screened to 20 to 35 mesh granules. 

2.2.2 Apparatus and Procedure 

The reactor was a i.d.-8 mm stainless-steel tube packed with 1.0 g of 

catalyst particles diluted with quartz sand (30-50mesh) to 3.5 cm3 bed volume 

and 7 cm bed height. The single charge was used throughout the entire series 

of experiments. After calcined at 450 oC in air overnight， the catalyst was 

presulfided with a mixture of 5 % H2S in H2 flowing at 30 liters/h at 

atmospheric pressure and 400 oC for 3h. After the presulfidation， the reactor 

was cooled in H2S/H2 to the reaction temperature and was pressurized with 

hydrogen. Then， the decalin solution containing DBT was supplied to the 

reactor by a high-pressure liquid pump (Kyowa Seimitsu KHD・16).

Typical reaction conditions were H2 flow rate 25 liters/h， WHSV 28 h-1， 

reaction pressure 10-50 kg/cm2， concentrations of DBT in decalin 0.5-3 wt%， 
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and reaction temperature 300-360 oC. The liquid product was collected from 

a gas-liquid separator. The produced H2S was absorbed by bubbled through a 

commercial basic scintillator solution (Carbosorb， Packard Co. Ltd.). For 

each run， the liquid products and absorbed H2S solution samples were collected 

every 15 min. The components of liquid products were analyzed by gas 

chromatography with an F1D detector (Hitachi 163， Hitachi Co. Ltd.) using a 

commercial capillary column (G-column 250). Radioactivities of the 

unreacted 35S-DBT in liquid product and the formed 35S-H2S in the absorbed 

solution were measured by a liquid scintillation counter (LSC・1000，Aloka， 

Co. Ltd.)， after adding proper scintillation solvent to each fraction. For the 

liquid scintillation counting， the procedures were available (24). 

Typical operation procedures were as follows: (a) A decalin solution of 

1 wt% 32S-DBT was pumped into the reactor until the conversion of DBT 

became constant (ca. 3h). (b) After that， the decalin solution of 1 wt% 35S-

DBT was substituted for that of 32S-DBT. The reaction with 35S-DBT was 

performed until the an10unt of 35S-H2S released from the exit of the reactor 

became constant. (c) The reactant solution was retumed again to the decalin 

solution of 1 wt% 32S-DBT. This reaction with 32S-DBT was continued for 4-

5 h. 

1n order to estimate the actual amount of sulfur on the sulfided 

Mo/A12U3 catalyst under practical reaction conditions， another experiment was 

carried out. After the catalyst was calcined at 450 OC for 24 h in air， the 

reaction was perfo口nedfollowing the operation procedure: (a) The reaction 

ystem was pressurized with H2 to 50 kg/cm2 and heated to 360 oC. (b)百le

decalin solution of 1 wt% 35S-DBT was pumped into the reactor and reacted 

for ca. 6 h at 360 oC and 50 kg/cm2. (c) After that， the solution of 1 wt% 32S-

DBT was substituted for that of 35S-DBT and reacted for ca. 4 h. The amount 

of sulfur on the catalyst was determined from the balance of radioactivity. 

50 

2.3 Results and Discussion 

2.3.1 Hydrodesulfurization of 35S-Labeled Dibenzothiophene 

The changes in radioactivity of unreacted 35S-DBT and produced 35S-

H2S with the reaction time during the hydrodesulfurization (HDS) reaction at 

360oC， 1.0 wt% of DBT， and 25 kg/cm2 are shown in Figure 2.1. During the 

reaction period (ca. 11 h)， the conversion of DBT was held almost constant at 

ca. 37 %. Major products were biphenyl (BP) and cyclohexylbenzene (CHB). 

After the decalin solution of 32S司DBTwas replaced by that of 35S-DBT (2160 

dpm/nu)， the radioactivity of unreacted 35S-DBT in liquid products increased 

and reached a steady state (1340 dpm/ml) immediately. The conversion 

(38.1 %) calculated from the radioactivity of the steady state was in good 

agreement with the conversion (37.5%) estimated from GC analysis (Table 

2.1). In the case of produced 35S-H2S， however， about 155 min was needed to 

reach the steady state in released radioactivity. When the solution of 35S-DBT 

was replaced with that of 32S-DBT at 400 min， the radioactivity of unreacted 

35S-DBT also decreased immediately from the steady state (1340 dpm/ml) to 

normal state (25 dpm/ml)， but the time delay for produced 35S-H2S from its 

steady state (820 dpm/ml) to normal state (40 dpm/ml) was about 155 min. 

To investigate the time delay， we conducted another similar reaction 

under the same conditions except for pressure (10 kg/cm2). When biphenyl 

(0.5 wt%) was added into the reactant solution of 35S-DBT (DBT = 1.0 wt%)， 

出echanges in radioactivity of unreacted 35S-DBT and produced 35S-H2S were 

shown in Figure 2.2. The changes in the concentration of produced BP and 

CHB with the reaction time were also plotted. With the increase in 

radioactivity of unreacted 35S-DBT， the concentration of BP increased and 

reached a steady state immediately.百lIsindicates that BP did not delay but 

eluted immediately in the same manner as DBT. 百lerefore，the time delay 
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could be suggested that the sulfur in DBT is not directly released as H2S but ロ.Conversion. 0: 35S-H2S， 5S-DBT， .: 
accommodated on the catalyst. 

Figure 2.3 shows the effect of DBT concentrations on radioactivity of 

The time delay to reach the steady state of the radioactivity 
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formed 35S-H2S. 
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Conversions of DBT and kinetic parameters under various reaction 

conditions on Mo/ Ah03・

Table 2.1. 

20 Mo/AhU3 Catalyst 
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360 360 360 360 360 340 320 300 Reaction tempera加re，OC

3.0 

33.4 

0.5 

66.1 

ハU1i
 

29.1 

ハU
噌

EE--

38.1 

ハU
唱

p
'
A

56.9 

ハU14
 

43.5 

ハU1A
 

33.1 

ハU
1
4
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Concentration of DBT， wt % 

Conversion from r.必ioactivity

of 35S， (%) 

Conversion仕omGC

34.8 70.0 30.0 59.3 42.3 30.9 19.0 analysis， (%) 37.5 

8.2 10.9 5.3 5.7 19.1 16.4 9.3 5.2 Convcrsion to CHBa)、%

26.7 59.0 24.7 31.8 44.4 40.0 21.6 13.7 Conversion to BPb¥ % 

5 
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33.4 

14.2 

25.5 

21.4 

38.4 

25.3 

45.4 

20.6 

37.0 

15.1 

27.1 

10.5 

18.9 

Labile sulfur， S。‘ mg!gof cat. 

SoISTolalC)， % 

Release rate constant of 

2.40 1.54 1.08 1.43 l.84 l.68 1.66 1.44 35S-H2S， k ， X 1 0・2，min-1 

0.151 0.250 0.346 0.467 0.306 0.153 0.286 0.852 So x k， mg/min.g.cat. 

0.155 0.252 0.346 0.467 0.306 0.245 0.270 0.851 Rate of DBT HDS， mg/min.g.cat. 
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a CHB = cyclohexylbenzene. b BP = biphenyl. c STotal is defined as amount of 
sulfur when Mo atoms in the catalyst existed as MOS2・

Changes in radioactivities of formed 35S-H2S with reaction time 

3600C. Mo/A1203， SO kg/cm2， for various DBT concentrations. 

Figure 2.3. 
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increased with a decrease in the concentration of DBT. 

出eaffects total pressure 出ein Figures 1 and 3， results at 25 and 50 kg/cm2 

Apparently， it seems出atthe time changes in radioactivity of formed 3SS-H2S. 

delay to reach the radioactive steady state of formed 35S-H2S decreased with an 

When the total pressure increases from 25 to 50 kg/cm2， mcrease ln pressure. 

3000C 

3200C 
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however， the partial pressure of DBT also increases approximately from 0.03 
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Then， the effect of the pa口ialpressure of DBT on the time to 0.06 kg/cm2. 

delay of radioactivity may be larger than出atof partial pressure of hydrogen. 

To investigate the effect of reaction temperature， same experiments were 

conducted with solution of 1.0 wt% DBT at 300， 320， 340， and 360 oC under 

immediately was The radioactive steady state of 35S-DBT 50 kg/cm2. 

At出ereplacement of 35S-DBT to achieved at every reaction temperature. 

32S-DBT， the radioactivity of 35S-DBT also decreased immediately at every 

The change in a value of the radioactivity observed at the steady temperature. 

state co汀espondto the change of a conversion of DBT as shown in Table 2.1. 

百lechanges in The conversions to BP and CHB were also listed in Table 2.1. 

radioactivities of produced 35S-H2S with reaction time at various temperatures 

500 400 300 200 100 
。。Compared with the case of 35S-DBT， the time were shown in Figure 2.4. 

Reaction Time (min) 

reactlon affected by the drastically were 35S -H2S observed for delays 

As the reaction temperature was lowered， the time delays for temperature. 

35S-H2S became longer. 

Changes in radioactivities of formed 35S-H2S with reaction time at A
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DBT 1 wt%. 50 kg/cm2， Mo/A1203， vanous temperature. of Labile Amount and Constant of 35S-H2S Rate Formation 2.3.2 

Sulfur. 

The first-order plot of the radioactivity of produced 35S-H2S in the 

decreasing period (Figure 2.1) was shown in Figure 2.5， and it indicated a 

百len，this line can be revealed as a function of time: good linear relationship. 
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where y represents the formed rate of 35S-H2S (dpm/min)， z the formed rate 

of 35S-・H2Sat steady state (dpm/min)， k the rate constant of the release of 35S-

H 2S (min-I)， t reaction time (min). 百lerate constants under various 

conditions are also listed in Table 2.1. The activation energy of the release of 

35S-H2S calculated from Arrhenius plot of白erate constants was 4.2 kcaν'mol. 

Because the conversion was almost a constant always the total amount of 

formed H2S (32S-H2S and 35S-H2S) was a constant. Therefore， the increase 

period of 35S-H2S in Figure 2.1 coηesponded to the decrease period of 32S-

H2S. The release rate of 32S-H2S in increase period of 35S-H2S was the 

difference of the radioactivity at the steady state with each radioactivity of 

produced 35S-H2S in increasing period in Fi♂ue 2.1. The first-order plot of 

the release rate of 32S -H2S also showed the same linear relationship (Figure 

2.5) and two slopes at this temperature were overlapped each other. This 

indicates that血erate of release of 35S-H2S is equal to that of 32S-H2S and出at

the isotopic effect between 35S and 32S would be negligible. 

After the radioactivities of 35S -H 2S reached the steady state， the 

difference of tota1 radioactivities introduced from 35S-DBT into the catalyst 

with those of the formed 35S-H2S is equivalent to total radioactivities 

remaining on the catalyst. This co汀espondsto area A or B in Figure 2.1. 

The area is z/k (dpm) which can be calculated from the integral (t: 0・∞)of 

equation 2.1. Since a11 35S on the catalyst was originated from the 

desulfurization of 35S-DBT and the isotope effect between 35S and 32S was 

thought to be negligible， the concentration of 35S in sulfur introduced to the 

catalyst at the steady state should be equal to the concentration of 35S in sulfur 

of 35S-DBT. The concentration of 35S in sulfur of 35S-DBT cou1d be defined 

as 35SDBT/SDBT (dpm/g)， where 35SDBT is radioactivities in 1 mol of DBT 

(dpm/mol) and SDBT is the amount of sulfur in 1 mol DBT (g/mol). 

According to this，出eamount of the sulfur incorporated into the catalyst， i.e.， 
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labile sulfur on the catalyst (So) can be presented by (z/k)/(35SDBT/SDBT). 

If the sulfur on the catalyst was assumed to 百leseare also listed in Table 2.1. 

exist in MOS2 under the reaction condition (25)， the total amount of sulfur on 
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of labile su旺urto total sulfur (SO/STotaI) in MoSzI Alz03 was also listed in Table 

SO/STota1 increased with an increasing r and it reached 63.8 % at r = 0.85. 2.1. 

Thus， we could conclude that the amount of labile sulfur on the catalyst 

increased with increasing temperature and concentration of DBT and that most 

of the total sulfur on the catalyst acts as active species for HDS. 

Dependence of SO on temperature was estimated from the plot of ln SO 

The line can be revealed as 

(2.2) 

against 1!f出atgave the linear relationship. 

follows: 

ln SO = ln A + E / RT 

R the gas A the frequency factor， where .So is the amount of labile sulfur， 

700 600 500 400 300 200 100 
。。Dependence of S 0 on a constant. and E T出etemperature， constant， 

temperature c釦 bedetermined by the value of E and it was 10.7 kcal/mol. 

Reaction Time (min) The product between the rate constant of the release of 35S-H2S and the 

amount of labile sulfur at each temperature (Sok) represents the apparent rate 

Changes in the conversion of DBT and radioactivities of unreacted Figure 2.6. of the release of H2S which was nearly equal to出eapparent rate of DBT HDS 

35S-DBT and formed 35S-H2S with reaction time on an oxided Mo/Ah03 Although the former was determined from the (r) as shown in Table 2.1. 

calcined at 450 oC in air for 24 h. kinetic calculation of 35S transfer and the latter was calculated from the 

conversion of DBT， both values should be the sむnebecause the conversion of 

The agreement confirms the 1 mol of DBT forms 1 mol of H2S in HDS. 
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2.3.3 Amount of Sulfur on Sulfided Mo/ AhO 3 

To determine the sulfided state of the catalyst， HDS of 35S-DBT was 

directly performed on M003/ A1203 without the presulfidation. Figure 2.6 

shows the changes in radioactivities of unreacted 35S-DBT and produced 35S-

H2S. 11 is observed出a1the formation curve of 35S -H2S is very different from 

the case where the reaction is carried out on the presulfided catalyst (see 

Figure 2.1). Despite the high conversion of DBT， 35S国H2Swas not detected 

until 35S-DBT was reacted for 45 min. After 45 min， the radioactivity of 35S-

H2S increased and approached a steady s1ate a1 180 min. At this state， the 

amount of 35S supplied by decomposition of 35S-DBT into the catalyst was 

equal to出atof 35S released as 35S-H2S from the catalyst. This indicated出at

ulfiding of the catalyst had completed under this reaction condition. Total 

radioactivities remained on the catalyst for the time interval (0-180 min)， SR 

(dpm)， can be calculated from the balance of radioactivities: 

SR= ST -SH -SD (2.3) 

where， ST (1.746 X 105 dpm) is total radioactivities of 35S-DBT in reactant 

solution supplied into the reactor， SH (7.35 X 104 dpm) is total radioactivities 

of 35S-H2S released from the catalyst， SD (3.11 X 104 dpm) is the total 

radioactivities of unreacted 35S-DBT in liquid product for this time interval. 

As mentioned above， the concentration of 35S in sulfur of 35S-DBT could be 

defined as 35SDBT/SDBT (dpm/g)， where 35SDBT is radioactivities in 1 mol of 

DBT (dpm/mol) aod SDBT is the amount of sulfur in 1 mol DBT (g/mol). 

Accordiog to this， the amount of total sulfur in sulfided catalyst can be 

presented by SR/(35SDBT/SDBT) (= 7.00 X 104 X 7.65 x 10・7= 0.0536 g of 

sulfur/g of catalyst = 1.92 mol of sulfur/mol of Mo). From this calculation， it 

can be concluded出atMo on the catalyst exists as MOS1.92・ 00the other hand， 

when 35S-DBT was replaced by 32S-DBT， the radioactivities of 35S-DBT 

62 

immediately decreased and出atof 35S-H2S decreased more slowly (see Figure 

2.6). According to the method mentioned in section 2.3.2， the amount of 

labile sulfur on the sulfided catalyst can be calculated from the first-order plot 

of the radioactivities of 35S-H2S released in this decreasing period and it is 

0.0280 g of sulfur/g of catalyst.百1Isalso indicates出atmore than 500/0 of 

total sulfur on the sulfided catalyst pa口icipatedin HDS reaction under these 

reaction conditions. 

From the present results， the ratio of the amount of labile sulfur to total 

sulfur was 63.8% at the rate of DBT HDS (r = 0.85). It can be deduced from 

Table 2.1 that the ratio increases with values of r. Further， although it was 

assumed in this calculation that total sulfurs were present in the form MOS2， 

the actual amount of total sulfurs may be smaller because anion vacancies 

would be always present on the working catalyst. Scheffer et a1. reported that 

in temperature-programmed sulfiding of Mo/ Ab03， tota1 sulfurs present in the 

catalyst corresponded to MOS1.8 (29). Kabe et a1. a1so reported that in 

thermogravimetric analysis of sulfiding processes， the total sulfurs present in 

sulfided Mo/ Ah03 co汀espondedto MOS1.5 (8). As mentioned above， it was 

suggested that total sulfur present in sulfided Mo/ Ah03 corresponded to 

MoS 1.92 in this work. If it is assumed that the total sulfurs is present in the 

form MOS1.8 or MOS1.92， the ratio of the amount of labile sulfur to total sulfur 

is 70.6 or 66.50/0 at r = 0.85， respectively. Therefore， it can be concluded 

that a significant amount of sulfur on sulfided Mo/ Ah03 is labile if the rate of 

DBT HDS is sufficiently fast. lt has been reported that Mo in a sulfided 

Mo/ Ah03 catalyst is present mainly as single slab MOS2 structures (26-28)， 

where the coordination mode of Mo is tetrahedral. Even if Mo has such 

structures， however， a11 sulfurs are not in the same environment because there 

are some interactions between alumina and MOS2・ Thesulfurs present 

between Mo atoms and alumina may be different from others.η1e difference 
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in the environment of sulfur may generate the change in the amount of labile 

sulfur with reaction conditions. 

2.4 Conclusions 

H ydrodesulfurization reaction of 35S-1abeled dibenzothiophene (35S-

OBT) was carried out on a sulfided Mo/ Ah03 in a fixed-bed pressurized flow 

reactor and the following conclusions were obtained: The sulfur in 

dibenzothiophene was not directly released as hydrogen sulfide but initially 

accommodated on the catalyst. η1e incorporation of sulfur in DBT into the 

catalyst generated H2S. The amount of labile sulfur increased with the 

reaction temperature and OBT concentration. This fact suggested that most 

of sulfurs were labile when the rate of DBT HDS was sufficiently fast. 1n 

addition， total sulfur present in sulfided Mo/ Ah03 corresponded to MoS 1.92 

under the reaction conditions. 
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Chapter Three 

Behavior of Sulfur on 35S・Labeled九'10/Al203 in 

Hydrodesulfurization， Hydrodeoxygenation， and 
Hydrodenitrogenation 

Abstract 

To investigate the behavior of sulfur during the hydrodesulfurization 

(HDS)， 35S-1abeled dibenzothiophene (35S-DBT) was reacted on a sulfided 

Mo/Ah03・ Itwas found that 35S in 35S-DBT was accommodated on the 

catalyst and the concentration of 35S on the catalyst reached a steady state 

under a fixed reaction condition. 35S accommodated on the catalyst cannot be 

removed without the incorporation of sulfur from HDS of sulfur compounds 

such as DBT， benzothiophene， thiophene， and thiophenol. The removal rate 

of 35S from the catalyst depended upon the rate of HDS of these compounds， 

出atis，出erate of sulfur incorporated into the catalyst. It was suggested出at

H2S is formed from some portion of sulfur on the surface of the catalyst other 

than from that in the sulfur compounds. On the other hand， when hydro-

denitrogenation (HDN) and hydrodeoxygenation (HDO) reactions were carried 

out on出ecatalyst containing 35S， only some po口ionof 35S could be replaced 

by oxygen atoms and released as 35S-H2S; in contrast to this， 35S was hardly 

replaced by nitrogen atoms. This indicates血atH2S formation from the labile 

sulfur occurs only in hydrogenolysis but not in hydrogenation. 
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3.1 Introduction 

Although a number of attempts have been made to elucidate the 

mechanism of hydrodesulfurization (HDS) (1-8)， there are few exむnplesthat 

enable us to determine the behavior of sulfur in desulfurization catalyst. 

Recently， some researchers used 35S as a tracer of HDS to dissolve this 

problem (9-14). However， they did not determine the behavior of sulfur on 

sulfided catalyst under the operating condition of HDS reaction because 35S 

was only used under low pressure or vacuum conditions. In Chapter 2， we 

have reported the first example of HDS of 35S-1abeled DBT on sulfided 

Mo/Ah03 under the operating condition of HDS， which has achieved the 

determination of labile sulfur on the catalyst (15). lt was found出atthe 

amount of labile sulfur on sulfided Mo/ A1203 increased with an increase in 

temperature and the initial concentration of DBT. Furthermore， we found 

出atall the Mo atoms on the catalyst existed as MoS 1.92・ However，it was not 

yet clear whether sulfur on the catalyst can be released by the adsorption of 

DBT or by the incorporation of sulfur of DBT. 

Regarding with the adsorption of molecules onto Mo/ Ah03 catalysts， 

aromatics and unsaturated hydrocarbons could strongly adsorbed on the 

catalyst to inhibit the reaction. We have already reported that aromatics 

retarded HDS of DBT (16). lt has been reported that sulfur， oxygen and 

nitrogen compounds can adsorb more strongly on the catalyst than 

hydrocarbons in hydrodesulfurization (HDS)， hydrodenitrogenation (HDN) 

釦 dhydrodeoxygenation (HDO) (17， 18). In the course of our s同dy，we are 

interested in the reactivities of sulfided catalysts with aromatic compounds 

containing nitrogen and oxygen as well as sulfur-containing compounds. In 

this chapter， we have investigated the hydroprocessing of dibenzothiophene 

(DBT)， benzothiophene (BT)， thiophene (T)， thiophenol (TP)， dibenzofuran 

70 

(DBF)， carbazole (CBL) and quinoline (QNL) on 35S-1abeled Mo/Ah03 by 

tracing the changes in the radioactivity of 35S. We expect to have more 

information conceming the behavior of sulfur on a sulfided molybdenum 

catalyst. When these compounds containing heteroatoms are hydrogenolyzed 

on出esulfided catalyst， the heteroatoms will be incorporated into the catalyst 

and， as a result， 35S may be released as 35S-H2S. lf 35S on the catalyst cannot 

be released with the introduction of the compound containing heteroatoms， the 

effect of their adsorption on the catalyst may be estimated based on the 

behavior of the sulfur remaining on the catalyst. 

3.2 Experimental 

3.2.1 九iaterials

Benzothiophene， thiophene， thiophenol， dibenzofuran， carbazole， 

quinoline and decalin were obtained from Kishida Co. Ltd. 32S-DBT was 

synthesized according to the method repo口edby Gilmon (19). 35S-1abeled 

dibenzothiophene was obtained from the process described in Chapter 2. 

Mo/ A120 3 catalyst containing 12.5 wt% Mo03 was prepared by 

conventional impregnation technique with the use of ammonium 

heptamolybdate. Before the reaction， the catalyst was presulfided with 5 

vol% H2SIH2 gas mixture by heating to 200 oC at a rate of 5 oC/min and then 

to 400 oC at a rate of 2 oC/min， and maintained at 400 oC for 3 h. 

3.2.2 Apparatus and Procedure 

The reactions were carried out with a fixed-bed flow reactor at 50 

kg/cm2， 360 OC and WHSV 28 h-1. Products were analyzed by a gas 

chromatography with an FID detector.ηle radioactivities of formed 35S-H2S 

and unreacted 35S-DBT were measured by a liquid scintillation counter. 
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Typical two operation procedures were following: 

(a) A decalin solution of 1 wt% 32S-DBT was Operation procedure 1: 

pumped into the reactor until the conversion of DBT became constant (about 

(b) After that， a decalin solution of 1 wt% 35S-DBT was substituted for 3h). 

The reaction with 35S-DBT was performed until the 出atof 1 wt% 32S-DBT. 

(c) 

Then， the reactant solution was substituted again with the decalin solution of 1 

amount of 35S -H2S released from the exit of血ereactor became constant. 

wt% 32S-DBT釦 dwas reacted for 4-5 h. 

Operation steps (a)釦 d(b) in this procedure Operation procedure 2: 

。。
(c)百lereactant solution were the same as them in the operation procedure 1. 

800 700 600 500 400 300 200 100 The reaction was continued for ca. 4 h. of 35S-DBT was replaced by decalin. 

Reaction Time (min) 
wt% 32S-DBT or other heteroatom (d) After出at，出edecalin solution of 1 

compound was substituted for decalin and was reacted for about 4-5 h. 

Change in radioactivities of unreacted 35S-DBT and formed 35S-

360 oC， 50 kg/cm2， DBT 1 wt%. Mo/Ah03， H2S with reaction time. 

Figure 3.1. 

Results 3.3 

HDS Reaction 3.3.1 

carried out at 360 oC and 50 kg/cm2 when the length of the catalytic bed was When a solution of 1 wt% DBT was reacted according to the operation 

changed from 7 cm to 3 cm， no effect on the time delay for 35S-H2S elution of radioactivities 1n changes and 50 kg/cm2， the at 360 oC procedure 

the not correspond to delay did tlme lt indicated that the was found. unreacted 35S-DBT and produced 35S-H2S with the reaction time is shown in 

As mentioned in previous paper adsorption /desorption of H2S along the bed. lt is observed that the radioactivity of unreacted 35S-DBT in the Figure 3.1. 

(15)， these results indicate that the sulfur in DBT is not directly released as In the liquid product increases and approaches a steady state immediately. 

1n changes catalyst and the the on but accommodates sulfide hydrogen case of produced 35S-H2S， however， about 130 min was needed to approach a 

radioactivities of formed 35S-H2S during the decreasing period can be also When the solution of 35S-steady state in radioactivities of produced 35S-H2S. 

revealed as a exponential白nctionfor time. DBT was replaced with that of 32S-DBT at ca. 410 min， the radioactivities of 

Instead of the replacement of the 35S-DBT solution to the 32S-DBT unreacted 35S-DBT also decreased immediately from the steady state to normal 

solution， the 35S-DBT solution was replaced by decalin solvent (operation However the time delay for produced 35S-H2S from its steady state to 

Moreover， the same HDS reactions were 

state. 

with the The change in radioactivities of formed 35S-H2S 

73 

procedure 2). 
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normal state was about 130 min. 



Radioactivities of 35S -H2S dring operation steps (d) in various 

hydrotreating reaction carried out according to operation precedure 2. 

Table 3.1. 

HDN E五)()HDS Reaction 

ONL CBL DBF TP T T BT DBT Reactant 

Total radioactivities 

Operation Procedure 2 
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1.09a) 

(H) 

。。0.500 1.50a) 

(F) (0) 

Fig.3.4 

1.92 1.95 

(B) (C) の) (E) 

Fig.3.1 Fig.3.2 Fig.3.3 

2.07 2.11 1.92 x103， dpm 

Reference訂ea

Fig.3.5 

5 

a Radioactivities of formed 35S-H2S during another added operation step (e) 

Area A in Figure 3.1 is 1.92 x 103 dpm. b (see text). 

It is observed血ata portion of 35S， reaction time is also shown in Figure 3.1. 

which is represented with the shaded area A in Figure 3.1， remained on the 

0 
200 

cata1yst when only decalin solvent was substituted for the reactant solution of 

800 700 600 500 400 300 Even though when the catalyst was reduced in an atmosphere of 35S-DBT. 

This high pressure of hydrogen for ca. 3 h， 35S-H2S was hardly produced. 

Reaction Time (min) indicates that the sulfur accommodated on the catalyst was not eluted without 

Figure 3.2. Change in radioactivities of formed 35S-H2S with reaction time. 

Mo/Ah03， 360oC， 50 kg/cm2， BT 0.73 wt%. 

That is， 35S remaining on the catalyst 出esupply of sulfur by HDS of DBT. 

did not adsorb as 35S-H2S on the catalyst but was exchanged with the labile 

When the reactant solution was replaced with 32S-DBT sulfur on the catalyst. 

at ca. 590 min，出ispo口ionof 35S can be released again as 35S-H2S as shown in 

Almost all 35S on the catalyst could be replaced by 32S derived Figure 3.1. 

from HDS of 32S-DBT. This can be verified by a fact出atthe shaded area B is 

75 

approximately equal to the shaded area A as shown in Table 3.1. 
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Conversions and pseudo-first-order rate constants of出eTable 3.2. 

hydrogenation reaction for various heteroatom compounds. 

Rate Constant Conversion Concentration in decalin Compounds 

x106， L/s.g.catalyst % x102， mol/L wt% 

8.0 59.3 4.77 ハU
唱

'
ADibenw出iophene(DBT) 

Benzothiophene (BP) 

Thiopheneσ) 
1∞ 4.77 0.73 

100 4.77 0.46 
Operation Procedure 2 
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ハ
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9.54 

4.77 

4.77 

1.20 

0.91 

0.91 

τ1riophenol(τ'P) 

Di benzofuran のBF)
Carbazole (CRL) 

Quinoline (QNL) 20.5 90.0b) 4.78 0.70 

Products were mainly 

1， 2， 3， 4・tetrahydroquinolineand 3， 4， 5， 6・tetrahydroquinoline.

b Products were cyclohexylbenzene and biphenyl. a 

0 
200 

To survey the effect of sulfur compounds on the substitution rate of 

800 700 600 500 400 300 
wt% benzothiophene of 0.73 solution decalin a catalyst， the on sulfur 

containing the same molar concentration of sulfur as that of DBT was used in 

Reaction Time (min) 百lechange in radioactivity of formed 出estep (d) of operation procedure 2. 

It can be observed白atthe 35S -H2S with reaction time is shown in Figure 3.2. 

Change in radioactivities of formed 35S-H2S with reaction time. Figure 3.3. until the formation curve of 35S-H2S is the same as the case of 32S-DBT， 

360 oC， 50 kg/cm2， T: 0.46 wt% and 1.00 wt%. Mo/Ah03， operation step (c) during the reaction according to operation procedure 2. 

However， when the reactant solution was changed from decalin to出edecalin 

solution of benzothiophene in operation step (d)， 35S-H2S formation rate， i.e.， 

the rate for which 35S on the catalyst was replaced by 32S in benzothiophene， 

77 

This could be attributed as was more rapid出an出atin出ecase of 32S-DBT. 
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Operation Procedure 2 
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the increase of 32S incorporated from benzothiophene into the catalyst since 

HDS rate of benzothiophene was more rapid (conversion = 100%)出an白atof 

DBT (conversion = 59.3 %; see Table 3.2). 

When a decalin solution of 0.46 wt% thiophene containing the same 

sulfur molar concentration as the solution of DBT was used to conduct the 

5 
of as the case 35S-H2S of curve formation same the reactlon， same 

This could be attributed as benzothiophene was observed (see Figure 3.3). 

that the amount of sulfur converted from thiophene was same as that from 

600 500 400 300 

。
200 

This is benzothiophene under the present reaction conditions (see Table 3.2). 

also consistent with the conclusion postulated in previous paper (15)， where the 

Reaction Time (min) 
replacement rate between sulfur on the catalyst and one in sulfur-containing 

compounds depended upon the amount of sulfur incorporated into the catalyst. 

Change in radioactivities of formed 35S-H2S with reaction time. Figure 3.4. 
At the same time， these results also indicate出atthe replacement rate of sulfur 

3600C， 50 kg!cm2， DBF: 0.91 wt%. Mo/Ah03， 
is independent of kinds of sulfur compounds. 

sulfur of rate of the effects the lnveStlgate further to order 1n 

wt% solution of 1 of sulfur， a decalin incorporation on the removal rate 

Values of areas representing the amount of sulfur released during the 
thiophene containing about twice as much sulfur as that of 1 wt% DBT was 

Since various operation steps shown in Figures 3.1-3 are listed in Table 3.1. 
As expecting， the removal rate of sulfur was much used in operation step (d). 

approximately the same， all 35S on the catalyst which was all areas were 
Since the conversion of thiophene was yet more rapid as shown in Figure 3.3. 

incorporated into the catalyst in operation step (b)， was almost replaced by 32S 
100% (see Table 3.1)， the amount of sulfur incorporated into the catalyst is 

during the operation step (d)， although the replacement rates of sulfur were 
In addition， about three times as much as that in the case of 1 wt% DBT. 

different from each other. 
when a decalin solution of 1 wt% thiophenol， containing twice as much sulfur 

as白atof 1 wt% DBT was used， a formation curve of 35S-H2S similar to the 

Compound Effect of Oxygen 3.3.2 
case of 1 wt% thiophene was obtained， because the conversion of thiophenol 

Figure 3.4 shows the changes in radioactivities of formed 35S-H2S when 
was also 1000/0 and出erate of 32S incorporation was similar to出atof 1 wt% 

of step (d) operatlon the used in was (DBF) of dibenzofuran a solution 
This further indicates出atthe removal rate of thiophene (see Table 3.1). 

As陀po口edby Lavopa et al. (20)， tbe major products operation procedure 2. 
sulfur is independent of the kinds of sulfur compounds and depends only upon 

出erate of sulfur incorporated into the catalyst. 
1t can be observed出atthe formation curve of 35S-H2S is 

79 

were BP and CHB. 
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During very different from those curves in the case of sulfur compounds. 
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operation step (d)， only a small portion of 35S on the catalyst was eluted釦 d

This may be due to low released as 35S-H2S during the HDO reaction of DBF. 

To certify whether 35S， which was not eluted conversion of DBF (7.3 0/0). 

another catalyst， the still present on of DBF， reactlon HDO during the 

After HDO reaction of DBF was conducted for operation step (e) was added. 

ca. 4 h， the solution of 32S-DBT was substituted for that of DBF， and then 

As shown in Figure 3.4， 35S-H2S was produced again， and reacted for ca. 4 h. 

a sum of area F and area G， which represented respectively radioactivities of 

35S-H2S released during operation steps (d) and (e)， is approximately equal to 

600 500 400 300 
0 
200 

百leseindicate that the portion of 35S remaining 

on the catalyst could be eluted and released as 35S -H2S if 32S was supplied. 

出earea A (see Table 3.1). 

Reaction Time (min) Compounds Effect of Nitrogen 3.3.3 

Change in radioactivities of formed 35S-H2S with reaction time. 

QNL: 0.70 wt%. CBL: 0.91 wt% Mo/ Ah03， 360 oC， 50 kg/cm2， 

Figure 3.5. 
When a decalin solution of a nonbasic nitrogen-containing compound 

(carbazole) was used in operation step (d) of operation procedure 2， it can be 

observed出at35S-H2S was scarcely detected during the operation step (d) (see 

As 

reported by Behinds (18)， when a decalin solution of quinoline was used in 

This is because the conversion of carbazole is nearly zero. Figure 3.5). 

百lismay be due to a 

fact that the catalyst was poisoned by quinoline since the reactivity of DBT 

of 35S remained on the catalyst (area A， see Table 3.1). 
operation steps (d) of operation procedure 2， quinoline was hydrogenated 

百1ismakes it possible for a portion HDS decreased from 59.3 % to 33.3 0/0. 
1， 2， 3， 4 -tetrahydroquinoline and 5， 6， 7， 8-tetra-rapidly to produce 

of 35S to be still held on the catalyst because the amount of labile sulfur on the 
hydroquinoline but HDN of quinoline to give hydrocarbons occurred hardly 

catalyst decreased with decrease in the HDS rate (15). 
At the same time， radioactivities of 35S-H2S could hardly be (see Table 3.2). 

After HDN reaction of quinoline was conducted for detected (see Figure 3.5). 

Discussion 3.4 
ca. 4 h， the operation steps (e) was also added， namely， the solution of 32S-

Although DBT was substituted for that of quinoline， and reacted for ca. 4 h. 

As shown in Figure 3.1， H2S was not formed in the absence of DBT 
35S-H2S was produced again as shown in Figure 3.5， the total radioactivities of 

released 35S-H2S (area H in Figure 3.5) were smaller than total radioactivities 
百lewhile the incorporation of sulfur in DBT onto catalyst generated H2S. 
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release of H2S could form anion vacancies on the catalyst. It seems出atthe 

catalyst tends to keep a constant amount of anion vacancies under each reaction 

condition. Although we can not estimate the但nountof anion vacancies，出lS

may be related to the釘nountof labile sulfur. To interpret why there is the 

time delay for 35S-H2S to achieve a steady state of radioactivities， why the 

sulfur in DBT is not directly released as H2S and why H2S is formed from the 

sulfur on the catalyst， the following tentative reaction Scheme 3.1 was 

considered to account for these phenomena. According to this scheme， the 

reaction would proceed with the following steps: (a)百lesulfur compound 

adsorbs on an anion vacancy on the catalyst. (b) After the hydrogenolysis of 

C甲Sbonds， the hydrocarbon species are released into the gaseous phase， 

whereas the sulfur atom remained on the catalyst. Most of hydrogen may 

originate from the S-H groups. (c) The sulfur remaining on the catalyst is 

hydrogenated and forms a new S-H group. (d) At出esame time， the release 

of hydrogen sulfide generates a new anion vacancy. Therefore， a shift of 

active sites on the catalyst surface would occur. 

For this mechanism of HDS， only after the sulfur in DBT was 

incorporated into the catalyst was出esulfur on the catalyst surface released as 

H2S. When an anion vacancy was occupied by sulfur removed from DBT， a 

new anion vacancy appeared on the catalyst surface. At that time， a pro-

bability of sulfur being released as H2S for al1 labile sulfur may be the same. 

Therefore， after 32S-DBT was substituted for 35S-DBT in operation procedure 

1 (see Figure 3.1)，出edecreasing curve of formed 35S-H2S can be revealed as 

an exponential function of time. In contrast to出is，after the solution of 35S-

DBT was substituted for出atof32S-DBT，出eincreasing curve of formed 35S-

H 2S can be revealed as logarithmic function for time. According to this 

mechanism， the product of HDS-biphenyl would eluted immediately in the 

samemむmeras DBT. 1t was consistent with the results in Chapter 2. 

H H 
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Scheme 3.1. Mechanism of hydrodesulfurization of dibenzothiophene on 

sulfided Mo/ Ah03・ S*:35S，口:Anion vacancy. 

sa¥M〆s¥M/sa¥ノ¥M/sa¥Mノ，5d
s/¥s〆 ¥s/¥s/¥s/ 句、 s
/。
¥Al/o¥Al/¥l/

。
¥Al/
。¥

Scheme 3.2. Tetrahedral strucωre of MOS2 phase on alumina. 

Mobile capacity of sulfur: Sa> Sc (Sd) > Sb. 
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In Chapter 2， we found出atthe amount of labile sulfur on出esulfided 

catalyst changes depending on the reaction conditions. In the present paper， 

the structure of the active species shown in Scheme 3.2 was used in order to 

explain the mechanism of HDS simply. This structure is consistent with MOS2 

single-slab structures on alumina (2ト23). There were some interactions 

between Mo and alumina. This would cause the difference among the 

environment of each sulfur as shown in Scheme 3.2. Thus， the mobile 

capacity of each sulfur would b~ different from each other. This will further 

be discussed in C hapter 4. 

When the HDO reaction of DBF was carried out on 35S-1abeled catalyst ， 

only a small portion of 35S was replaced with oxygen atoms and released as 

35S-H2S (see Fi♂ue 3.4) because of the low conversion of HDO of DBF. In 

addition， for the case of HDN of quinoline， although the hydrogenation rate of 

quinoline was very quick， the HDN reaction of quinoline hardly occurred (see 

Table 3.2). Thus， 35S was scarcely replaced by nitrogen compounds (see 

Figure 3.5). On the contrary， for the HDS reaction of sulfur compounds such 

as thiophene which can be desuぜurizedmore easily than DBT， 35S remaining 

on the catalyst was replaced at a more rapid rate出anthat in the case of DBT. 

百leseresults indicated that 35S remaining on the catalyst could not be removed 

and released as 35S-H2S until HDN， HDO， or HDS reactions has proceeded. 

The hydrogenation reaction could not cause the formation of H2S. And the 

rate of 35S -H2S formation will increase with the increase in the rate of 

heteroatoms inco中oratedinto the catalyst. The sulfur exchange reaction 

between the sulfur on the catalyst and the sulfur in the sulfur compounds may 

not be a rate-dete口niningstep for HDS reaction but a fast reaction. This is 

consistent with the result出atthe formation rate of H2S from the catalyst 

depended only upon the rate of sulfur incorporation into the catalyst and the 

kind of sulfur compound was irrelevant. 
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3.5 Conclusions 

In出ischapter， the conclusions were obtained: 百leremoval rate of 35S 

from the catalyst depended upon the HDS rate of sulfur-containing compounds， 

出atis，出eamount of sulfur incorporated into the catalyst and was independent 

of the kinds of sulfur-containing compounds. When hydrodenitrogenation 

(HDN) and hydrodeoxygenation (HDO) reactions were carried out on the 35S-

labeled catalyst，some pbrtion of 35S remaining on the catalyst could be 

replaced by oxygen atoms and released as 35S-H2S during the HDO reaction， in 

contrast to出is，35S were hardly replaced by N atoms during the hydrogenation 

of quinoline. These indicate出at出ehydrogenation reaction could not cause 

the formation of H2S from the labile sulfur. Only when hydrogenolysis 

reaction proceeded， the labile sulfur was substituted to heteroatoms and 

released as H2S. 
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Chapter Four 

Hydrodesulfurizatioo of Radioactive 35S-Labeled 

Dibeozothiopheoe 00 Co-Mo/ A1203， Ni-Mo/ A1203， 
Co/AI203， and Ni/A1203 

Abstract 

The radioisotope tracer method has been used to get quantitative1y new 

insight into the behavior of sulfur on the su1fided Co-Mo/A1203， Ni-

Mo/A1203， Co/A1203， and Ni-Mo/A1203・ Theapparent activation energies of 

HDS reaction for DBT for a11 catalysts were 20土1kcal/mol. The formation 

rate constants of 35S圃H2Swere determined and the amounts of labi1e sulfur on 

出esu1fided cata1ysts were estimated by tracing the changes in radioactivities 

of the unreacted 35S圃DBTand the formed 35S-H2S during the HDS reaction of 

35S-1abe1ed dibenzothiophene (35S-DBT). It was deduced that the maximum 

va1ue of 1abi1e sulfur re1ated to HDS reaction was ca. 75% of tota1 sulfur in 

the su1fided Mo/ A1203・ Comparedwith the amounts of labi1e sulfur in出e

sulfided Co-Mo/A1203， Mo/A1203釦 dCo/A1203， it was determined that出e

amounts of labile sulfur were 19.9， 9.1 and 2.0 mg of sulfur/g of catalyst at 

2600C for three catalysts， respectively. 百lUS，it was suggested that the sulfur 

in the form of C09S8 on the sulfided Co-Mo/A1203 was nonlabile and that the 

sulfur attached to both Mo and Co atom was more labile and related to HDS 

reaction. The similar result was a1so obtained for Ni・Mo/A12U3and 

Ni/A12U3・Therefore，the promotion of Co and Ni for Mo-based catalyst 

were attributed to that they made the sulfur bonded to both Mo and Co or Ni 

in MoS2 phase more labile. 
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4.1 Introduction 

Mo-based catalysts used in HDS of pe甘ole山nfeedstocks and recently in 

the deep HDS catalysts of light oil have yet been extensively studied (1・4).

However， the catalysts' structures have been ambiguous. Recent studies 

showed出atthe sulfides in sulfided Mo-based catalysts were present in the 

form of MoS2-1ike phase (5， 6) and出atCoMoS and NiMoS-1ike phase existed 

in sulfided Co or Ni-Mo/A1203 (7， 8). Moreover extensive studies on the 

sulfided Mo-based catalysts have indicate that the HDS activity is related to白e

presence of sulfur vacancies on the MoS2 structure (9-11).ηle addition of 

Co or N i 1eads to a large increase in出eactivity that can be attributed to the 

promoter decorating the edges of MoS2 with so-called CoMoS or NiMoS type 

structures (12， 13). However， there is another fact indicating出atthe 

formation of a special association between Mo and promoters is not the only 

reason for s戸時rgy. Delmon and co-worker (14・17)have shown出atcatalysts 

containing little or no CoMoS or NiMoS phase were quite active and 

sometimes had a more stable activity. To reconcile different results 

conceming the surface structure of the Mo-based catalysts and the mechanism 

of HDS， to use 35S-radioisotope as a tracer provided a clue to白isexploration 

because the sulfur played the most important ro1e in the HDS reaction (18). 

On the other hand， dibenzothiophenes are sulfur-containing compounds 

very difficult to desulfurize even under deep HDS conditions (4). In C hapter 

2， we discussed出atHDS reaction of 35S-1abeled dibenzothiophene (35S-DBT) 

on sulfided Mo/ Ah03・ 1twas found that the sulfur on the catalyst during 

HDS reaction was labi1e and the amount of labi1e sulfur increased with 

temperature and the initial concentration of dibenzothiophene and that the 

sulfur in dibenzothiophene was not directly released as H2S but initially 

accommodated on the catalyst (19， 20). In出ischapter， we would discuss the 
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behavior of sulfur in commercia1 Co-and Ni・Mo/Ah03cata1ysts. We have 

conducted HDS reaction of 35S-1abeled dibenzothiophene on sulfided Co-

Mo/Ah03 and Ni-Mo/Ah03 catalysts under practical conditions of HDS. To 

elucidate the role of 1abile sulfur in the HDS reaction and the promotion effect 

of Co and Ni in sulfided Co-and Ni-Mo/A1203， Mo/A1203， Co/A1203， and 

Ni/ A1203 were a1so used as compared catalysts. The mobile capacity of sulfur 

on the cata1yst was estimated from the formation rates of 35S-H2S in an 

increase and a decrease in radioactivity. We expected to understand more 

exactly how the promoter Co or Ni enhanced the reactivity of Mo/Ah03 and 

how sulfur in出esulfided cata1yst participated in the actua1 HDS reaction. 

4.2 Experimental 

4.2.1 九laterials.

32S-DBT飢 d35S labeled dibenzothiophene were synthesized according 

to the method reported in C hapter 2. Decalin was a commercial GR grade. 

Commercial Co-Mo/A1203 (Ketjen fine 124， Mo03: 12.3 wt%， CoO: 3.8 wt%， 

Surface Area: 274 m2/ g) and Ni-Mo/A1203 (Ketjen fine 153， Mo03: 15.3 

wt%， NiO: 2.9 wt%， Surface Area: 197 m2/g) were used in this work. 

Mo/A1203 (Mo03 16.0 wt%)， Co/A1203 (CoO 4.0 wt%)， and Ni/A1203 (NiO 

3.0 wt%) were prepared by the conventional impregnation technique using 

aqueous solution of ammonium molybdenate ((NH4)6Mo7024・4H20)，cobalt 

nitrate (Co(N03h・6H20)，and nickel nitrate (Ni(N03h・6H20)，respectively. 

After the impregnation，出esぉnp1eswere dried at 1200C for 10 h釦 dcalcined 

at 4500C for 24 h in air. 

4.2.2 Apparatus and Procedure 

The detail of a used apparatus was described in Chapter 2. The HDS 

reaction was carried out with a pressurized flow reactor， and the typical 
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reaction conditions were as follows: catalyst 1 g (20-35 mesh)， total pressures 
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25-50 kg/cm2， reac60n temperature 210-400 oC， flow rate of hydrogen 25 

The litersjh， WHSV 28-56 h-1， concentration of DBT in decalin 1.0-3.0 wt%. 

catalysts were presulfided with a mixture of 5.0 vol% H2S in H2 at 400 oC for 

The reactor was cooled in the H2S/H2 stream to 3 h before the reaction. 

Then the solution and pressurized with hydrogen. reactlon temperature 

H2S produced containing DBT was fed into the reactor by a liquid pump. 

during the reaction was absorbed by bubbling through a commercial basic 

The compositions of liquid product were scintillator solution (Carbosorb). 

Radioactivities of the unreacted 35S-DBT analyzed by a gas chromatography. 

in liquid product and the formed 35S-H2S in the absorbed solution were 

measured by a liquid scintillation counter. 

前00500 400 300 200 100 
。。was same as the case of Mo/Ah03 in Typical operation procedure 

(a) A decalin solution of 1 wt% 32S-DBT was pumped into the Chapter 2: 

Reaction Time (min) (b) After reactor until the conversion of DBT became constant (about 3 h). 

出at，decalin solution of 1 wt% 35S-DBT was substituted for出atof 32S-DBT. 

Changes in radioactivities of unreacted 35S-DBT and formed 35S-Figure 4.1. The reaction with 35S-DBT was performed until the formation amount of 35S-

Co-Mo/A1203， 250
oC， 50 kglcm2， 

.: Formed 35S-H2S. 。:Unreacted 35S-DBT; 
H2S with reaction time. (c)百len，the react釦 tsolution was returned 

again to出edecalin solution of 1 wt% 32S-DBT and reacted for 4-5 h. 

H2S became const釦 t(about 4 h). 

Results 4.3 

Similar to出ecase of Mo/ A1203 (Mo03 12.5 %) described state immediately. 

in Chapter 2， in the case ofthe produced 35S-H2S， however， about 145 min was Co・Mo/AI2034.3.1 

When the needed to approach the steady state in released radioactivities. at A solution of 1 wt% 35S-DBT was reacted on sulfided Co-Mo/A1203 

solution of 35S-DBT returned to出atof 32S-DBT at 370 min， the radioactivities The changes in radioactivities of the unreacted 35S-250 oC and 50 kglcm2， 

of the unreacted 35S-DBT also decreased immediately from the steady state to DBT and出eproduced 35S-H2S with the reaction time are shown in Figure 4.1. 

However， the time delay for the produced 35S-H2S from its the normal state. of the radioactivities the substituted for 32S-DBT， was After 35S-DBT 

steady state to the normal state still was ca. 100 min as shown in Figure 4.1. 
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unreacted 35S-DBT in the liquid product increased and approached a steady 
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As described in Chapter 2， these results indicate出atthe sulfur in DBT is not 

o 2100C ・2300C
!J. 2400C 
ロ2600C・2800C

20 
directly released as hydrogen sulfide but accommodates on the catalyst. 
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experiments were conducted at 230， 250， 260， and 2800C under 50 kg/cm2. 

The steady radioactive state of 35S-DBT was immediately achieved at every 

the 32S-DBT At the replacement of 35S-DBT to reactlon temperature. 

radioactivity of 35S-DBT a1so decreased immediately at every temperature. 

The change in the radioactivity observed at the steady state coπesponded to the 

20 
ロ2300C・2500C
o 2600C ・2800C 600 500 400 

Reaction Time (min) 

300 200 
0 
100 

Changes in radioactivities of formed 35S-H2S with reaction time at 

Ni-Mo/A1203， 210-280
oC， 50 kg/cm2. vanous temperatures. 

Moreover， the conversions derived from gas change of a conversion of DBT. 

chromatography analysis agreed with that determined from the radioactivities 

Figure 4.3. 
10 

Figure 4.2 shows of the unreacted 35S-DBT in the liquid product (Table 4.1). 0 
1∞ the changes in radioactivity of the produced 35S-H2S with reaction time at 230， 6∞ 5∞ 4∞ 300 200 

Contrary to the case of 35S-DBT， the time delays for 

35S-H2S released to approach a steady state in radioactivities were significantly 
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230-280oC， 50 kg/cm2. 
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Co・Mo/A1203、vanous tenlperatures・
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百leywere 160， 

145， 130， and ] 15 min at 230，250，260， and 280 oC， respectively. 

became shorter with the increase in the reaction temperature. 
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Ni・Mo/AI2034.3.2 

明弓len出eHDS reaction of 35S-DBT was performed with the sulfided Ni-

Mo/ A1203 with operation procedure 1， the steady state for the radioactivity of 

35S-DBT was also immediately achieved at every reaction tempera印reas in the 

After the replacement of 35S-DBT by 32S-DBT， the case of Co-Mo/ A1203・

radioactivity of 35S-DBT also decreased immediately at every temperature. 

ηle conversions obtained from the value of radioactivities at the steady state 

also agreed with the conversions of DBT derived from GC analysis as shown 

1t can be observed that the reactivity of Ni-Mo/A1203 is similar in Table 4.1. 

For example， reactivity of Ni-Mo/Ah03 at 260 oC is to血atof Co司Mo/A1203・

400 300 200 100 n
u
 

n
u
 

The changes in radioactivities of similar to出atat 260 oC with Co・Mo/Ah03・

700 600 500 the formed 35S-H2S with reaction time at 210， 230， 240， 260， and 280
0C were 

Reaction Time (min) Compared with the case of 35S-DBT， the time delays shown in Figure 4.3. 

react10n affected by the significantly also were observed for 35S-H2S 

Changes in radioactivities of formed 35S-H2S with reaction time at 

Mo/A1203， 300-360
oC， 50 kg/cm2. vanous temperatures. 

Figure 4.4. As in the case of Co-Mo/A1203， the time delay for 35S-H2S 

became longer with decreased reaction temperature. 

temperature. 

時fo/Ab03・4.3.3 

1t can be observed that the reactivity at 340 oC with Mo/ A1203 is similar to that When the HDS reaction of 35S-DBT was perfoロnedwith the sulfided 

百lechanges in radioactivities of出eformed with Co-恥10/A1203at 260
oC. Mo/A1203 (M003 16%)， the steady state for the radioactivity of 35S-DBT was 

35S-H2S with reaction time at 300， 320， 340， and 360 oc were shown in Figure also immediately achieved at every reaction temperature as in the case of Co-

Compared with the case of 35S-DBT， the time delays observed for 35S-4.4. After the replacement of 35S-DBT by 32S-DBT， the radioactivity Mo/A1203・

As in the case of H2S were significantly affected by the reaction temperature. The temperature. every at immediately decreased also of 35S-DBT 

Co-Mo/A1203， the time delay for 35S-H2S became longer with decrease in conversions obtained from the radioactivities at the steady state also agreed 
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reactlon temperature. with the conversions of DBT derived from GC analysis as shown in Table 4.2. 
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Co/Ah03・4.3.4 

Hydrodesulfurization of 35S-DBT on the sulfided Co/A1203 was also 

4000 
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The conversions derived from GC analysis were also in good performed. 

liquid of the 35S-radioactivi ties from determination agreement wi th the 

The reactivity at 360 oC is only one-seventh of the products (Table 4.2). 

conditions. 

of the unreacted 

o 3600C ・4000C

reactlon 

Similarly to Mo/ A1203， the steady state for the radioactivity 

ハU

same under the of Mo/A1203 reactivity in the case 

ハU

ハU
600 500 400 300 

Reaction Time (min) 

200 100 

Changes in radioactivities of formed 35S-H2S with reaction time at 

360・400oC， 50 kg/cm2. Ni/AI203， vanous tempera同res.

Figure 4.6. 

while the temperature， achieved at every immediately always was 35S-DBT 

time delay for the produced 35S-H2S to approach the steady state was about 

5 

The time 160， and 130 min at 360， and 400 oC， respectively (Figure 4.5). 
7∞ 600 5∞ 400 300 2∞ ∞

 
delay for Co/ Al203 at 360 OC (Figure 4.5) was longer than that (ca. 115 min) 

This result indicates出atthe time delay for Mo/ A1203 at 360 OC (Figure 4.4). 
Reaction Time (min) 

for 35S-H2S elution is not due to the adsorption/desorption of H2S on alumina 

support， but to the sulfur exchange between the sulfur in DBT and sulfur on of formed 35S-H2S with reaction time at 

360、400oC， 50kg/cm2. 
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4.3.5 Ni/AI203 

Hydrodesulfurization of 35S-DBT on the sulfided Ni/A1203 was also 

performed with the operation procedure 1. Results similar to Co/ Ah03 were 

obtained. The conversions derived from GC analysis were also in good 

agreement with the determination from 35S-radioactivities of the liquid 

products (Table 4.2). Ni/A1203 shows a reactivity similar to Co/A1203 under 

出esame reaction conditions. The changes in radioactivity of formed 35S-H2S 

were shown in Figure 4.6. 百letime delay for the produced 35S -H2S to 

approach the steady state was about 150， 120 and 90 min at 360， 380 and 

4000C， respectively. 
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4.3.6 Formation Rate Constant of 35S・H2Sand Amount of Labile 

Sulfur 

In the previous paper (19， 20)， we reported that changes in the 

radioactivities of the 35S-H2S formed during the decreasing period could be 

expressed' as an exponential function of reaction time. The formation rate of 

35S-H2S from the catalysts could be treated as a first order reaction. In this 

work， the first order plots of the formation rate of 35S-H2S from the catalysts 

were also obtained for a11 reaction. As the examples， the first order plots of 

formation rate of 35S-H2S at 260 oC for Co-Mo/Ah03， at 260 oC for Ni-

Mo/ A1203 and at 340 oC for Mo/ A1203 were shown in Figure 4.7. These lines 

can be revealed as a function of time: 
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Reaction Time (min) 

Ln y = ln z -kt (4.1) 

Figure 4.7. First order plots of release rate of 35S-H2S. 

Mo/ A1203 (340
0C， 50kg/cm2): 0 Decreasing period， .Increasing 

period. Co・Mo/A1203(260 oC， 50 kg/cm2): 口Decreasingperiod， 

. Increasing period. Ni-Mo/ A1203 (260 oC， 50 kg!cm2): 

1::. Decreasing period， .. Increasing period. 

where y represents the formation rate of 35S-H2S (dpm/min); z the formation 

rate of 35S-H2S at steady state (dpm/min)， k the rate constant of the release of 

35S-H2S (min-1)， t reaction time (min). The release rate constants of 35S-H2S 

for a11 catalysts were listed in Tables 1 and 2. Furthermore， the first order 
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plot of the values， where radioactivity of each increasing period of produced 

35S・H2Sin Figure 4.1 was subtracted from出atat steady state， also showed the 

linear relationship (Figure 4.7) and two slopes at this temperature were 
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Table 4.1. Kinetic parameters at various hydrodesulfuriation conditions on Co-Mo/Al203， and Ni-Mo/Al203・

Catalyst Co目Mo/AlZ03 Ni-Mo/ Al203 

Reaction pressu陀， kg/cm2 50 50 50 50 50 10 50 50 50 50 

Reaction temperature， oC 230 250 260 280 280 280 210 230 240 260 

Concentration of DBT， wt% 1.0 1.0 1.0 1.0 3.0 1.0 1.0 1.0 1.0 1.0 

Conversion from GC analysis， % 23.4 39.4 62.6 92.4 53.9 59.8 12.7 29.1 43.3 64.5 

ーConversionfrom radioactivity 23.7 37.8 59.7 90.1 53.0 57.2 11.8 28.9 42.1 63.0 
o 
ム of35S， % 

ト..... 

Cコ
vl 

Labile sulfur， So， mglg.cat. 5.8 12.6 19.9 26.1 30.3 6.6 29.5 11.2 14.7 16.2 

SoISTota1a)， 0/0 8.27 18.0 28.4 37.2 43.2 42.0 8.2 13.9 18.2 20.1 

Rate constant of formed H2S， 

k. x10-2. min-1 ， ，....... '" ， 2.26 2.45 2.71 2.92 4.65 3.34 1.57 2.13 2.40 3.26 

So x k， mg/min.g.cat. 0.13 0.31 0.51 0.76 1.41 0.99 0.10 0.24 0.35 0.52 
Rate of DBT HDS， mg/min.g.cat. 0.19 0.32 0.51 0.76 1.32 0.98 0.10 0.24 0.35 0.53 

a STOlal is defined as出eamount of total sulfur when metal sulfides in the sulfided catalysts were present as MoS2， 

C09S8， and NiS. 

Table 4.2. Kinetic parameters at various hydrodesulfization conditions on Mo/A1203， Co/A1203， and Ni/Al203・

Catalyst Mo/A1203 Co/Ah03 Ni/Ah03 

Reaction pressure， kg/cm2 50 50 50 50 50 50 50 50 50 
Reaction temperature， oC 300 320 340 360 360 400 360 380 400 
Concentration of DBT， wtσ/ 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 
Conversion from 

GC analysis， 0/0 22.1 45.5 59.9 75.3 11.0 28.0 10.4 18.6 32.3 

Conversion from radioactivity 
of 3SS. 0/0 ， 24.0 46.4 58.0 73.9 11.5 28.8 10.6 18.8 31.1 
Labile sulfur， So， mg/g.cat. 13.1 21.1 25.9 29.8 7.15 11.4 7.2 9.9 12.8 
SoISTota1a)， 0/0 18.4 29.6 36.3 41.8 36.2 60.5 55.8 76.7 99.2 
Rate constant of formed H2S， 

k，x10久min-1 1.38 1.76 1.83 1.94 1.26 2.00 1.17 1.54 2.06 
So x k， mg/min.g.cat. 0.18 0.37 0.47 0.58 0.09 0.23 0.08 0.15 0.26 
Rate of DBT HDS， mg/min.g.cat. 0.18 0.37 0.49 0.62 0.09 0.23 0.09 0.15 0.26 

a STota1 is defmed as出eamount of total sulfur when metal sulfides in the sulfided catalysts were present as 

MoS2， C09Sg， and NiS. 
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The same results were also obtained overlapped each other for Co-Mo/ A1203・

ま¥

¥E¥¥ 

This indicates that白erate of 

release of 35S -H2S is equal to that of 32S -H2S， and that the isotopic effect 

for Ni-Mo/Ah03， and Mo/A1203 (Figure 4.7). 

勺
J

去、
¥てご".

between 35S and 32S would be negligible. 

According to the method described in Chapter 2， the area A or B in 

Figure 4.1 is z/k (dpm) which can be calculated from the integral (t: 0-∞) of 

-8 The amount of labile sulfur on the catalyst (So) can be equation 4.1. 
戸崎、

L司、田J

ロ....... 
presented by (z/k)/(35SDBT/SDBT)' where 35SDBT is radioactivities in 1 mol of 

The DBT (dpm/mol) and SDBT is出eamount of sulfur in 1 mol DBT (g/mol). 

-9 
amount of labile sulfur for all catalysts under various reaction conditions were 

obtained and were summarized in Tables 1 and 2 

The apparent activation energies of HDS for DBT on all catalysts 

calculated from the Arrhenius plots of the rates of HDS (Figure 4.8) were 

2.1 2.0 1 .9 1 .8 1.7 1.6 1.5 
ー10
1.4 

about 20土1kcal/mol for Mo/A1203， Co/A1203， Co-Mo/A1203， Ni/A1203， and 

1t 百lIswas consistent with the results repo口edin Ref 4. Ni-Mo/A1203・

1庁 (xl03，lJK) 出lpliesthat出esame reaction process occurs either on sulfided Mo/ A1203， Co-

Mo/A1203，釦dNi-Mo/A1203・

Arrhenius plots of the rates of HDS. Figure 4.8. 

.: Mo/A1203(16.0 0/0) 0: Mo/A1203 (12.5 0/0); Discussion 4.4 

.: Ni/A1203 口:Ni-Mo/A1203; 

企:Co/A1203 A: Co-Mo/A1203; sulfided ln sulfide molybdenum of EXAFS indicated that Results 

In Chapter 2， we estimated Mo/ A1203 is present as MoS2・likephase (5， 6). 

quantitatively出eamount of sulfur in the sulfided Mo/ A1203 (Mo03 12.5 %) 

For the sulfided Ni/A1203， the forms of nickel sulfide may be relatively under the practical reaction condition and found that molybdenum sulfide was 

The Ni-S phase diagram is very complex but there are two complicated. Thus， we could assume that the molybdenum present in the form of MoS 1.92・

The free energies of relatively stable sulfides， i.e.， Ni3S2 and NiS (20). sulfide is still present as出eMoS2 for Mo/A1203 (Mo03 16.0 0/0). 

The stability of these 

sulfides will depend on出etemperature and H~H2S ratio in the gas phase (21). 

formation of Ni3S2 and NiS are quite comparable (20). 
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Results ulfided Co/Ah03， the stable sulfide is C09S8 (36-39). For the 

of EXAFS have also indicated existence of C09S8-like phase. 
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Table 4.3. Ratios of labile sulfur to total sulfur on sulfided Ni/ Ah03・

Temperature， oC 360 380 400 

Labile sulfur， mg-sulfur/g-catalyst 7.2 9.9 12.8 

Ratio 1a)， 0/0 84.5 115.2 149.4 

Ratio JIb)， % 55.8 76.7 99.2 
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From Table 4.2， we could calculate the ratios of labile sulfur to total sulfur 

present as ei曲目 Ni3S2or NiS， as shown in Table 4.3. The ratios of labile 

sulfur to total sulfur at 380 oC and 400 oC would become more than 1， if出e

nickel sulfide was present as Ni3S2・ Obviously，NiS is a more possible form 

of nickel sulfide in the sulfided Ni/A1203・

For the sulfided Co・Mo/A1203， and Ni・Mo/Ah03， it is very difficult to 

determine the form of metal sulfide because of the complexity of bimetal 

system. Results of EXAFS have indicated that molybdenum sulfide is still 

present in MoSγlike phase (6，7). Therefore， we could ass町ne出atcobalt or 

nickel sulfide and molybdenum sulfide in the sulfided Co-Mo/A1203 and Ni-

Mo/A1203 were still present in the form of C09S8 or NiS and MoS2， 

respectively. 

On the basis of this assumption， it was further assumed出atonly sulfur 

present in the C09S8 or NiS phase in the sulfided Co-Mo/A1203 or Ni-

Mo/ A1203 was labile， and that sulfur present in the form of MoS2 was 

nonlabile. The ratios of the amount of labile sulfur to total amount of sulfur 

present in the C09S8 or NiS phase for Co/A1203， Co-Mo/A1203， Ni/A1203 and 

It was assumed出atall sulfur were present as (a) Ni3S2; (b) NiS 

0 
0.0 0.5 ハU

噌

'
t
A 1.5 

HDS Rate (mg.S/min.g.cat.) 

Figure 4.9. Plots of ratio of labile sulfur vs rate of DBT HDS. 

Open symbols which belong to Co-Mo/A1203 (~) and Ni-Mo/A1203 (口)， it was 

assumed that the sulfur in MoS2 phase was not labile but only the sulfur in 

C09S8 or NiS phase was labile in the sulfided Ni-Mo/A1203 and Co-Mo/A1203・

The solid symbols belong to Co/ A1203 (企)and Ni/A1203 (・). The ratios of 

labile sulfur on the sulfided catalysts were estimated from So/S A (S A: total 

amount of sulfur present in the form of Co9S 8 or NiS in the sulfided 

Col A1203， Ni/ A1203， Co・Mo/A1203，and Ni-Mo/A1203). 
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N i -Mo/ A1
2
0
3 
were plo仕edagainst出erate of HDS in Figure 4.9. The ratio 

of labile su旺urto total sulfur present in the form of NiS or C09S8 in the For 

sulfided Co・Mo/A1203or Ni-Mo/A1203 became more than one at rate of HDS 

over 0.29 mg of sulfur/min.g of catalyst. This indicates出atsulfur in the 

form of MoS
2
， other血anm出eform of C09S8 or NiS， was also labile 白血e

sulfided Co-Mo/A1203 and Ni-Mo/A1203・

To obtain more useful insight for labile sulfur， the amounts of labile 

sulfur at 280 oC for Mo/A1203， Ni/A1203 and Ni-Mo/A1203 were compared. 

The amount of labile sulfur in sulfided Ni/A1203 at 280 oC can be deduced to 

be 1.6 mg of sulfur/g of catalyst from the dependence of the amount of labile 

su1fur on the temperature. Similar1y， the amount of labile sulfur in the 

sulfided Mo/A1203 (Mo03 16.0 %) at 280 oC can also be deduced to be 9.8 mg 

of sulfur/g of catalyst. On the other hand， the amount of labile sulfur in the 

ulfided Ni-Mo/A1203 at 280 oC was 18.4 mg of suぜur/g of catalyst as shown 

in Table 4.1. Comparing the amounts of labile sulfur in the three catalysts， it 

can be assumed that sulfur in the form of NiS in Ni-Mo/ A1203 is relatively 

nonlabile and出atonly sulfur in the form of MoS2 in Ni-Mo/A1203 is labile. 

Similarly， when the same treatment method was applied to the sulfided 

Mo/ A1203 (Mo03 12.50/0) as reported in Chapter 2 ， Co/A1203 and Co-

Mo/ A12031 the amounts of labile sulfur for three catalysts were 9.1， 2.0， and 

19.9 mg of su旺ur/gof catalyst at 260oC， respectively. 1t can be also assumed 

that sulfur in the form of Co9Sg in Co-Mo/ A1203 is relatively nonlabile and 

出atonly sulfur in the form of MoS2 in Co-Mo/A1203 is labile. On the basis 

of these assumptions， the ratios of the amount of labile sulfur to total sulfur 

present in the form of MoS2 were plotted against the HDS rate as shown in 

Figure 4.10. The ratios in sulfided Mo/A1203 (12.5 0/0)， Co-Mo/A1203 and 

Ni-Mo/A1203 increased with an increase in the rate of HDS and approached 

出esteady values for the three catalysts. The maximum values of their ratios 

1.0 
。Mo(12.50/0) 
Mo( 16.00/0) 

Ni-Mo 

Co-Mo 
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Figure 4.10. Plots of ratio of labile sulfur vs rate of DBT HDS. 

0: Mo/A1203 (12.5 %); ・:Mo/ A1203 (16 0/0); ロ:Ni-Mo/A1203; 

d.: Co-Mo/A1203・ Itwas assumed that the sulfur in C09S8 and NiS phase 

was not labile but only the sulfur in MoS2 phase was labile in the sulfided Co-

Mo/ A1203 and Ni-Mo/A1203・ Theratios of labile sulfur on the sulfided 

catalysts were estImated from SJSB (SB: total amount of sulfur p陀sentin the 

form of MoS2 in the sulfided Mo/A1203， Co-Mo/A1203 and Ni-Mo/A1203). 
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would be deduced to be ca. 0.75， 0.59， and 0.37 for Mo/A1203 (12.5 %)， Co-

Mo/A1203 and Ni-Mo/A1203， respectively. At出istime， the amounts of labile 

sulfur would be about 41.8， 32.3， and 25.2 mg of sulfur/g of catalyst， i.e.， 

1.30， 1.01， and 0.79 mmol of sulfur/g of catalyst for the three catalysts， 

respectively. In contrast， the content of Co or Ni in Co-Mo/A1203 or Ni-

Mo/ A1203 were 0.51 and 0.39 mmol/g of catalyst， respectively. This means 

出atthe numbers of labile sulfur were approx出latelytwice those of Ni or Co 

atoms on sulfided Ni-Mo/A1203 or Co-Mo/A1203・

It should be noted出atthe data point for Mo/ A1203 with 16 % Mo03 did 

not fall on the curve for Mo/A1203 with 12.5 % Mo03 as shown in Figure 

4.10. This may be due to lower dispersion of Mo species in Mo/ A1203 with 

16 % Mo03 because it is very difficult to maintain uniform dispersion of Mo 

species on the alumina suppo口duringthe preparation of the catalysts with the 

hlgher Mo loading by the impregnation method. Some portion of Mo species 

may be present in the form of small MoS2 crystallites in Mo/ A1203 with 16 0/0 

Table 4.4. Conversions of DBT and kinetic parameters on MoS2 crystallite 

(DBT 1 wt%， 50 kgJcm2， MOS2 0.5 g). 

Reaction temperature， oC 400 430 

Conversion from radioactivityof 35S， (0/0) 14.3 15.4 

Conversion from GC analysis， (0/0) 15.8 19.4 

Labile sulfur， So， mg/ g of cat. 7.00 6.99 

SoISToω， 9ら 3.5 3.5 

Release rate constant of 35S-H2S， k ， xl0汽min-1 1.84 2.27 

Rate of DBT HDS， mgJmin.g.cat. 0.129 0.158 
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Figure 4.11. Structure of MoS2: (a) Crystal structure of molybdenum 

disulfide; (b) Structure of MoS2 on sulfided Mo/ A1203・
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Mo0
3・
TheHDS activity and the ratio of labile sulfur to total sulfur were 

very low for the unsupported MoS2 (see Table 4.4)・ Forinstance， the HDS 

activity was 1.29 x 10-3 mol of DBT/min.mol of Mo and the ratio of labile 

sulfur to total sulfur was 3.5 % at 400 oC and 50 kg/cm2. In contrast，出e

HDS activity and the ratio of labile sulfur to total sulfur on the 12.5 % 

sulfided Mo/A1203 were 1.87 x 10・2mol of DBT/min.mol of Mo and 45.5 %， 

respectively， at 360 OC and 50 kg/cm2. Thus， the actual content of well-

dispersed Mo in Mo/A1203 with 16 % Mo03 may be less出an16 %. This 

may cause the deviation between two sulfided Mo/A1203 catalysts in Figure 

4.10. 百lespecific reason is being investigated. 

Molybdenum disulfide belongs to a group of the layered structure shown 

in Figure 4.11 (a) (23)， and each layer is composed of sheets of Mo 

sandwiched between sheets of sulfur atoms. The bonding within a given layer 

is mairuy covalent， whereas the bonding between layers is the van der Waals 

type. Recently， Tops砂eand Topsoe have repo口edthat the monolayer 

dispersion is maintained and the MoS2 phase appears to be predominantly 

present as a two-dimensional single-slab struc回reoriented flat-wise on the 

alumina suppo口(c-axisperpendicular to alumina surface) for Mo/ A1203 up to 

12 % Mo (9， 24). 百lUS，it is an acceptable hypothesis that the MoS2 phase is 

present as the single slab structure flat on the surface of alumina as shown in 

Figure 4.11 (b). However， since the locations of sulfurs on the surface of 

alumina were different from each other， the labile capacities of sulfurs would 

also be different.百lesulfur between molybdenum layer and alumina surface 

(Sb) may be the most difficult to move， and the sulfur over molybdenum layer 

(Sa) may be the most mobile. The sulfur in other sites (Sc or Sct)， which 

forms a triangle with Mo parallel to alumina surface， may have the 

intermediate mobile capacity. This explains why the amount of labile sulfur 

changes depending on the reaction conditions (see Figures 2.3-2.4 and Table 

2.1 in Chapter 2). If the sulfur between molybdenum and alumina surface， 

Sb' was nonlabile，出eamount of labile sulfur in the sulfided Mo/ A1203 would 

be 75 % of the total sulfur. This is good agreement with results that the 

maximum amount of labile sulfur is 75 % of the total sulfur， as shown in 

Figure 4.10. 

For the sulfided Co-Mo/A1203 and Ni-Mo/A1203， the s汀uctureof MoS2・

like phase located in the edge may be reaπanged because of the presence of 

Co or Ni atoms， and a square pyr但nidalmodel may be an acceptable model. 

This idea was originally proposed by Ratnasamy初 dSivasanker (25) and later 

by Topsoe's group in a more detailed model (26， 27). In recent works， 

Louwers and Prins have given a further evidence about this model by the use 

of EXAFS (7). The square pyramidal coordination of the Co or Ni atoms 

resembles出atof the millerite structure. Co or Ni atoms are connected to the 

MoS2 crystallite by four sulfur atoms. An additional sulfur atom is attached 
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Figure 4.12. S凱trucはturl陀eof s印ul凶f白idedCo (Ni)駒ゐ恥Moω/A1203デ:(ωa) Square py戸r訂nida討l 

Sはt印 Cω印r町e町; ゆ例)Deformed tetrahedral s坑truct印Uf'陀eoぱfMo必S2and structure 0ぱfMoδ 

Co(Niり).
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Even in出ismodel， one in front of the Ni atom as shown in Figure 4.12 (a). 

could still consider that the structure of MoS2 is a deformed tetrahedral 

structure and only the locations of other two weak Mo-S bond within the 

The Mo1-ScO or M02-SC1' as shown in Figure 4.12 (b). layers are changed， 

and Mo1-Sb2 or MOrSb3 bonds were considered as two other weak bonds 

As mentioned above， the assigned to the van der Waals type in出isstructure. 

sulfur in the Co-Mo/ A1203 or Ni・Mo/A1203 is the most labile among sulfided 

This Co/A1203 or Ni/A1203 ， Mo/A1203， and Co-Mo/A1203 or Ni-Mo/A1203・

is consistent with the bond energies of metal sulfide calculated by N orskov et 

M = Co or Ni They proposed that the bond energies of al. (28) and Topsφe et al. (29). 

metal sulfide varied as follows: nickel or cobalt sulfide > molybdenum sulfide 

Scheme of the mechanism of hydrodesulfurization of DBT on Figure 4.13. Taking into account that the bond energy of Co-S or > CoMoS or NiMoS. 

sulfided Co (Ni)-Mo/ A1203・Ni-S is higher than that of CoMoS or NiMoS， it is reasonable that the sulfur 

On the other hand， attached to only Co or Ni atom is more difficult to move. 

the atomic ratios of Co/Mo and Ni爪10were 0.59 and 0.37 for Co-Mo/A1203 

More recently， Topsφe and Topsoe postulated that provided such evidence. These values are very good agreement with 釦 dNi-Mo/A1203， respectively. 

SH groups existed at the edges of MoS2， and found by Ff -IR study on sulfided the maximum ratios of labile sulfur to total sulfur obtained from Figure 4.10. 

Mo-based catalysts that SH groups and vacancies could interconvert and It indicates出atan atom of Co or Ni promotes an atom of Mo or two atoms of 

As mentioned above， H2S was not formed coexisted in close proximity (24). Furthermore， it was assumed that only sulfurs sulfur in adjacent MoS2 phase. 

ηle directly from the sulfur in DBT， but from the sulfur on the catalyst. in MoS2 phase adjacent to Co or Ni atoms， i.e.， Sal or Sa2 as shown in Figure 

absence of DBT did not generate H2S， while the incorporation of sulfur in 4.12 (b)， were labile， the numbers of labile sulfur in Mo-S-Co (Ni) phase can 

If出e5). catalyst generated H2S (see Chapter 3 or Chapter onto DBT This is in very be deduced to be twice as much as that of Co (Ni) atoms. 

vacancles were出esites for the coordination with the heteroatoms of reactants， good agreement with the results obtained from Figure 4.10. 

the mechanism of DBT HDS would be illustrated more simply as shown in 百leHDS activity of sulfided Mo-based catalysts would be relative with 

lt has been also assumed that only sulfur bonded to both Co (or 司
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The SH groups also the existence of sulfur vacancies (uncoordinated sites). 

When 35S in DBT Ni) and Mo in the form of MoS2 is labile in the scheme. Re garding to the played an important role in the HDS reaction (30， 31). 

occupied the vacancy and the carbon-sulfur bonds were cleaved， 35S would evidence for the presence of SH groups， studies of deuterium exchange (32)， 

ilver ions (33) and Raman spectroscopy (34) have chemical titration by The generation of H2S will form a remain on the catalyst as Mo-S species. 
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new vacancy on the catalyst. Thus， a shift of vacancy on the catalyst surface 

would occur. The possibility出atthe vacancy position may be easily shifted 

has been proposed by Ruette and Ludena in the molecular orbital calculations 

of the desulfurization reaction of thiophene over a Co-Mo catalyst (35). For 

出ismechanism of HDS， it should be noted出atonly after the sulfur in DBT 

was incorporated into the catalyst， sulfur on the catalyst surface was released 

as H
2
S. This means that after an anion vacancy is occupied by a sulfur atom 

removed from DBT， a new anion vacancy will appears on the catalyst surface. 

1t has been suggested that the amount of labile sulfur equals the total 

sulfur that can be converted to vacancies under a certain reaction condition for 

a catalyst. Although this amount coηesponds closely to the reactivity of出e

catalyst， it is definitely not equal to the number of active sites. The reactivity 

of a catalyst will also depend upon the conversion rate between labile sulfur 

and the vacancy -regeneration rate of active sites， as well as the amount of 

labile sulfur. Thus， the regeneration rate of active sites as well as the出nount

of labile 'sulfur， varies with reaction conditions. Furthermore， the variation 

ln出eregeneration rate of active sites is more than in the amount of labile 

sulfur. This could explain the correspondence between the amounts of labile 

sulfur and the HDS rates shown in Figure 4.10， where the reactivity of a 

catalyst could vary significantly although the amount of labile sulfur for the 

catalyst was approximately constant. 

4.5 Conclusions 

The hydrodesulfurization of 35S-1abeled dibenzothiophene (35S-DBT) 

were carried out on出esulfided Co-Mo/A1203， Ni-Mo/A1203， Mo/A1203， 

Co/A12u3， and Ni/A1203， and the following conclusions were drawn. The 

similar apparent activation energies (20土1kcal/mol) of HDS reaction for DBT 

11 8 

on all sulfided catalysts were estimated from the rate of HDS reaction. 1t 

implies出at出esame reaction process may occur on the sulfided Mo/ A1203， 

Co-Mo/A1203 and Ni-Mo/A1203・ Whenthe amounts of labile sulfur in 

sulfided Mo/A1203， Co-Mo/A1203 and Ni-Mo/A1203 were plotted against出e

rate of HDS， these increased with如 increasein the rate of HDS and the 

maximum values of labile sulfur were 41.8， 32.3 and 25.2 mg of sulfur/g of 

catalyst for the three catalysts， respectively. When it was assumed that all 

sulfur in Mo/ A1203 were present in the form of MoS2， it was deduced血atca. 

75 % of sulfur in Mo/A1203 was involved in出eHDS reaction. Comparing 

出eamounts of labile sulfur in the sulfided Mo/A1203， Co/A1203 or Ni/A1203 

and Co・Mo/A1203orNi-Mo/A1203， it was suggested that the sulfur in the 

COgSg or NiS phase on出eor Co-Mo/A1203 or Ni-Mo/A1203 was nonlabile and 

only sulfur bonded to both Co (Ni) and Mo in the form of MoS2 was involved 

in the HDS reaction. The maximum amounts of labile sulfur on Co-

Mo/ A1203 and Ni-Mo/A1203， 32.3 and 25.2 mg of sulfur/g of catalyst， 

co汀espondto about 59 % and 37 % of sulfur present in the form of MoS2・

The atomic ratios of Co/Mo and Ni/Mo in used Co・Mo/A1203and Ni-

Mo/ A1203 are 0.59 and 0.37. The results suggest that the addition of Co or 

Ni promotes the same amount of Mo species as that of Co or Ni species in the 

sulfided Co・Mo/A1203or Ni-Mo/A1203 and makes sulfur in this po口ionof Mo 

species more labile. 
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Chapter Five 

Behavior of Sulfur on 3SS・LabeledCo・恥fo/A1203in 

hydrodesulfurization of Sulfur Compounds， and in a 
Mixed Gas of H2S/H2 

Abstract 

A commercial Co-Mo/A1203 catalyst was labeled by 35S during HDS of 

35S-1abeled dibenzothiophene. Then the HDS reaction of various sulfur-

containing compounds or the exchange reaction with a mixed gas of H2S and 

H2 was carried out on this catalyst. Similar to the Mo/ Alz03 catalyst in 

Chapter 3， H2S could not form from the labile sulfur without the supply of 

sulfur even出oughin the reduction atmosphere of high pressure of H2・The

release rate of 35S-H2S from 35S-1abeled catalyst could approximately be 

treated with the first order equation after introducing the sulfur compounds. 

When the partial pressure of H2S during HDS of sulfur compounds is similar 

to the case of introducing H2S， the release rate of 35S由H2Sfrom the catalyst 

were also the s但nefor two cases. This indicates that the formation process of 

35S-H2S from the catalyst during HDS reaction is the same with the case of 

exchange reaction with H2S. Moreover， the release rate constants of 35S-H2S 

trend toward to a constant value above 0.36 kg/cm2 of the partial pressure of 

， H2S. This indicates出at出eadsorption of H2S onto the active sites approached 

a saturated state in present reaction conditions. The release of H2S from the 

catalyst may be the determining-rate step of this reaction. 
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5.1 Introduction 

In C hapter 3， we reported that， when the HDS reactions of thiophene 

etc. were carried out on 35S-1abeled Mo/A1203， the release rate of 35S-H2S 

from the catalyst was independent of the kinds of sulfur compounds but 

dependent upon the amount of 32S incorporated into the catalyst (1). This 

implied that the release rate of H2S from the catalyst may vary with the 

atmosphere of reactant and the release process of H2S from the catalyst may be 

same for all reaction of various sulfur compounds. In this chapter， we are 

interested in whether there are also same characteristics for Co or Ni-

promoted catalysts. Considering the similarity between Co-Mo/Ah03 and Ni-

Mo/Ah03 as described in Chapter 4， a commercial Co・Mo/A1203 catalyst was 

labeled by 3SS during HDS of 35S-1abeled dibenzothiophene in this work. 

Then various sulfur-containing compounds were introduced to the catalyst， 

and the behavior of labile sulfur was estimated by quantitatively evaluating the 

release process of 35SωH2S from 35S-1abeled catalyst. Furthermore， a series of 

mixed gases of H2S and H2 containing different content of H2S were also 

introduced to 35S-1abeled catalyst to investigate the behavior of sulfur on the 

catalyst in H2S atmosphere. We expected to gain more information 

conceming the exchange reaction of sulfur on the catalyst with血atin sulfur 

compounds and the formation mechanism of H2S from出elabile sulfur on the 

catalyst. 

5.2 Experimental 

5.2.1 Materials 

Benzothiophene (BP)， thiophene (T) and decalin were obtained from 

Kishida Co. Ltd. Dibenzothiophene (32S-DBT) and 35S labeled dibenzo-
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thiophene (35S-DBT) were synthesized according to the method reported in 

previous paper (2). The concentrations of sulfur compounds in decalin were 

1.0 wt%. The concentrations of H2S in H2 were 0.12-3.4 vol%. 

A commercial Co-Mo/A1203 (Ketjen fine 124， Mo03: 12.3 wt%， CoO: 

3.8 wt%， Surface area: 274 m2/g) was used and presulfided with 5 vol~ 

H2S庁七gasmixture by heating to 200 oC at a rate of 50C/min and to 400 oC at 

a rate of 2 oC/min， and白enmaintained at 400 oC for 3 h. 

5.2.2 Apparatus and Procedure 

The details of the apparatus employed were described in C hapter 2. 

The reactions were carried out by a fixed-bed flow reactor under the 

conditions of 50 kg/cm2， 200-260 oC and WHSV 28 h-1. Products were 

analyzed by a gas chromatography with an FID detector. The produced H2S 

was absorbed by bubbling through a commercial basic scintillation solution 

(Carbosorb). The radioactivities of produced 35S-H2S and unreacted 35S-DBT 

were measured by a liquid scintillation counter. 

Two typical operation procedures were the same as the case of using 

Mo/ Ah03 in C hapter 3: 

Operation procedure 1: (a) A decalin solution of 1 wt% 32S-DBT was 

pumped into the reactor until the conversion of DBT became constant (about 

3h). (b) After that， a decalin solution of 1 wt% 35S-DBT was substituted for 

出atof 1 wt% 32S-DBT. The reaction with 35S-DBT was performed until the 

但nountof 35S-H2S released from the exit of出ereactor became constant. (c) 

Then， the reactant solution was substituted again with the decalin solution of 1 

wt% 32S-DBT and was reacted for 4-5 h. 

Operation Procedure 2: Operation steps (a) and (b) in this procedure 

were same as those in operation procedure 1. (c) The reactant solution of 35S-

DBT was replaced by the decalin solvent. ηle reaction was continued for ca. 
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Operation Procedure 1 
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(d) After出at，出edeca1in s01ution of su1fur compound or a mixed gas of 4 h. 

H2S and H2 was introduced and reacted for ca. 4h. 

In operation procedure 2， the 1abi1e sulfur on the catalyst was labeled by 

百lereaction system was purged with H2 in白estep (c). 35S in the step (b). 

Then， the deca1in s01ution of sulfur compounds， or the mixed gas of H2S and 

The behavior of labile H2 was introduced onto the catalyst in the step (d). 

sulfur on the cata1yst was estimated by tracing the change in radioactivity of 

The tota1 pressure was maintained at 50 kg/cm2 and the formed 35S-H2S. 

To investigate the reaction temperature was 260 oC from the step (a) to (c). 

effects of reaction temperature and the partia1 pressure of H2S in gas on the 

release rate of 35S-H2S， the temperatures were regu1ated from 200 oC to 260 

。Cand the concentrations of H2S in H2 were changed from 0.12 vol % to 3.4 

v01% in the step (d). 。。 8∞ 7∞ “x) 5∞ 4∞ 300 2∞ 1∞ 
Results 5.3 

Reaction Time (min) 

Catalyst during HDS of 3SS圃DBT.Label of Labile Sulfur on 5.3.1 

Changes in radioactivities of unreacted 35S-DBT and fonned 35S-Figure 5.1. with reaction time at 1 disp1ays the change in radioactivity Figure 

Co-Mo/A1203， 50 kg/cm2， 260
oC. H2S with reaction time. After 260oC， 50kg/cm2 and "引SV28h-1 according to operation procedure 1. 

35S-DBT was substituted for 32S-DBT， the radioactivities of the unreacted 35S-

In the case of the DBT increased and approached a steady state irnmediately. 

replaced by a decalin 

solvent according to operation procedure 2， the radioacti vity of formed 35S-

On the other hand， when 35S-DBT solution was 4. produced 35S-H2S， however， about 130 min was needed to approach the steady 

When the solution of 35S-DBT returned to出atof 32S-DBT at 380 m泊，state. 

resu1ts with the Compared 5.1 ). immediately (Figure H 2S decreased 出eradioactivities of出eunreacted 35S-DBT a1so decreased immediately， but 

according to operation procedure 1， obviously， a portion of 35S， which is the time delay for the produced 35S-H2S from its steady state to norma1 state 

represented by the area A in Figure 5.1， remained on the cata1yst when the 

Even though the 

catalyst was reduced in an atmosphere of hydrogen for ca 3 h， 35S-H2S was 

solution of 35S-DBT was replaced with a decalin solvent. 
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This indicates that the sulfur in DBT is not directly re1eased 

as hydrogen sulfide but accommodates on the catalyst as mentioned in Chapter 

128 

was ca 130 min. 



This indicates出atthe su旺urremaining on the catalyst does hardly produced. 

oot release without the supply of sulfur by HDS of DBT as in the case of 
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However， when the reactant solution was replaced Mo/Ah03 (Chapter 3). 

with 32S-DBT at 505 min， this portion of 35S could release as 35S-H2S again as 

Moreover this portion of 35S (Area B) was shown in Figure 5.1 (Area B). 

approximately equal to the amount of labile sulfur at this reaction condition 

This portion of 35S represented the (Area A or A') as shown in Table 5.1. 

Thus， it was suggested that total amount of labile sulfur on the catalyst (2). 

labile sulfur on the catalyst was labeled completely by 35S through the the 

Since the operation procedures reaction process from the step (a) to (b). 

ma1n 

objective would focus attention on the release rate of 35S-H2S in出estep (d). 

2， the same for operation procedure were (c) the step (a) to from 

800 700 600 500 400 300 200 ハunu 

唱
，
BE畠ハU

ハUEffect of Sulfur Compounds on Release Rate of 35S・"2S，5.3.2 

To investigate the effects of sulfur compounds on the substitution rate of 

Reaction Time (min) wt% benzothiophene of 0.73 solution decalin a catalyst， the on sulfur 

containing the same molar concentration of sulfur as that of DBT was used in 

Co-Effects of sulfur compounds on the release rate of 35S-H2S. Figure 5.2. 百lechange in radioactivity of formed 35S-H2S with the reaction the step (d). 

.: Thiophene (0.46%， 2000C)， 0: Thiophene (0.46 wt%， 2600C)， Mo/A1203・The formation curve of 35S-H2S was the same time was shown in Figure 5.2. 

ロ:Benzothiophene (0.73 wt%， 260 OC)， Pressure: 50 kg/cm2 When the reactant solution was changed as the case of DBT until the step (c). 

from decalin to the decalin solution of BT， the formation rate of 35S-H2S， i.e.， 

出erate which 35S on the catalyst was replaced by 32S in benzothiophene， was 

conduct the same reaction， a formation curve of 3sS-H2S similar to出ecase of As the case of Mo/Ah03 in more rapid than出atin the case of 32S-DBT. 

benzothiophene was obtained， because the conversion of thiophene was also Chapter 3， this could be attributed to the increase of 32S incorporated from 

100 % and the rate of 32S incorporation was similar as that of benzothiophene. of benzothiophene rate HDS catalyst because the 1nto benzo出iophene

This indicates that the release of H2S from the catalyst is independent from the (conversion = 100 %) was more rapid than that of DBT (conversion = 60.9 

of sulfur rate the upon ooly dependent 争
目
、U
 

1
0
 

of sulfur compounds kinds Similarly， when a decalin solution of 0.46 wt% thiophene containing 

same sulfur molar concentration as the solution of DBT was also used to 

0/0). 

incorporated into the catalyst. 
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To investigate the effects of the rate of sulfur incorporated onto the 

catalyst on the removal rate of 35S from the catalyst， the reaction temperature 
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was regulated to 200 oC in出estep (c) and HDS of thiophene was conducted. 

The change in radioactivity of 35S-H2S formed from出ecatalyst was shown in 

Since the conversion of thiophene at 200 oC (30.9 0/0) was lower Figure 5.2. 

出anthat of DBT at 260 OC (60.9 0/0)， the release rate of 35S-H2S at 200 oC was 

lt is worthy to note， that 

the total radioactivity (1.58 x 104 dpm) of releasing 35S-H2S from the catalyst 

was less出antotal 35S labeled on the catalyst (2.76 x 1()4 dpm) (see Table 5.1). 

also lower than that in the case of DBT at 260 oC. 

Namely， a 

of 3SS-

portion of sulfur participated HDS of DBT at 260 oC did not paロicipatein the 

Rate 

百lIsindicated that a portion of 35S still remained on出ecatalyst. 

Release 00 of H2S Effect of Partial Pressure 

HDS of thiophene at 200 oC. 

5.3.3 

H2S. 

Reaction Time (min) The. results above imply出atwhen the amount of labile sulfur on出e

catalyst is a constant， the release rate of H2S from labile sulfur on the catalyst 

Effects of concentrations of H2S in H2 on the release rate of 35S-Figure 5.3. seems to depend on出eatmosphere of reactant during the HDS reaction. 

H2S in the exchaoge reaction. was of H2S Thus， the behavior of sulfur 00 the catalyst in atmosphere 

。0.l2% H2S. 0: 0.72 % H2S， ロ:3.4 % H2S， A mixed gas of H2S and H2 was substituted for the atmosphere investigated. 

Co・Mo/A1203，Pressure: 50 kg/cm2， Temperature: 200 oC of H2 in the step (d). 

When the catalyst was labeled by 35S during HDS of 35S-DBT at 50 

kg/cm2 and 260 oC， then it was purged with H2 and the temperature was 

flowed throughout the catalyst， 35S remaining on the catalyst released as 35S-When replacing H2 with a gas of 3.4 vol% 32S-H2S in H2 regulated to 200 oC. 

H2S again after introducing H2S and the release rate of 35S-H2S from the at 50 kg/cm2 the change in radioactivities of formed 35S-H2S with the reaction 

恥10reover，catalyst was more rapid than that in the case of sulfur compounds. It should be noted that decalin solvent stiU time was shown in Figure 5.3. 

the total amount of 35S released in the step (d) was approximately equal to one 

This indicates that labile remaining on the catalyst as shown in Table 5.1. 

flowed through the catalyst in the step (d) in order to maintain a consistence of 

Although 35S-H2S was hardly produced when only H2 the reaction conditions・
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sulfur can elute as H2S from the catalyst with the dissociation of H2S adsorbed 

In order to survey the effect of the partial pressure of H2S， on the catalyst. 

15 
the catalyst was labeled by 35S during HDS of 35S-DBT at 260 oC and 50 
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and H2 of H2S of mixed gases senes a kg/cm2， 

concentrations of H2S then flowed through the catalyst in the step (d) at 200 oC 

1l1e release rate 1l1e results were also shown in Figure 5.3. 組 d50 kg!cm2. 

of 35S-H2S decreased with a decrease in the pa口ialpressure of H2S in H2・

Nevertheless， the total arnounts of 35S released as 35S-H2S in出estep (d) were 

almost the sarne each other and approximately equal to the total amount of 35S 

remaining on the catalyst as shown in Table 5.1. 

Effect of Temperature on Release Rate of 35S-H2S. 5.3.4 

also was release rate of 35S-H2S on the The effect of temperature 

200 
∞
 

。。A gas containing investigated when H2S flowed through 35S-1abeled catalyst. 

800 700 600 500 400 300 0.12 vol% H2S in H2' which was similar to the content of H2S in the gas during 

Reaction Time (min) HDS of 0.46 wt% thiophene as mentioned above (0.14 vol% H2S in H2)， was 

used in operation ωp (d) of operation procedure 2 at 260 oC and 50 kg/cm2. 

Effects of temperatures on the release rate of 35S-H2S Figure 5.4. ηle change in radioactivity of formed 35S-H2S with the reaction time was 

.: 260 oC f:.: 230 oC， .: 200 oC， The formation curve of 35S-H2S was very similar to出atshown in Figure 5.4. 

Co・Mo/A12u3，Pressure: 50 kg/cm2， H2S: 0.12 0/0 百11Sin the case where 0.46 wt% thiophene was used as shown in Figure 5.2. 

implies出atthe formation process of H2S from the catalyst seems to be the 

same either for the HDS reaction of sulfur compounds or for the exchange 

Release Rate Constant of 35S・H2S5.3.5 When the temperature was regulated in operation step (c)， reaction with H2S. 

InRφ. 2 and 3， we postulated that， when the solution of 32S-DBT was 出echanges in radioactivities of formed 35S-H2S at 2()()OC and 230
0C were also 

substituted for that of 35S-DBT， the release rate of 35S-H2S from the catalyst with varied merely The release rate of 35S-H2S 5.4. shown in Figure 

For the reactions in this work， we tried conformed to a first order equation. This may be because the desorption process of mall degree. temperature m a 

to treat the change in radioactivity of eluted 35S-H2S as a first order reaction. 

ηle first order plot of the radioactivity of produced 35S-H2S also indicated the 
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H2S formed from the labile sulfur on the catalyst was the limiting-rate step of 
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出isexchange reaction. 



Table 5.1. Kinetic parameters and radioactivities of 35S-H2S produced from 35S-labeled catalyst in operation step (d). 
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H2S 

50 
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Pressure， kg/cm2 

Temperature， oC 

Concentation of reactant 

0.14 

60.9 

0.14 

100 

0.14 

30.9 100 

0.119 0.72 3.42 

2.80 2.80 2.80 1.58 2.76 2.65 2.54 2.81 2.75 

0.04 0.07 0.07 0.02 0.06 0.06 0.06 0.36 1.71 

2.60 3.18 3.23 2.36 3.22 3.11 3.01 6.14 7.49 

in Gas， vol % 
Conversion， 0/0 

Total radioactivityd)， 

x104， dpm 

Partial pressure of H2S 

in Gas， kg/cm2 

Rate constant， k， x10-2， 

dpm/min/g of cat. 

Labile sulfur， 

mg of S/g of cat. 21.4 21.4 21.4 12.1 21.1 20.3 19.4 21.5 21.0 

a T = thiophene. b BT = benzo出iophene. c DBT = dibenzothiophene. d Total radioactivities of formed 
35S-H2S in the step (d). e Total radioactivities of labile sulfur (Area A in Figure 5.1) was 2.76 x1()4 dpm. 
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where y denotes the release rate of 35S-H2S at time t (dpm/min); z a constant 

(dpm/min); k the release rate constant of 35S-H2S (min-1); t the reaction time 

(min). The release rate constant of elution of 35S from the catalyst were 

determined from the slope of linear relationship and listed in Table 5.1. The 

same results were also gained for the case introducing sulfur compounds in 

operation step (d). The results were also listed in Table 5.1. From Table 

5.1， it was observed that the release rate constants were independence on the 

kinds of sulfur compounds at白esame reaction condition. For instance， when 

the conversions of thiophene (T) and benzothiophene (BT) were 100 % at 260 

oc and 50 kg/cm2， both paロialpressures of H2S in gas were 0.07 kg/cm2， and 

the rate constants were 3.23 x 10・2and 3.18 x 10・2min-1， respectively. 

Moreover， these were very similar to the release rate const釦 t(k = 3.22 x 10・2
min-1) where 0.06 kg/cm2 of H2S was introduced at the same reaction 

conditions. This implies that formation processes of H2S from the labile 

sulfur are the same for either HDS reaction of sulfur compounds or the 

exchange reaction with H2S. 

As described in Chapter 2， the amount of 35S releasing from 35S-1abeled 

catalyst after introducing H2S or sulfur compounds could be calculated from 

the total radioactivities of releasing 35S-H2S in operation step (d). They were 

listed in Table 5.1. These創nountsrepresented the amount of labile sulfur 
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Figure 5.6. Effect of partial pressure of H2S on the release rate constant of 

35S-H2S. Co-Mo/A1203， Pressure: 50 kg/cm2. 

under these reaction conditions. Except for the results in the case of 

出iopheneat 200 oC，出eamounts of labile sulfur at various reaction conditions 

were similar each other. This may be because all partial pressures of H2S in 

gas except for the case of出iopheneat 200 oC were the same or more出anthe 

partial pressure of H2S when the catalyst was labeled with 35S. This implies 

出atthe amount of labile sulfur only depends on出eextent of H2S in gas. 

When the release rate constants of 35S -H2S were plotted against the 

partial pressures of H2S， an adsorption curve of the Langmuir type was 

obtained as shown in Figure 5.6. 百1erelease rate constants of 35S -H2S almost 

trend toward a constant value above 0.36 kg/cm2 of partial pressure of H2S. 

This means that the adsorption of H2S on the catalyst approached a saturated 

state under present reaction conditions. The release of 35S -H2S from the 

catalyst could be considered to be the determining-rate step for the exchange 

reactlon. 
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Studies of deuterium exchange (4)， chemical titration by silver ions (5)， 

Raman spectroscopy (6) and inelastic neutron scattering spectroscopy (7) 

More recently， Topsoe and provided the presence evidence of SH groups. 

Topsφe postulated that SH groups existed at the edges of MoS2， and白atSH 

Formation scherne of 35S-H2S from 35S-1abeled Co・Mo/A1203・
Figure 5.7. 

groups and vacancies could interconvert and coexisted in close proximity by 

Therefore， a hypothetical FT-IR study on sulfided Mo-based catalysts (8， 9). 

口:Anion vacancy. S*: 35S， S: 32S， 
Some of the labile release route of 35S-H2S was postulated in Figure 5.7. 

When H2S ulfur was considered to be present as SH group in H2 atmosphere. 
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occurred and the adjacent M04+ would be partially reduced to M03+ at the 

was formed and sequentially desorbed from the catalyst， 

of exchange reaction between 35S on the catalyst and 32S in H2S. 

When sulfur compounds were used in the step (d)， the sulfur on出e

release rate of 35S -H2S frorn the catalyst could also be expressed as a first 

order equation. 

The 

This implies that the formation process of 35S-H2S frorn the 

catalyst dernonstrated the sarne behavior as出ecase of introducing H2S. 

However， if it is considered出atthe reduction of M04+ to M03+ is 

This interpreted 

why 35S-H2S was hardly detected even though the catalyst was reduced in H2 in 

ame tlme. 

difficult， the nurnbers of active sites occurred on the catalyst will actually be 

finite and this process perhaps can not continue only in H2・

This 

further supported the scherne proposed previously in Chapter 4， i.e.， sorne of 

labile sulfur can easily form SH group in H2' subsequently，出erelease of H2S 

catalyst was the sarne as that in the case where only H2S was used. 
On出eother hand， adsorbed H2S dissociated and formed new SH 

groups with adjacent labile sulfur due to the mobility of hydrogen atorn after 

introducing H2S. The old anion vacancy disappears and the forτnation process 

出estep (c). 

of new anion vacancy was maintained after the deso中tionof H2S formed仕orn

of sulfur 

cornpounds on the catalyst and the cleavage easiness of C-S bonds caused the 

capacIty adsorption the Fδ u
 
h
 
T
 

vacancles. anlon formed the 
Thus， 35S remaining on the catalyst was replaced gradually the labile sulfur. 

difference of HDS conversion for various sulfur compounds. 
McGarvey and by 32S and released as 35S-H2S with the introduction of H2S. 

Kasztelan postulated that at temperatures normally used in hydroprocessing 

Conclusions 5.5 
出an420 OC) almost only M04+ was present on the surtace and reactions (le 

there were very low concentrations of Mo<4+ ions which played an irnportant 

The present study provided further information about the behavior of 

sulfur on the catalyst during the HDS reaction or exchange reaction with H2S. 
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Because the 

adsorption of H2S on出ecatalyst was in saturated state， it would be suggested 

140 

wa 

出at出edesorption of 35S-H2S from the catalyst would be the determining-rate 

consistent with our mechanisrn. Thi catalytic role (10). 



Similar to the Mo/ Ah03 catalyst in Chapter 3， H2S could not form from the 

labile sulfur without the supply of sulfur even though in the reduction 

atmosphere of high pressure of H2・Therelease rate of 35S-H2S depends the 

創nountof sulfur incorporated into the catalyst and was independent of the 

kinds of sulfur compounds. The release rate of 35S-H2S from 35S-1abeled 

catalyst could approx出latelybe treated with the first order equation. When 

出epartial pressure of H2S during HDS of sulfur compounds is similar to出e

case of introducing H2S， the release rates of 35S-H2S from the catalyst were 

similar for two cases. This indicates that the formation process of 35S-H2S 

from the catalyst during HDS reaction is出esame as the case of the exchange 

reaction with H2S. Moreover， the release rate constants of 35S-H2S trend 

toward to a constant value above 0.36 kg/cm2 of出epartial pressure of H2S. 

η1Is indicated出atthe adsorption of H2S onto the active sites approached a 

saturated state in present reaction conditions. The desorption of H2S from the 

catalyst may be the determining-rate step of this reaction. 
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Chapter Six 

Behavior of Sulfur 00 35S-Labeled Co・九10/A1203io 

Hydrodesulfurization of 4・Methyldibenzothiophene

and 4， 6・Dimethyldibenzothiophene

Abstract 

A commercial Co-Mo/ A1203 catalyst was labeled by 35S during HDS of 

35S-DBT. Then the HDS reaction of 4-methyldibenzothiophene (4-MDBT) 

and 4， 6-dimethyldibenzothiophene (4， 6-DMDBT) were carried out on this 

catalyst. The behavior of sulfur on the catalyst was quantified tracing the 

change in the radioactivity of 35S-H2S released from 35S-1abeled catalyst 

during the HDS reaction of methyl-substituted DBTs. Under the sarne 

reaction condition， only a po口ionof labile sulfur participating the HDS 

reaction of DBT participated the HDS reaction of 4-MDBT and 4， 6-DMDBT 

and the amount of labile sulfur varied with the kinds of sulfur compounds as 

follows: DBT > 4-MDBT > 4， 6-DMDBT. Moreover， the reaction rate was 

approximately proportional to the amount of labile sulfur at lower HDS 

reaction rate range. This means that the number of active sites was 

proportional to the amount of labile sulfur at lower HDS rate. Compared 

with DBT， the number of active sites participating the HDS reaction of 

methyl-substituted DBTs decreased because of the existence of methyl groups. 
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6.1 Introduction 

Since the environment regulations become increasingly strict， much 

attention has been focused on deep hydrodesulfurization (HDS) of light oil. lt 

is well known出atmethyl substitution at 4 and 6-position of dibenzothiophene 

(DBT) remarkably retarded the rate of HDS (1-3). In a direct HDS of middle 

distillate of Arabian light oil， 60/0 of 4-methyldibenzothiophene (4-MDBT) and 

50% of 4， 6-dimethyldibenzothiophene (4， 6-DMDBT) remained still even 

though the total conversion of sulfur compounds yielded more出an90% (3). 

Amorelli et al. also reported a similar result in the characterization of sulfur 

compounds in deep hydrotreating of middle distillates (4). This result 

confirms those of Kilanowski et al. (5) and Houalla et al. (6) in model HDS 

reaction. In order to reach deep desulfurization of light oil (sulfur contentsく

0.05wt%)， it is necessary to investigate the effect of methyl substituents on 

HDS of dibenzothiophenes. 1t was suggested that the retarding effect of the 

methyl substitution on HDS rates of DBTs was not attributed to the hindrance 

of adsorption of DBTs on the catalyst but to the steric hindrance in the C-S 

bond scission of the adsorbed DBTs (7). Obviously， the comprehension on 

出eretarding effect of出emethyl substitution was not sufficient. On the 

other hand， the radioisotope tracer method made it possible to more directly 

estimate the behavior of sulfur during HDS reaction when the radioactive 35S 

labeled dibenzothiophene (35S-DBT) were carried out on Mo-based catalysts 

(8-11). Recently， it was suggested出atthe reactivity of catalysts was involved 

1n出eむnountof labile sulfur and regeneration rate of active sites (11). 

In this chapter， we will investigate what is behavior of sulfur on the 

catalyst during HDS reaction of methyl-substituted dibenzothiophenes so that 

further comprehending出eretarding effect of methyl-substituents. Because 

of the difficulty of synthesis of 35S-1abeled methyl-substituted dibenzo-
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thiophene， we attempted to establish a relatively simple method to investigate 

the behavior of sulfur during HDS reaction of 4・MDBTor 4，6・DMDBTin 

the present study. A commercial Co-Mo/ A1203 catalyst was labeled by 35S 

during HDS of 35S-DBT， then血eHDS reaction of 4-MDBT and 4， 6-DMDBT 

were carried out on this catalyst. 百lebehavior of sulfur on the catalyst was 

quantified tracing the change in the radioactivity of 35S-H2S released from 35S骨

labeled catalyst during HDS of methyl-substituted DBT. 

6.2 Experimental 

6.2.1 Materials 

Decalin was a commercial GR grade from Kishida Co. Ltd. Dibenzo・

thiophene (32S-DBT)， 4・methyldibenzothiopheneand 4， 6-dimethyldibenzo-

thiophene (4， 6・DMDBT)were synthesized by reported methods (7). 35S-

labeled dibenzothiophene (35S-DBT， 1.14 x 106 dpm/g) was synthesized 

according to the method reported in previous paper (10). Hydrogen was 

obtained from Tohei Chemicals. Hydrogen sulfide in hydrogen (H2S:H2 = 

5 :95) was from Takachio Chemicals. The catalyst was a commercial Co-

Mo/ A1203 (Keりenfine 124， Mo03: 12.3 wt%， CoO: 3.8 wt%， Surface area: 

274 m2/g). lt was supplied as a 1/32 cylinderical extrudate which was crushed 

and screened to provide 0.42・0.84mm granules used in this work. 

6.2.2 Apparatus and Procedure 

The HDS reactions were carried out on a high-pressure-flow 

microreactor. The reactor was 4 mm 1 D. stainless steel tube packed with 0.2 

g of catalyst particles. After calcined at 4500C in air ovemight， the catalyst 

was presulfided using a gas mixture of 5 % H2S in H2 flowing at 5 liters/h at 

400 oC and atmospheric pressure for 3 h. After sulfiding， the temperature 

149 



Results 6.3 was lowered to the desired temperature and the reactor was pressurized with 

with a feed pump (Kyowa reactant was supplied Then， the hydrogen. 

Label of LabiIe Sulfur 00 Catalyst duriog HDS of 35S・DBT.6.3.1 reaction was carried out under the following HDS Seimitsu KHD-16). 

Figure 6.1 displays the change in radioactivity of formed 35S-H2S with conditions: temperature: 260-360 oC; WHSV: 28-70 h-l; initial reactlon 

After the solution of the reaction time at 340 oC， 50 kg!cm2 and WHSV 70 h-1 Products were analyzed by a gas concentrations of DBTs: 0.1-3.0 wt%. 

35S-DBT was substituted for that of 32S-DBT， about 70 min was needed to The produced H2S was chromatography with an FID detector (Hitachi-163). 

However， approach the steady state in radioactivities of produced 35S-H2S. solution scintillator commercia1 basic a absorbed by bu bbling through 

when 35S-DBT solution was replaced by decalin solvent， the change in the 百leradioactivities of produced 35S-H2S and (Carbosorb， Packard Co. Ltd.). 

radioactivity of formed 35S-H2S decreased irnmediately as shown in Figure 6.1. unreacted 35S-DBT were measured by a liquid scintillation counter (LSC孔

As repo口edin Ref 10， this indicated that a portion of 35S (Area A) remained Aloka Co. Ltd.). 

(a) A decalin solution of Typical operation procedures were as follows: 

1.0 wt% 32S-DBT was pumped into the reactor until the conversion of DBT 
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(b) After出at，出e陀act釦 tsolution was switched became constant (ca 2.5 h). 

The reaction was performed until to a decalin solution of 1.0 wt% 35S四DBT.

出eamount of 35S-H2S released from the exit of reactor became constant (ca. 

(c) The reactant solution of 35S-DBT was replaced by decalin and the 2.5 h). 

catalyst was purged by H2 for ca. 2 h and temperature was regulated to a 

(d) Finally， a decalin solution of 4-methyldibenzothiophene or 4， desired one. 

6-dimethyldibenzothiophene was substituted for decalin and was reacted for 

The 

ca. 3.5 h. 

The labile sulfur on the catalyst was labeled by 35S in the step (b). 

catalyst was purged by H2 in the step (c) to remove any adsorbed 35S species. 

ハU

ハU
was introduced into the Then， the decalin solution of sulfur compounds 

500 400 300 200 ハVハU
噌
E
E
A

The behavior of labile sulfur on the catalyst was catalyst in the step (d). 

Reaction Time (min) 
The total estimated by tracing the change in radioactivity of formed 35S回H2S.

maintained at 50 kg!cm2 and the reaction temperature was 340 pressure wa 

Change in radioactivity of formed 35S-H2S with reaction time. Figure 6.1. 。Cfrom the step (a) to (c) for all reaction except of indicating elsewhere. 

Co-Mo/A1203， 340
oC， 50kg/cm2. 



on the catalyst when the solution of 35S-DBT was replaced with a decalin 

solvent. Even though the catalyst was reduced in an atmosphere of high 

pressure of hydrogen for ca. 2 h， 35S-H2S was hardly produced. On the other 

hand， when the reactant solution was replaced with 32S-DBT at 310 min in 

Figure 6.1， this portion of 35S could release as 35S -H2S again as shown in 

Figure 6.1 (Area B). This portion of 35S， which was 1.20 x lQ4 dpm and 

approximately equal to Area A， represented the total amount of labile sulfur 

on the catalyst. Thus， one can consider that the labile sulfur on the catalyst 

was completely labeled by 35S through the reaction process from the step (a) to 

(c). At出esame time， total radioactivity of releasing 35S-H2S in the step (d) 

represented the amount of labile sulfur pa口icipatingHDS in the step (d). 

Since the operation procedures from the step (a) to (c) were the same for all 

reaction， the main objective would be focused on the release of 35S-H2S from 

出ecatalyst in the operation step (d). 

2000 
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6.3.2 Release of 35S-H2S during HDS of 4・MDBTand 4，6・DMDBT.

After labeled by 35S from step (a) to (b) at 340 oC and 50 kg/cm2，出e

catalyst was purged by H2・ A decalin solution of 1.0 wt% 4-

methyldibenzothiophene was then introduced in the step (d). Figure 6.1 

displays the change in radioactivity of formed 35S-H2S wi白血ereaction time. 

35S remaining on the catalyst was also exchanged and released as 35S-H2S 

during HDS of 4-MDBT. However， the release rate of 35S-H2S， i.e.， the 

exchange rate between 35S on the catalyst and 32S in 4-MDBT， was slower and 

totalむnountof released 35S-H2S (Area C) was less出anthat in the case of DBT 

(Area B) as shown in Table 6.1. 

When the concentrations of 4-MDBT were changed from 0.1 to 1.0 

wt%， similar results were obtained. Because the conditions were the same 

from the operation step (a) to (c) for all reactions， changes in radioactivities of 
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Reaction Time (min) 

Figure 6.2. Effect of concentration of 4-MDBT on the release rate of 35S-H2S 

from 35S-1abeled catalyst. Co-Mo/A1203， 340
oC， 50kg/cm2. 

35S-H2S released only in step (d) were shown in Figure 6.2. The total amount 

of 35S-H2S released in step (d) were presented in Table 6.1. Either the release 

rate of 35S -H2S or total amounts of released 35S -H2S decreased with the 

concentrations of 4-MDBT. 1t is worthy to note that 35S-labeled labile sulfur 

during HDS of 35S・DBTcould not completely released as 35S-H2S during HDS 

of 4-孔1DBT.

Similar results were obtained when 4，6-DMDBT was introduced in step 

(d). 35S remaining on the catalyst was also exchanged with 32S in 4，6-
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百lerelease rate of 35S-H2S and the released as 35S-H2S. DMDBT and 

exchange amount of sulfur were rnuch less than those in the case of 4-MDBT 

3 
as presented in Table 6.1. 
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In order to verify whether 35S， which did not release as 35S-H2S during 

HDS of 4， 6-DMDBT， was still present on the catalyst， another operation step 

After the HDS reaction of 4， 6・DMDBT，the decalin solution (e) was added. 

of 32S心BTwas substituted for that of 4， 6-DMDBT and then reacted for ca. 3 

The change in radioactivity of formed 35S-H2S with reaction time at 280
0C L

H
 

When 32S-DBT was introduced， 35S-H2S and 28 h-1 was shown in Figure 6.3. 

was produced again， and 4.76 x 103 dpm， a sum of radioactivities of 35S-H2S 

released respectively during operation steps (d) (Area E = 3.12 X 103 dpm) and 

(e) (Area F = 1.64 X 103 dpm) ， was approximately equal to total 35S-1abeled 

labile sulfur during steps (a) to (c) on the catalyst (Area D = 4.59 X 103 dpm). 

ハU

ハUThis indicated that the labile sulfur labeled by 35S during the HDS reaction of 

900 800 700 600 500 400 300 200 ハUnu 

唱
E
E
A35S-DBT could not be completely replaced with 32S in HDS of 4， 6-DMDBT. 

Reaction Tirne (min) 
When temperature was The effect of temperature was also investigated. 

問gulatedto a desired one in step (c)， then the decalin solutions of 0.4 wt% 4-

Change in radioactivity of formed 35S-H2S with reaction time. Figure 6.3. of effect and (d) step ln respectively were 6-D恥1DBTand 4， MDBT 

Co-Mo/A1203， 280
oC， 50 kg/cm2， WHSV: 28 h-1. The extent temperature on the extent exchanged were presented in Table 6.1. 

with the temperatures for both 4-MDBT and 4， 6-exchanged increased 

Nevertheless， the extents were less than totallabile sulfur labeled DMDBT. 

approximately The first order plot of the radioactivity of produced 35S-H2S These indicate that a portion of labile sulfur by 35S at studied temperatures. 

Thus， the release rate indicated the linear relationship as shown in Figure 6.4. participating HDS of DBT does not participate HDS of 4-MDBT or 4， 6-

DMDBT. 

(6.1) y = z e-kt 

can be expressed as: 

ln y = ln z -kt， 
Sulfur 35S-H2S and Amount of Labile Release Rate of 6.3.3 

release rate of 35S-H2S at time t (dpm/min); z the y denotes the where As reported in Chapter 5， the release of 35S-H2S can approximately be 

maximum release rate (dpm/min); k the release rate constant (min-1); t the treated as first order reaction after introducing 4-MDBT or 4， 6-DMDBT. 

155 154 



reaction time (min). 百lerelease rate constants of elution of 35S from the 

catalyst were determined from the slope of linear relationship and listed in 

Table 6.1. When reaction temperature was changed and DBT or 4， 6-DMDBT 

were used， similar results were obtained and presented in Table 6.1. The 

release constants varied with the temperature at same concentration for three 

sulfur compounds. Furthermore， the constants varied with kinds of sulfur 

compounds under same reaction conditions as follows: DBT > 4・恥1DBT> 4， 

6-DMDBT. 

Since all 35S on the catalyst was originated from the desulfurization of 

35S-DBT and the isotope effect between 35S and 32S was negligible (10)， the 

concentration of 35S in sulfur introduced to the catalyst by HDS of DBT should 

be equal to the concentration of 35S in sulfur of 35S-DBT. The concentration 

of 35S in sulfur of 3sS-DBT could be defined as 35SDBT/SDBT (dpm/g)， where 

35SDBT is radioactivity in 1 mol of DBT (dpm/mol) and SDBT is出eamount of 

sulfur in 1 mol DBT (g/mol). According to this， the amount of sulfur 

exchanged in step (d) can be calculated from Sa/(35SDBT/SDBT)， where Sa is the 

total radioactivity released in step (d) and was presented in Table 6.1. The 

amount of labile sulfur at various reaction conditions was summarized in Table 

6.1. lt can be observed that the amount of labile sulfur decrease with 

concentration of sulfur compounds and temperature. Under a certain reaction 

condition，出eamount of labile sulfur on the catalyst varied with the kinds of 

sulfur compounds as follows: DBT > 4-MDBT > 4， 6-DMDBT. 

Comparing the results of DBT， 4・MDBTand 4，6・DMDBTas shown in 

Table 6.1， one can obtain further information about effect of methyl 

substituents. The ratio of amount of labile sulfur in HDS of DBT to出atin 

the case of 4・MDBTwas about 3.2 at 2600C and 50kg/cm2. This is 

approximately equal to the ratio of HDS rate in both cases， 3.7. This indicates 

that the HDS rate was proportional to the amount of labile sulfur. For 4・
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Figure 6.4. First order plots of the release rate of 35S-H2S. Co-Mo/A1203， 

Temperature: 340 oC， Pressure: 50 kg/cm2. 

MDBT and 4，6-DMDBT， same result was obtained. For example， two ratios 

were 2.1 and 2.5 at 3200C and 50kg/cm2， respectively. Therefore， it was 

suggested that the difference of various sulfur compounds in HDS rate 

originated from to the difference of amount of labile sulfur pa口icipating

reaction. Taking into account that the active site generated from the labile 

sulfur， number of active sites participating HDS of 4-MDBT and 4，6-DMDBT 

would actual1y decrease because of the ex istence of methy 1 substItuents. 
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and that the slabs MoS2 of the comer or edge the at vacancies located 

reactivity of the catalyst was correlated with the number of vacancies at出e

We repo口edthat the active site was generated from edge of MoS2 (12， 13). 

the labile sulfur after H2S releasing from the labile sulfur， and出atreactivity 

of catalysts was co汀espondedto theむnountof labile sulfur and conversion 

rate of anion vacancy site from the labile sulfur -regeneration rate of active 

To This is consistent with the results postulated by Massoth (14). sites (11). 

obtained further insight of labile sulfur， the amounts of labile sulfur were 

The results of DBT reported in plotted with the HDS rates in Figure 6.5. 

百leHDS rate is approximately a 10 were also shown in Figure 6.5. Ref 

can One rate. sulfur at lower HDS of amount of labile linear function 

comprehend if considering the numbers of active sites is proportional to出e

Obviousl y， the linear relation between the amount of amount of labile sulfur. 

This is because labile and HDS rate was no longer tenable at higher HDS rate. 

出eHDS reactivity of a catalyst would also depend upon the conversion rate 

As described in Ref. 11， the amount of between labile sulfur and vac釦 cy.

labile sulfur was the total sulfur that could be converted to vacancies under a 

Although amount of labile sulfur certain reaction condition for a catalyst. 

involved closely with the reactivity of the catalyst， it was distinctly not equal to 

Especially at higher HDS reaction rate， the HDS the number of active sites. 

reaction rate may only depend on the regeneration rate of active sites because 

1f we consider that出e出eamount of labile sulfur is a limiting value (11). 

release rate of H2S represents qualitatively to the formation rate of active sites 

from labile sulfur， the relation between the HDS rate and release rate constant 

of 3SS-H2S was also shown in Figure 6.6. 
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almost increase linearly with the release rate constant of H2S. This further 

supports above interpretation. 

Because of the interaction between the sulfur and suppo口， the mobility 

of labile sulfur was different from each other (10， 14). Topsoe and co・

workers (17， 18) reported that two types of CoMoS are observed in alumina 

supported catalysts: Type 1 that can be sulfided at the normal sulfiding 

temperature and type II was sulfided only at high sulfiding temperature (type 

II being more active than type 1 in HDS).百ledifference between type 1 and 

II were supposed to be the existence， in the first case， of remaining Mo-O-Al 

linkages， while type II Co-Mo-S is fully sulfided， which means that the 

interaction between active phase and support is only the van der Waals type. 

Recently， Bouwens et al. proposed that a汀angementof MOS2 slabs may occur 

in practical catalyst and that a portion of MoS2 present as multistacks. Co 

atoms with sulfur in the MOS2 multistacks would form more active Co-S-Mo 

0.6 
111111111111111111111111111111111111111111111111111111111111・E・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・

Alumina 
0.4 

0.2 Figure 6.6. Structure of sulfided Co-Mo/ Alz03・

Labile capacity of sulfur: Sd> Sc > Sb > Sa. 

ハU

5 

ハU

ハU
4 5 2 3 

HDS Rate (mg/min/g.cat.) 

Figure 6.5. Relation among the amount of labile sulfur， the release rate 

constant of H2S and HDS rate. 

。:DBT， .: 4・MDBT，ロ:4，6-DMDBT，・:DBT (from Chapter 4). 
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phase -type II different from normal Co-S-Mo phase-type 1 (20). On the 

basis above， a hypothetical structure of Co-Mo/Ah03 was shown in Figure 6.6. 

百lelabile sulfur at Sc and Sd positions were considered more mobile than 

other position. The active sites created from labile sulfur at these positions 

may be so-called type II active sites. Because reactivity for the type II Co-S-

Mo phase was considered to be more than for type 1 phase， only labile sulfur 

in type II phase participates in the HDS reaction of 4・MDBTand 4， 6-MDBT. 

百lerefore，only 35S-1abeled sulfur in type II phase was exchanged and released 

as 32S-H2S during HDS of 4-MDBT and 4， 6-DMDBT. 

6.5 Conclusions 

The radioisotope tracer method using 35S-DBT is a useful method to 

determine the behavior of sulfur during practical HDS reaction of methyl-

substituted dibenzothiophenes. Under the same reaction condition， a portion 

of labile sulfur pa口icipatingthe HDS reaction of DBT did not participate the 

HDS reaction of 4-MDBT and 4， 6-DMDBT. The amount of labile sulfur 

varied with the kinds of sulfur compounds as follows: DBT> 4-恥IDBT> 4，6-

DMDBT. Moreover， the reaction rate was approximately proportional to the 

amount of labile sulfur at lower HDS reaction rate range. 百11Smeans出at出e

number of active sites was proportional to出eamount of labile sulfur at lower 

HDS rate. Compared to DBT， the number of active sites participating the 

HDS reaction of methyl-substituted DBTs decreased because of the existence 

of methy 1 groups. Therefore， it was suggested that there are more than two 

kinds of active sites， and the HDS reaction of 4-MDBT and 4， 6-DMDBT only 

occurs on出emore reactive sites. 
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Chapter Seven 

Conclusions 

This dissertation involved to elucidate hydrodesulfurization (HDS) 

mechanism on Mo-based catalysts by using 35S radioisotope tracer. Because 

sulfur plays an impo口antrole in HDS of sulfur-containing compounds， the 

main attention was in focus on elucidating the behavior of sulfur on出e

catalyst under the practical industrial conditions， i. e.， 10-50 kg/cm2 and 210-

400 oC. Radioisotope tracer technique was used as m勾orapproach. More 

information about the structure of catalyst and mechanism of HDS were 

obtained by quantifying the amount of labile su旺llron the catalyst. 

In Chapter two， 35S-1abeled dibenzothiophene (35S-DBT) was synthesized 

and its hydrodesulfurization was carried out on a sulfided恥10/Ah03in a 

fixed-bed pressurized flow reactor. By tracing the changes in radioactivities 

of unreacted 35S-DBT and formed 35S-H2S， it was found that the sulfur in 

dibenzothiophene was not directly released as H2S but initially accommodated 

on the catalyst and that H2S was formed from the sulfur on the catalyst. 

Moreover， some parts of sulfur on the catalyst were labile and its amount 

varied with the reaction condition， e.g.， the reaction temperature and 

concentration of dibenzothiophene. In addition， to determine the slllfided 

state of Mo/ Ah03 under the reaction conditions， the catalyst was presulfided 

with 35S-DBT. From the calculation of radioactivity balance， it was found 

出atthe total sulfur present in the sulfided Mo/ Ah03 coπesponded to MOS1.92 

under the reaction condition. 

In Chapter three， the labile sulfur on出esulfided Mo/ Ah03 was labeled 

with 35S during the HDS reaction of 35S-DBT. Then， several sulfur 
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compounds such as thiophene， benzothiophene， thiophenol， and 

dibenzothiophene were introduced to this 35S-1abeled catalyst， the behavior of 

sulfur on the catalyst was estimated by tracing the radioactivity of 35S-H2S 

releasing from the catalyst. Moreover， instead of sulfur compounds， the 

nitrogen and oxygen-containing compounds were introducing to 35S-1abeled 

catalyst， the behavior of sulfur on白ecatalyst during HDO and HDN reactions 

was elucidated. These results indicated出at35S remained on the catalyst could 

not be removed without the supply of sulfur originated from the HDS reaction 

of sulfur compounds. The removal rate of 35S from the catalyst depended 

upon the rate of HDS of those sulfur compounds， that is， amount of sulfur 

incorporated into the catalyst. This indicates that H2S is formed from some 

portion of sulfur on the catalyst other出anfrom that in出esul白rcompounds. 

When hydrodeoxygenation (HDO) reaction of dibenzofuran was carried out on 

35S-1abeled catalyst， only some portion of 35S could be replaced by oxygen 

atoms and released as 35S-H2S. In contrast to出is，35S was hardly replaced by 

nitrogen atoms when only hydrogenation of nitrogen compounds occurred. 

Therefore， it was suggested出at出ehydrogenation reaction could not cause the 

formation of H2S and H2S has not been formed from the labile sulfur on the 

catalyst until the hydrogenolysis reaction occurred. 

In C hapter four， the radioisotope tracer method has been used to 

quantify the behavior of sulfur on sulfided Co and Ni-Mo/A1203・ The

apparent activation energies of HDS reaction of DBT were 20+ 1 kcal/mol for 

all Mo-based catalysts with or no promoted atoms. 百lIsimplies出at血es出ne

reaction process may occur on the sulfided Mo-based catalysts. The 

formation rate constants of 35S-H2S from the catalysts were determined and the 

amounts of labile sulfur on出esulfided catalysts were estimated. When the 

amounts of labile sulfur in sulfided Mo/ A1203， Co-Mo/ A1203 and Ni -Mo/ A1203 

are plotted against the rates of HDS， they increase with increase in the rate of 
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HDS. The maximum amounts of labile sulfur were 41.8， 32.3， and 25.2 mg 

of sulfur/g of catalyst for the three catalysts， respectively. When it was 

assumed出atall sulfur in Mol A1203 was present in the form of MOS2， it was 

deduced that ca. 75% of sulfur in Mo/A1203 was involved in the HDS reaction. 

Compared with the amounts of labile sulfur in the sulfided Co/ A1203 or 

Ni/A1203， Mo/Al203， and Co-Mo/A1203 or Ni-Mo/A1203， it was suggested that 

the sulfur in C09S8 or NiS phase on Co-Mo1A12030r Ni-Mo/A1203 was 

nonlabile and only sulfur bonded bo出 toCo (Ni) and to Mo in the form of 

MoS2 were related to HDS reaction. The maximum amounts of labile sulfur 

in Co-Mo/A1203 and Ni-Mo/A1203， 32.3組 d25.2 mg of sulfur/g of catalyst， 

correspond to about 59% and 37% of sulfur present in the form of MoS2・

The atomic ratios of Co/Mo and Ni/Mo in used Co-Mo/A1203 and Ni-

Mo/A1203 are 0.59 and 0.37. The results suggest出atthe addition of Co or Ni 

promotes the same amount of Mo species as that of Co or Ni species in the 

sulfided Co-Mo/A1203 or Ni-Mo/A1203 and makes sulfur in出ispo口ionof Mo 

species more labile. 

In Chapter five， the sulfur on a sulfided Co-Mo/A1203 catalyst was 

labeled by 35S during the hydrodesulfurization (HDS) of 35S-1abeled 

dibenzothiophene (35S-DBT). Similar to出ecase of Mo/ Ah03 in Chapter 3， 

35S remaining on Co-Mo/A1203 catalyst was also hardly released as 3羽田H2Sin 

the reduction atmosphere of high pressure of hydrogen. On the other hand， 

when a sulfur-containing compound such as thiophene， benzothiophene，叩d

H2S were introduced onto the catalyst， 35S-H2S was eluted again. The release 

of 35S-H2S from the catalyst could be regarded as the first order reaction. 

When the pa口ialpressure of H2S during HDS of sulfur compounds is similar 

to出ecase of introducing H2S， the release rate of 35S-H2S from the catalyst was 

出esame for two cases. This indicates that the formation process of 35S-H2S 

from the catalyst during HDS reaction is出esame with the case of exchange 
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reaction with H2S. Moreover， the release rate constants of 35S-H2S trend 

toward to a constant value above 0.36 kg/cm2 of the partial p民 ssureof H2S. 

This indicates that the adsorption of H2S onto the active sites approached a 

saturated state in present reaction conditions.ηle desorption of H2S from the 

catalyst may be the determining-rate step of出isreaction. 

In C hapter six， the radioisotope tracer method was applied to elucidate 

the behavior of sulfur on the catalyst during HDS reaction of 4・

methyldibenzothiophene (4-MDBT) and 4， 6-dimethy ldibenzothiophene (4， 6-

DMDBT). After the labile sulfur of Co-Mo/Ah03 was labeled with 35S 

during the HDS reaction 35S-DBT， the HDS reaction of 4-MDBT and 4，6-

DMDBT were carried out on this catalyst. The amounts of labile sulfur 

pa口icipatingthe reaction of 4-MDBT and 4， 6-DMDBT were quantified by 

tracing the release rate of 35S-H2S from the 35S・labeledcatalyst. The results 

lndicated that only some of labile sulfur participating the HDS reaction of DBT 

participated the HDS reaction of 4-MDBT and 4， 6-DMDBT， and the amount 

of labile sulfur varied with the kinds of sulfur compounds as follows under a 

certain reaction condition: DBT > 4-MDBT > 4， 6-DMDBT. Moreover， the 

reaction rate was approximately proportional to the amount of labile sulfur at 

lower HDS reaction rate range. This means that the number of active sites 

was proportional to the amount of labile sulfur at lower HDS rate. Compared 

with DBT， the number of active sites participating the HDS reaction of methyl-

mbstituted DBTs decreased because of the existence of methyl groups. 

Therefore， it is suggested that there are n10re than two kinds of active sites， 

and the HDS reaction of 4-MDBT and 4， 6-DMDBT only occurs on白emore 

reactlve sltes. 

Finally， it can be concluded that 35S radioisotope tracer method is a 

useful tool to investigate the behavior of sulfur on working catalyst during the 

hydrodesulfurization of sulfur-containing compounds. This method makes us 
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gain deeper comprehension for the structure of Mo-based catalysts during the 

reaction and hydrodesulfurization mechanism. Further， these results give a 

important clue for us to develop a new catalyst for deep hydrodesulfurization 

of light oil. 
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April 26-28， 1995 in Lyon-Vileurbanne， France (Chapters 5 and 6). 
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