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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)-based catalysts still
remain the main industrial catalysts in hydroprocessing of petroleum-based
feedstocks (1). Original interest in these catalysts centered on their activity in
the hydrogenation of coal liquids that contain 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-containing petroleum-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 burning 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




the hydrotreating catalysts was developed. In the past years new suggestions

for the mechanisms of hydrodesulfurization (HDS), hydrodenitrogenation 4
(HDN), hydrodeoxygenation (HDO), and hydrodemetalization (HDM) have :Wz Zmz
also been put forward. In this paper we only concern with the HDS reaction, ? T 3
since the aim of this paper is only involved with the mechanism of HDS Thiophene Benzothiophene
reaction and the limiting length of manuscript. For other hydrotreating 9 1 9 go y
work, one can refer recent articles on HDN (3, 4), HDO (5, 6), and HDM (7). 5 2 8 C( Dz
7 AN : 3 7 AN 4 3
1.2 Sulfur Compounds Dibenzothiophene Thianthrene
10
9 11
The sulfur compounds found in petroleum or synthetic oils generally fall 0 13 1 . O 1
into one of two types: heterocycles or nonheterocycles. The latter comprises OO 32 : ‘ 32
of thiol or mercaptan. In this paper, we do not concern ourselves with HDS 7 6 9 4 - [ "
of later because they undergo HDS rapidly (1). Heterocycles mainly Benzo(b)naphtho(2,3-d) thiophene  Benzo(b)naphtho(1,2-d)thiophene

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

shown in Figure 1.1. Certainly, there are other heterocyclic sulfur .
. Figure 1.1. Structure of sulfur compounds.
compounds as sulfides. They also undergo HDS rapidly and there were few

studies on HDS of sulfides (1).

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

log K AHo, kcal/mol of
The experimental conditions in hydrodesulfurization processes depend 227°C  427°C sulfur reactant
upon the boiling range and character of the feedstocks, the degree of 2-propanethiol + H, 6.05 4.45 13
desulfurization required and the catalyst employed.  Industrial HDS 1is — propane +H,S
generally carried out at 300-425 °C and 10-200 atm (1, 8, 9). HDS of sulfur thiacyclohexane + 2H, 9.22 5.92 9

— n-pentane + H;S
thiophene + 4H; 12.07 3.85 -68
— n-butane + H,S

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,

o
iy




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 than 1
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 unavailable, 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 -21 kcal/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 example
is reported by Weisser and Landa (11), in which the equilibrium constant for
hydrogenation of thiophene to give tetrahydrothiophene is less than unity at
temperatures above 350 °C. 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 that new catalyst more active at low temperature must be

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-
Al,O3. Because both catalysts were based on Mo/Al,O3, Mo/Al,O3 was also

widely investigated.

1.4.1 Sulfided Mo/y-Al,03

HDS catalysts are normally prepared by pore volume impregnation of
alumina with aqueous solutions of (NH4)sM07024, Co(NO3)2, and Ni(NOj3),
with intermediate drying and calcination steps. The resulting oxide precursor
of the catalyst is presulfided before the actual HDS reaction by a sulfiding
procedure that may consist of reacting in a mixture of H,S and H; or thiophene
and H», or in a liquid feed of sulfur-containing molecules and H,. Today,
most researchers agree that the resulting catalyst is (almost) completely
sulfided, that is, MoQOj is transformed into MoS, 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 H,S
always present, thermodynamics predict that molybdenum should be in the
MoS, form, cobalt in the CogSg, and nickel in the Ni3S, or NiS form. Indeed,
EXAFS studies of the Mo K-edge absorption spectra demonstrated that in
sulfided Mo/Al,O3 catalysts the average Mo ion has the same environment as
an Mo ion in MoS; (12-15). The only difference was that in 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 MoS;.

This indicates either that the size of MoS, particle slab on the alumina surface




is small, or that the long-range order in these particles is 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).

MoS, belongs to a group of materials that crystallize 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 the van
der Waals type (17). Crystals grow in the form of platelets with large
dimensions parallel to the basal sulfur planes and a small dimension

perpendicular to the basal plane. Topsge et al. claim that MoS; can be present
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Figure 1.2. Orientation of small MoS; crystallites on the surface of Al,Os.
suggesting that MoS; platelets are bonded to the alumina surface by Mo-O-Al
bonds (Figure 1.2).

on industrial supports as very large patches of a wrinkle, one-slab-thick MoS;
layer (18). In other studies three-dimensional-like structures were described.
In a recent HRTRM model study of HDS catalysts, MoS, 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 nonzero angle to the surface,

Models of the active sites in Mo/AlpO3 catalysts have usually been
developed by consideration of the morphology of MoS,. On the basis of bond
energy considerations, Voorhoeve had already assumed in 1971 that the anions
in the basal planes of MoS, are more strongly bonded to the Mo cations than
the anions at edges or corners (as in the layer lattice of TiClz). Therefore
catalysis most likely occurs at edges and corners, and not at basal planes (20).
Experimental verification for this has been provided by a surface science study
of the catalytic activity of an MoS; single crystal. Salmeron et al. 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).

1.4.2 Sulfided Co- or Ni-Mo/Al1203

Many spectroscopic techniques are capable of detecting the presence of
cobalt in one structure or another. Especially, the application of Mdssbauer
spectroscopy and EXAFS technique could quantitatively determine the
simultaneous presence of different cobalt structures. In recent years,
primarily due to the inverse Mdssbauer studies by the Topsge 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/Al,O3 catalyst. In

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

Al,03 lattice and occupy octahedral sites just below Al,O3 surface or




tetrahedral sites in the Al,O3 bulk (24-26). At higher loading cobalt can also
form Co304 crystallites on the surface of the support. In the sulfide form,
cobalt may be present in three forms, as CogSg crystallites on the support, as
cobalt ions adsorbed onto the surface of MoS; crystallites, and in tetrahedral
sites in the Al,O3 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 CogSg or of cobalt adsorbed on
MoS; (so-called Co-Mo-S phase). The structure of the catalyst in the sulfided
state is predetermined by the structure of the oxide precursor. Therefore
Co304 was found to transformed into CogSg, cobalt ions in octahedral support
sites transformed into cobalt adsorbed on MoS; (Co-Mo-S phase), and cobalt
ions in tetrahedral support sites remained in those positions (23).

By combining the Mdssbauer studies with catalytic activity studies,
Topsge et al. established that the promoter effect of cobalt is related to the
cobalt ions adsorbed on MoS,; (27). They have therefore confirmed
suggestions made by Voorhoeve and Stuiver (20) and by Farragher and Cossee
(28) that the promoter effect is not due to separate CogSg crystallites but to
cobalt ions in contact with MoS,. Originally the occurrence of this adsorption
state was somewhat confusing, since thermodynamically the most stable phase
of cobalt under sulfide conditions is Cog¢Sg. Furthermore, solid-state
chemistry studies have shown that CoMo0,S4 is catalytic inactive (29) and that
cobalt does not form ternary compounds with MoS,, as it does with NbS; and
TaS,. Nevertheless, it can adsorb on the surface of MoS; crystallites.
Farragher was the first to suggest that the cobalt is located at the edges of the
MoS; platelets. Proof for this suggestion was obtained by Chianelli et al. in
scanning Auger studies of cobalt-promoted single crystals of MoS;. An
EXAFS study of the Co k-edge demonstrated that the cobalt ion in a sulfided

Co-Mo/Al,Os3 catalyst surrounded by sulfur ions. However, no second shell
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of neighboring ions can be determined, indicating that the cobalt ions are not
present in a unique, well-ordered structure. Farragher suggested that the
cobalt ions at the MoS; edges are located between subsequent MoS; layers, and
he therefore called this a pseudointercalation structure, to differentiate it from
real intercalation in which the cobalt ions would be randomly distributed
between alternate MoS;, layers (28). Previously, intercalation proper had
been suggested by Voorhoeve to be the structure of cobalt (20). On the other
hand, Topsge and Topsge claimed that the cobalt 1ons are located at the edges
of the molybdenum plane of an MoS; layer, therefore extend the MoS; layer
(30). Convincing evidence for this model came from an infrared study on a
series of sulfided Co-Mo/Al,O3 catalysts, which NO was used as probe
molecule. The IR spectrum of NO molecules adsorbed on cobalt ions can be
distinguished from that of 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 the NO on Mo spectrum should be a
stayed constant. Cobalt 1on in the locations proposed by Topsge and Topsge,
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 Topsge and Topsge (30). A point that should 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 Topsge et 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 that the cobalt ions may indeed be
situated in tetrahedral positions at the MoS; edges (31).

Kasztelan et al. have quantitatively considered the solid-state structure of
MoS; and the edge location of the cobalt promoter by calculation the number
of edge and corner Mo and Co sites as a function of MoS, particle size (32).
The geometry for a single MoS; slab was considered. The reasonable fit
between predictions and experimental results indicates that the assumptions
underlying the model are not unrealistic.

In summary, the structure of a sulfided Co-Mo/Al,O3 catalyst consists of
small MoS; crystallites that either lie with their basal planes parallel to the
Al,0j3 surface or are edge-bonded to the Al,O3 surface. The majority of the
cobalt is present as cobalt ions adsorbed on the edges of the MoS; crystallites
and as CogSg crystallites on the Al,O3 surface. A high Co/Mo ratio and a high
sulfidation temperature of the oxide precursor favor Cog¢Sg formations,
however, some cobalt is always present in tetrahedral sites in the Al,O3 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 that have been proposed to

account for the results of HDS experiments.

(a) Monolayer Model

This model (33, 34) is based on the common belief that MoO3 a catalyst
precursor, can be well dispersed as a monolayer on the Al,O3 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 than unity (36). Massoth

1P

<
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Figure 1.3 Structure of the different forms in which cobalt ions can be

present in Co-promoted MoS,/Al;0s.

(34), however, observed ratios as high as 2.75, which led him to propose a
surface structure involving one-dimensional chains of MoS,, instead of two-
dimensional layers.

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 the corresponding supported catalysts.

(b) Pseudointercalation Model
This model (20, 28) is based on the structure of bulk MoS, that has a
prismatic arrangement of S atoms around each Mo. The promoter Co or Ni

i1s intercalated in the octahedral holes between S-Mo-S layers at the crystallite
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edge. The active sites are thus believed to be exposed Mo3+ ions located at the
sulfur-deficient edge sites.

It 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 Co¢Sg , when intimately blended with MoS,,

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 MoS; and Co¢Sg phases. This contact
synergism 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 Topsge and his co-
workers (18 and the references therein) using Mdssbauer spectroscopy. In
alumina-supported catalysts it is suggested that the "CoMoS" phase is present as
a single S-Mo-S sheet, with Co most likely present at molybdenum sites. In
unsupported catalysts, the "CoMoS" phase likely consists of several layers with
bulk MoS»-like structures.

Summarizing, each of these models has its merits as far as HDS is
concerned. 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 MoS;-like 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 that are 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/Al,O3 catalyst have been reported by
Nag et al. (43). The pseudo-first-order rate constants for the disappearance
of each at 300 °C 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
rings.

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.

Pseudo-first-order
Rate Constant,

Reactant L/(s-g of catalyst)
thiophene 1.38 x 103
benzothiophene 8.11 x 104
dibenzothiophene 6.11 X 105
benzo (b) naphtho-

(2, 3-d) thiophene 1.61 x 104

7, 8, 9, 10-tetrahydro-
benzo (b) naphtho-
(2, 3-d) thiophene 7.78 x 105

15




compounds in higher boiling fractions of fossil fuels. Because it is readily
available commercially, 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 300°C and 102 atm with a flow reactor
(44). Table 1.3 is described by pseudo-first-order kinetics. The methyl
substituents in 2, 8-positions of dibenzothiophene hardly 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 dibenzothiophene.

Pseudo-fist-order
Rate Constant,

Reactant L/(g of catalyst-s)
dibenzothiophene 7.38 x 105
2,8-dimethyldibenzothiophene 6.72 x 10-3
3,7-dimethyldibenzothiophene 3.53 x 10
4,6-dimethyldibenzothiophene 4.92 x 10-6
4-methyldibenzothiophene 6.64 x 106

16

and alkyldibenzothiophenes that are considered to be key compounds of the
hydrodesulfurization of light oil (45-47). These methyl-substituted dibenzo-
thiophenes are now recognized as the sulfur compounds that are 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/Al,O3 at 350-390 °C (48). By the quantification of each
sulfur-containing component in feed and products, they found that
alkylbenzothiophenes was completely desulfurized at 350 °C independent of the
presence of substituents and for dibenzothiophene and its alkyl-substituents,
non-substituted dibenzothiophene was converted completely at 370 °C. In
contrast, 6 % of 4-methyldibenzothiophene and 52 % of 4,6-dimethyl-
dibenzothiophene were not converted even at 390 °C. 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 methyldibenzothiophenes
substituted at positions o (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 manner
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)

17
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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 carry out 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),
although the reaction network is not completely understood, with results of
different investigators being in less than full agreement. Rate equation from
the low-pressure experiments indicates that thiophene inhibits its own HDS; in
some investigations, hydrogen sulfide has been found to inhibit HDS. The
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).

18

Table 1.4. Rate equations for thiophene hydrogenolysis and butene

hydrogenation.

1. Thiophene hydrogenolysis on o sites:

kt,6KT1,6KH,6PTPH,
[1 + Ku,oPr) " + Kr.6Pr + Kiys. 0P, / Pr,)

Lt =

2. Butene hydrogenation on 7 sites:

kg :Kg 1Kn, :PsPH,
[1 + (Kg,Pr,)"* + Ka<Pa + KpPp 1°

G =

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

respectively.

Figure 1.4. Thiophene reaction pathways.




In a thorough set of experiments characterizing 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 assumed 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 mechanism. The rate
equations based on the assumption 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 this more complicated model.

(b) Benzothiophene.
Although benzothiophenes have long been recognized as major

constituents of high boiling and residual petroleum fractions, little quantitative
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Table 1.5. Rate equations for benzothiophene hydrogenolysis and

hydrogenation.

1. Hydrogenolysis of benzothiophene on o sites:

kp 6KB 6Ku,sPpPH,
[1 + (K, oP)"? + (Kiys.oPrs / Pr,) + Kpo(Ps + Pp)]°

IDc =

2. Hydrogenolysis of 1,2-dihydrobenzothiophene on ¢ sites:

kg oKB oKH, sPBPH,
[1 + Ku,oPr,)'? + (Kis.oPrs / Phy) + Kg o(Ps + Pp)I>

LB i

3. Hydrogenation of benzothiophene on 7 sites:

kg :Kp 7(PsPn, - Pn / K1)
[1 + Kp(Pg + Pp) + KgPg]®

IB1 =

where the subscripts B, D, E, and K; denote benzothiophene, 1, 2-dihydro-
benzothiophene, ethylbenzene, and the equilibrium constant for benzo-

thiophene hydrogenation giving 1, 2-dihydrobenzothiophene, respectively.

Figure 1.5. Reaction network for benzothiophene.
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information is available concerning 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 reported by the same
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 that the parameters

have a physical meaning in the context of Langmuir-Hishelwood models.

The effect of methyl substituents on benzothiophenes has been
investigated by Geneste et al. (53) who observed that the 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-dimethylbenzothiophene (0.1)
where the numbers in parentheses denote 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.

(¢) 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 that dibenzothiophene conversion proceeds selectively through the
path of least 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 i1s higher. The
latter selectivity also depends on the catalyst composition, as Houalla et al.
found that the yield of cyclohexylbenzene at a given conversion was about 3

times higher with Ni-Mo/AlyO3 catalyst than with Co-Mo/Al,O3 catalyst.
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A similar network for dibenzothiophene hydrodesulfurization and
hydrogenation was also reported (56) for Ni-Mo/Al;O3 catalyst. The
hydrogenolysis of dibenzothiophene to give biphenyl was only 2.5 times more
rapid than its hydrogenation. = The lower HDS selectivity (increased
hydrogenation) in this network as shown in Figure 1.6 was attributed to the
greater hydrogenation activity of the Ni-Mo/Al;O3 catalyst in comparison with
Co-Mo/Al,03. 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 that the contribution of this pathway contributes more strongly 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-
325°C. 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

another. Dibenzothiophene and hydrogen sulfide both inhibit hydrogenolysis,
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Table 1.6. Rate equations for dibenzothiophene hydrogenolysis and

hydrogenation.

1. Dibenzothiophene hydrogenolysis:

i kKprKp,CprCh,
(1 + KprCpr + KisCrips)*(1 + Kip,Cr)

2. Dibenzothiophene hydrogenation:

) k KptKu,CorCh,
1+ Ki)TCDT

where the subscript DT denotes dibenzothiophene.

SO = O]
4.leo/ \l_lxl()"‘

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 and benzothiophene. The difference
in form between the dibenzothiophene hydrogenolysis equation and the
thiophene and benzothiophene hydrogenolysis equations raises a question of the
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
formalism.  The question of whether hydrogen and organic molecules

compete for the same adsorption sites remains open.

(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
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(A) The numbers next to the arrows denote pseudo-first-order rate constants

in L/(s-g of catalyst) at 300 °C.

(B) The numbers next to the arrows are relative values of the pseudo-first-

order rate constants at 250 °C.

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 the dibenzothiophene 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 the benzonaphthothiophene networks.

1.5.3 Binary and Multicomponent Mixture

The structural similarity (e.g., aromaticity) of sulfur heterocycles to
oxygen, nitrogen, and aromatic compounds suggest that all 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 hydrotreating
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). The effects of
other components have been determined for both types of reactions, with the
results interpreted with their competitive adsorption on the two 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, Nagai 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 cyclohexylbenzene
but not that of biphenyl. Phenanthrene was therefore assumed to adsorb
solely on hydrogenation sites. Their assumption is consistent 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-! and comparable
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to that obtained 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). The heat of adsorption of dibenzothiophene on Co-Mo/Al;03
would vary from 22 kcal/mol (in n-heptane) to 10 kcal/mol (in tetralin).
These indicated that the competitive effect of aromatic compounds was not
negligible.

Oxygen compounds mildly inhibit the reactions of sulfur compounds (6,
61, 64, 65). The poisoning 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 support
(68). The interaction 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/Al,Os3, 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, the promoter ions, Co and Ni, can also react with the
support and can occupy octahedral or tetrahedral sites in the external layers or
even form CoAl,O4 (NiAl;04) depending on the conditions of preparation.
The origin of the exclusive use of alumina can be ascribed to its outstanding
textural and mechanical properties and 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 supports such as carbon, silica,
zeolite, titania, etc. have been studied. In several cases, it was claimed that
higher activities were obtained than those of alumina supported catalysts.

Active Co-Mo or Ni-Mo catalysts were prepared using carbon as support
by Stevens and Edmonds (73), Duchet et al. (74), Bridgwater et al. (75),
Topsge et al. (23), Hoffmann et al. (76). Generally, the catalytic activities
reported in these studies are greater than those of typical alumina-supported
catalysts.

This high activity of the carbon-supported, mixed catalysts was
explained by Topsge et al. about the CoMoS model.  Using Mdssbauer
emission spectroscopy, Topsge et al. showed that the cobalt atoms are situated
at MoS; crystallite edges in a so-called "CoMoS" structure and that this
structure almost governs the HDS activity (9). These results were obtained
for catalysts supported on either alumina or carbon, or even unsupported.

Thus the support 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 al.
reported that two types sulfiding temperature and type II at high sulfiding
temperature (type II being more active than type I in HDS). The difference
between type I 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 support is only of the van
der Waals type. Topsge's Mossbauer results suggested that type II CoMoS is
the one 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 al. prepared fully sulfided CoMoS on carbon (77), alumina and
silica using nitrilotriacetic acid to complex with both Co and Mo, so that the
precursor support interaction should be the same for all supports. They
concluded that, even when the active phase (CoMoS 1I) is invariant and its
dispersion is invariant, the support intfluences 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 Mo/C compared to Mo/Al,O3 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 alumina is

a merely optimal dispersion of the Mo sulfide phase and an electronic transfer
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through the Mo-O-Al linkages. This electronic effect would explain the lower
activity of alumina supported catalyst.

Carbon supports may also be used for preparing highly active Co or Ni
catalysts (74, 79). In fact, it was shown that Co and Ni are even more active
than (Co) or equally active (Ni) as the corresponding Mo-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
Co9Sg and CoS,, it was shown by Bouwens et al. (80) that Co/C has a larger
fraction of octahedral cobalt than CogSg. Similarly, Topsge et al. and van der
Krann et al (81) showed by MES that for low Co concentration (<1%), the Co
phases present in the carbon supported catalysts are different from CogSg.
Why this phase is formed on carbon instead of CogSg 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 the possibility 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.

Other kinds of supports such as silica-alumina, TiO,, ZrO,, zeolites,

clays, and natural minerals were also studied.

The inherent HDS and HDN capabilities of titania and zirconia supports
have been also applied in ternary compounds and a CoMo/Ti03-Zr0;-V,05
catalysts was found to be twice as active as a commercial CoMo for HDS of
heavy diesel and vacuum gas oil (86). It should be noted that the properties of
such mixed oxides depend on the preparation procedure to a great extent.
Moreover, CoMo/Ti0-ZrO;, CoMo/Ti072-CeO, and CoMo/Ti02-MnO,
catalysts present very high initial HDS activities (87).

The catalytic properties of molybdenum sulfide based catalysts supported
on Si0O7-Al,03 depend on the amount of SiO; and on the reaction, 1.e., HDS,
HYD, HC or HDN. Muralidhar et al. (88) found that HDS and HYD activities
decrease with increase in SiO; content from 10 to 75 %, while the activity for
the hydrocracking of 2,4,4-trimethyl-1-pentene showed 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 15% SiO;-Al,O3 was used as a support for NiMo 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 %.

The HDS 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 have been proposed in

recent years. As indicated above, however, the structure of catalysts during
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practical performance of HDS could not be clarified and problems concerning
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 this problem because this method made it possible
to understand more exactly how sulfur in sulfur compounds is translated to
H,S and how sulfur in the sulfided catalyst participates in the actual HDS
reaction.

Sulfur has a radioisotope 35S with a half-life time of 87.5 days emitting
soft B-radiation (167kev). It has not been extensively used to study HDS
catalysts. Lukens et al. (90) have measured the accessible surface area of
supported transition metal sulfides by isotope exchange with a labeled H»S in
liquid scintillation solution. Kalechits and co-workers (91, 92) have shown
that in the hydrogenation of a mixture of benzene and 35S-CS; on WS, 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 that would be responsible for the acceleration of acid catalyzed
reaction (isomerization and cracking).  Gachet et al. (93) presulfided a
commercial Co-Mo/Al,O3 catalyst with the gas mixture of 35S-H,S and Hj,
then carried out the HDS of dibenzothiophene (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
(35§-CS,) labeling technique to measure removal rate of sulfur adsorbed on the
Mo (100) surface in HDS of thiophene and postulated that the rate 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 that about 20-30 % of sulfur held on vacancy sites was exchangeable. Paal
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and his group (96, 97) carried out hydrogenation reaction of cyclohexanol and
HDS reaction of thiophene in a pulse microreactor over the MoQ3z, CoMoOQs4,
Mo/Al;03 and Mo/Al,O3 catalysts, which was promoted by Pd, Ir and Ru. In
their study, the catalysts were sulfided by a gas mixture of 35S labeled H,S and
H;. In these 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. In Chapter two, first, the radioisotope tracer
method was developed. A model sulfur compound to be considered more
difficult for HDS, 35S-labeled dibenzothiophene was synthesized and HDS
reaction of this model compound was carried on an Mo/Al,O3 under the
practical HDS condition. The radioactivities of unreacted 35S -
dibenzothiophene and formed 35S-H,S were monitored. The amount of labile
sulfur on the working catalyst was determined. = This method allows us to
understand more exactly paths of the sulfur transfer from DBT to H,S and the
amount of sulfur in the catalyst participated in the actual HDS reaction. In
Chapter three, labile sulfur on Mo/Al,O3 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
358-H;S releasing from the catalyst, we expect to gain the more information
concerning 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/Al,O3, the
same method was applied to HDS of 35S-DBT on Co-Mo/Al,O3and Ni-
Mo/Al,03. Compared the amount of labile sulfur in different catalysts, the
promotion of cobalt and nickel were investigated. In Chapter five, a Co-
Mo/Al,03 catalyst was labeled by 35S during the reaction of 35S-DBT. Then,
several sulfur compounds and a mixed gas of H,S/H, were introduced to the
catalyst. By estimating the release rate of 35S-H,S 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/Al,O3

Abstract

To estimate the behavior of sulfur on a hydrodesulfurization catalyst,
35S-labeled dibenzothiophene (35S-DBT) was hydrodesulfurized on a sulfided
Mo/Al1,03 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. In this period, the radioactivities of unreacted
35S-DBT and formed 35S-H,S was monitored. The radioactivity of unreacted
35S-DBT reached the steady state immediately, while more time was needed
for that of formed 35S-H;S to reach the steady state. This shows that the
sulfur in dibenzothiophene was not directly released as hydrogen sulfide but
initially accommodated on the catalyst. After the radioactivity of formed 35S-
H,S 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-H,S in
an increase or decrease periods of radioactivity. It was found that the amount
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. In addition, it was suggested that the
total sulfur on the sulfided catalyst under practical HDS reaction conditions

existed as MoS; 9.
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2.1 Introduction

The structures and reactivities of sulfided Mo/Al,O3 catalyst have been
widely investigated in hydrodesulfurization reaction (HDS), because Mo
sulfide supported on alumina is the most basic form of HDS catalysts (1, 2).
[t has been believed that MoS;-like 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
MoS;-like structures and that these are ordered in very small domains (3-5).
Hayden and Dumesic in TEM study of HDS catalysts reported that MoS;
crystallites were created on thin films of alumina (6). Further, the amount of
sulfur on sulfided molybdena-alumina catalyst has been directly measured by
means of several methods. Arnoldy et al. showed by temperature-
programmed sulfiding of Mo/Al,O3 catalysts that sulfiding of a 4.5 atoms-
Mo/nm? catalyst can be completed at ca. 500 K, up to an S/Mo ratio of 1.9 (7).
Kabe et al. also reported that, by the thermogravimetric analysis of sulfiding
processes, total sulfur present in sulfided Mo/Al,O3 corresponded to
MoO1 5515 (8).

On the other hand, the active sites in sulfided Mo/Al,O3 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
MoS, are more strongly bonded to the Mo cations than the anions at edges or
corners, sulfur vacancy would be created at edges and corners rather than at
basal planes (11). Therefore, the catalytic activity of HDS was expected to be
much higher at edges and corners. This assumption has been experimentally
verified by surface science studies of the catalytic activity of an MoS, single
crystal (12, 13). As described in Chapter 1, when the HDS reaction begins

with the adsorption of thiophenes to the sulfur vacancy, two mechanisms have
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been proposed: One is the one-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 m-electrons of their aromatic rings rather
than unshared electrons of their sulfur (16). Despite these extensive studies,
the nature 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/Al;O3 catalyst with the gas mixture of
35§-H,S and Hj, then carried out the HDS of dibenzothiophene (DBT) at
atmospheric pressure. They postulated that two types of sulfur appeared over
the sulfided catalyst: labile sulfur and relatively fixed one. Campbell et al.
(18) found that an MoS; catalyst picks up radioactive 35S from 35S-H;S 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 MoO3z, CoMoOy,
Mo/Al,03 and Pd, Ir or Ru-Mo/Al,O3 catalysts sulfided by a gas mixture of
35S-labeled H;S and H; 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
that about 20-30 wt% of the sulfur of the catalyst were exchangeable. Gellman
et al. (22) used radiotracer (335S-CS;) 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-labeled
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-labeled
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
that of 32S-DBT under the same conditions. The radioactivities of unreacted
35S-DBT and formed 35S-H,S were monitored with the reaction time. After
the radioactivity of formed 35S-H,S reached the steady state, the reactant
solution was changed again to 32S-DBT under 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-H,S. This method allows
us to understand more exactly paths of the sulfur transfer from DBT to HaS

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

2.2 Experimental

2.2.1 Materials

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-labeled 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-labeled 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 99.9%) were obtained. Dibenzothiophene (32S-
DBT) was synthesized by the similar method except without radioactive 35S.
Hydrogen (99.99 %) was obtained from Tohei Chemicals. Hydrogen sulfide
in hydrogen (H,S 5.0%) was obtained from Takachio Chemicals. Mo/Al;,O3
catalyst (MoOs: 12.5 wt%) was prepared by following steps: 7y-Al;03
(Specific Surface 260 m2/g, Pore Volume 0.79 cm3/g) was impregnated with
aqueous ammonium heptamolybdate solution ((NH4)¢Mo07024:4H,0) by the
usual impregnation technique. Then, impregnated catalysts were dried at 120
°C for 8 h and calcined at 450 °C 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 °C in air overnight, the catalyst was
presulfided with a mixture of 5 % H,S in H, flowing at 30 liters/h at
atmospheric pressure and 400 °C for 3h. After the presulfidation, the reactor
was cooled in HyS/H; 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 H, 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 °C. The liquid product was collected from
a gas-liquid separator. The produced H,S was absorbed by bubbled through a
commercial basic scintillator solution (Carbosorb, Packard Co. Ltd.). For
each run, the liquid products and absorbed H»,S solution samples were collected
every 15 min. The components of liquid products were analyzed by gas
chromatography with an FID 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-H,S 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
I wt% 32S8-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 amount of 35S-H,S released from the exit of the reactor
became constant. (c) The reactant solution was returned again to the decalin
solution of 1 wt% 32S-DBT. This reaction with 32S-DBT was continued for 4-
5 h.

In order to estimate the actual amount of sulfur on the sulfided
Mo/Al;O3 catalyst under practical reaction conditions, another experiment was
carried out. After the catalyst was calcined at 450 °C for 24 h in air, the
reaction was performed following the operation procedure: (a) The reaction
system was pressurized with H; to 50 kg/cm? and heated to 360 °C. (b) The
decalin solution of 1 wt% 35S-DBT was pumped into the reactor and reacted
for ca. 6 h at 360 °C and 50 kg/cm?2. (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.
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2.3 Results and Discussion

2.3.1 Hydrodesulfurization of 35S-Labeled Dibenzothiophene

The changes in radioactivity of unreacted 35S-DBT and produced 35S-
H,S with the reaction time during the hydrodesulfurization (HDS) reaction at
360°C, 1.0 wt% of DBT, and 25 kg/cm? 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-DBT was replaced by that of 35S-DBT (2160
dpm/ml), 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-H,S, 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-H,S 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/cm?2). When biphenyl
(0.5 wt%) was added into the reactant solution of 35S-DBT (DBT = 1.0 wt%),
the changes in radioactivity of unreacted 35S-DBT and produced 35S-H,S 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. This indicates that BP did not delay but

eluted immediately in the same manner as DBT. Therefore, the time delay
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Figure 2.2. Changes in radioactivities of unreacted 35S-DBT and formed 35S-
0 | 4 : . ; ;
0 100 200 200 400 500 600 H,S with reaction time and concentrations of produced biphenyl (BP) and
cyclohexylbenzene (CHB) with reaction time.
Reaction Time (min) Mo/Al,03, 360 °C, 10 kg/cm?, DBT 1 wt%, BP 0.5 wt%.

Figure 2.1. Operation procedure in hydrodesulfurization of 35S-DBT.
Mo/Al,03, Temperature 360 °C, Pressure 25 kg/cm?. for 35S-H,S could not be due to the reaction system. From these results, it
e 35S-DBT, o0:35S-H,S, o: Conversion. could be suggested that the sulfur in DBT is not directly released as H,S but
accommodated on the catalyst.
Figure 2.3 shows the effect of DBT concentrations on radioactivity of

formed 35S-H,S. The time delay to reach the steady state of the radioactivity
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Table 2.1. Conversions of DBT and kinetic parameters under various reaction
conditions on Mo/Al,Os.

Catalyst Mo/Al,O3 20 F
Reaction pressure (kg/cm?) 50 50 50 50 25 10 50 50
Reaction temperature, °C 300 320 340 360 360 360 360 360

Concentration of DBT, wt % 1.0 1.0 1.0 1.0 1.0 B 1095 3.0

Conversion from radioactivity

)

=

Vg

&
of 358, (%) 20.7 33.1 435 569 381 29.1 66.1 334 £
Conversion from GC on”

D
analysis, (%) 19.0 309 423 593 375 30.0 70.0 34.8 %

>
Conversion to CHB®), % §& 935164 291 FL -4F 109782 e
Conversion to BP"), % 13.7 21.6 40.0 444 31.8 247 59.0 26.7 §
Labile sulfur, S, mg/g of cat. 0.5 15,1 2006 253 214 142 18.6 355 E
So/Stotl®), % 18.9 27.1 37.0 454 384 255 334 63.7

Release rate constant of

358-H;,S, k , x10-2, min-! 1.44 1.66 1.68 1.84 143 1.08 1.54 240

So X k, mg/min.g.cat. 0.151 0.250 0.346 0.467 0.306 0.153 0.286 0.852
Rate of DBT HDS, mg/min.g.cat. 0.155 0.252 0.346 0.467 0.306 0.245 0.270 0.851

a CHB = cyclohexylbenzene. b BP = biphenyl. ¢ Stq is defined as amount of Resstiof Tite o
sulfur when Mo atoms in the catalyst existed as MoS;.

Figure 2.3. Changes in radioactivities of formed 35S-H,S with reaction time
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