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a b s t r a c t

The mechanism and kinetics of the hydrodesulfurization (HDS) of dibenzothiophene (DBT) and its hydro-
genated intermediates tetrahydro- and hexahydro-dibenzothiophene (THDBT and HHDBT) over Co–
MoS2/c–Al2O3 were studied. The desulfurization of DBT was faster than that of THDBT and HHDBT.
Cyclohexenylbenzene and cyclohexylbenzene were observed as primary products in the HDS of THDBT,
indicating that THDBT was desulfurized by hydrogenolysis of the C–S bonds. Desulfurization of HHDBT
occurred mainly by dehydrogenation to THDBT and subsequent desulfurization of THDBT. The addition
of H2S during HDS strongly inhibited the desulfurization of DBT and THDBT, while the addition of 2-
methylpiperidine inhibited their hydrogenation. Direct desulfurization probably takes place on the metal
edges of the Co–MoS2 crystallites, while hydrogenation takes place at brim sites near the edges of the
MoS2 plane and on those Co sites that are located at the metal edge.

� 2009 Elsevier Inc. All rights reserved.
1. Introduction

The reduction of the sulfur content of gasoline and diesel fuel
has been the subject of intensive investigations in recent years.
For environmental reasons the sulfur level in many countries must
be reduced to 10 ppm; for fuel cell applications the sulfur content
must be below 0.1 ppm [1]. Currently, Ni–MoS2/c–Al2O3 and
Co–MoS2/c–Al2O3 are widely used in industry as catalysts for the
hydrodesulfurization (HDS) of sulfur-containing compounds, but
to reach the required low sulfur level, more active catalysts must
be developed. To design better catalysts, an in-depth understand-
ing of the reaction mechanisms and the HDS kinetics of sulfur-
containing molecules is necessary.

Dibenzothiophene (DBT) and its alkylated derivates in fuel are
very difficult to desulfurize, and cause problems in deep HDS [2–
6]. For that reason, DBT and its derivates are often used as model
molecules in HDS studies. Several mechanistic and kinetic studies
on the HDS of DBT and alkyl-substituted DBT have been carried
out [2–11], but most work has focused on the parent molecules.
However, to obtain sufficient kinetic data and to determine how
the sulfur atoms of the hydrogenated intermediates are removed,
the HDS reactions of the intermediates should be explored as well.
ll rights reserved.
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Recently, HDS studies of the hydrogenated intermediates of DBT
and 4,6-dimethyldibenzothiophene (DMDBT) over MoS2/c–Al2O3

and Ni–MoS2/c–Al2O3 catalysts were reported [12–14] and were
based on the new routes for the synthesis of large amounts of
the tetrahydro (TH) and hexahydro (HH) intermediates of DBT
and DMDBT [15,16]. However, studies of the HDS of hydrogenated
intermediates of DBT and DMDBT have not yet been carried out
over Co–MoS2/c–Al2O3 catalyst, the most common catalyst in
industrial HDS. Here, we report the mechanistic and kinetic studies
of the HDS of DBT and its intermediates over a Co–MoS2/c–Al2O3

catalyst. We chose DBT as a model molecule because it preferen-
tially undergoes desulfurization by the direct desulfurization route
(DDS), leading to biphenyl. Assuming that the same holds for
THDBT and HHDBT, this will allow us to explain how C–S bond
scission occurs.
2. Materials and methods

The Co–MoS2/c–Al2O3 catalyst (3 wt% Co and 8 wt% Mo) was
prepared by incipient wetness impregnation of c–Al2O3 (Condea,
pore volume 0.5 cm3/g, specific surface area 230 m2/g). The cata-
lyst was crushed and sieved to a 230-mesh (<0.063 mm) particle
size. Further details of the catalyst preparation can be found
elsewhere [17].

The reactions were carried out in continuous mode in a heated
fixed-bed inconel reactor. The catalyst was sulfided in situ with
10% H2S in H2 (50 ml/min) at 400 �C and 1.0 MPa for 4 h. All the
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Table 1
Rate constants for the HDS of DBT, THDBT, and HHDBT over Co–MoS2/c–Al2O3 at
300 �C and 3.0 MPa.

Reactant PH2S (init)
kPa

PMPi (init)
kPa

Rate constants, mol/(g min)

kDBT kHYD kDDS kDDS/kHYD

DBT 0 0 0.43 0.01 0.42 42
35 0 0.08 0.013 0.07 5
0 1 0.39 0.004 0.39 98
35 1 0.03 0.002 0.03 15

k k k k /k
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experiments were performed at 300 �C and 2.8 MPa H2, because at
higher temperature and H2 pressure the conversions of the tetra-
hydro and hexahydro intermediates of DBT and DMDBT were too
high. The gas-phase feed consisted of 1 kPa reactant (DBT, THDBT,
or HHDBT), 130 kPa toluene (as solvent), 8 kPa dodecane (as GC
reference), and 2.8 MPa H2. In some experiments 35 kPa H2S,
1 kPa 2-methylpiperidine (MPi), or 35 kPa H2S together with
1 kPa MPi was added to the feed. From former work on the HDS
of DBT, DMDBT, and their hydrogenated intermediates over MoS2

and Ni–MoS2 catalysts it is known that H2S decreases the rate of
the DDS reaction, while MPi decreases the rates of the DDS and
HYD reactions, but decreases the HYD rate more than the DDS rate
[13,14]. In this way, the separate HDS reaction routes can be better
distinguished.

The reaction products were analyzed off-line, as described else-
where [13]. Space time was defined as s = wcat/nfeed, where wcat de-
notes the catalyst weight and nfeed denotes the total molar flow to
the reactor (1 g min/mol = 0.15 g h/l). The space time was changed
by varying the flow rates of the liquid and the gaseous reactants,
while keeping their ratio constant. Each series of experiments over
a fresh catalyst started with a stabilization period of at least 15 h
(overnight) at the highest space time. During two weeks of opera-
tion almost no deactivation of the catalyst was observed. A single
experiment lasted 12–24 h. DBT and MPi were purchased from Ac-
ros. THDBT and HHDBT were synthesized as reported elsewhere
[13].
THDBT HYD DDS DDS HYD

THDBT 0 0 0.19 0.06 0.13 2
35 0 0.12 0.09 0.03 0.3
0 1 0.06 0.015 0.04 2.7
35 1 0.05 0.04 0.01 0.2

kHHDBT kDEHYD kDDS kDDS/kDEHYD

HHDBT 0 0 0.83 0.7 0.1 0.1
35 0 0.44 0.44 0 0
0 1 0.37 0.37 0 0
35 1 0.30 0.30 0 0
3. Results

3.1. HDS of DBT

Fig. 1 presents the yield-time dependencies and the product
selectivities measured in the HDS of DBT under different condi-
tions. Assuming pseudo first-order kinetics, we calculated the ini-
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Fig. 1. HDS of DBT at 300 �C and 3.0 MPa. (A) Conversion of DBT in the absence of H2S and
the presence of both 35 kPa H2S and 1 kPa MPi (5). Product selectivities in the absence of
(D).
tial rate constants kDBT from the overall conversion of DBT at
short space time. From these rate constants and the initial product
selectivities, we calculated the initial rate constants of hydrogena-
tion and desulfurization of DBT (kHYD and kDDS, respectively)
(Table 1).

When H2S and MPi were not added to the feed, the conversion
of DBT reached 80% at s = 5.2 g min/mol (Fig. 1A) and biphenyl (BP)
was the main product with a constant selectivity of 95% (Fig. 1B).
Because the initial rate of desulfurization of DBT (kDDS) was 42
times higher than the rate of hydrogenation (kHYD) (Table 1), DBT
mainly desulfurizes by the DDS pathway (to BP). Small quantities
of two other products, THDBT and cyclohexylbenzene (CHB), were
found, and THDBT behaved as a primary product, with an initial
selectivity above zero. The addition of 35 kPa H2S led to a consid-
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erable decrease in the conversion (Fig. 1A). The initial desulfuriza-
tion rate kDDS (of the reaction of DBT to BP) decreased by a factor
six, while kHYD, the rate of hydrogenation of DBT to THDBT, re-
mained constant within the uncertainty of the measurement or
even increased slightly (Table 1). But kDDS was still five times high-
er than kHYD, and DDS was the main pathway. Because of the great-
er relative importance of the hydrogenation route, five products
were observed in the presence of H2S (Fig. 1C): BP, THDBT, HHDBT,
CHB, and a trace of bicyclohexyl (BCH). BP was the main product
with a selectivity of 80%. In contrast to Ni–MoS2/c–Al2O3 [14], no
promotion effect was observed for the desulfurization of DBT over
Co–MoS2/c–Al2O3 when 1 kPa MPi was added. MPi slightly de-
creased the conversion of DBT (Fig. 1A) and the rate of desulfuriza-
tion and inhibited the hydrogenation (Table 1), so that the
selectivity of BP increased to 99% (Fig. 1D). The presence of both
35 kPa H2S and 1 kPa MPi significantly inhibited the HDS process,
and the conversion was only 10% at s = 5.2 g min/mol. The results
reveal that the Co–MoS2 catalyst is much more efficient for the
desulfurization of DBT than it is for the hydrogenation, and are in
good agreement with the results reported in the literature [3–
6,9,18–20].

3.2. HDS of THDBT

THDBT reacted rapidly in the absence of H2S and MPi (Fig. 2A).
Three products, HHDBT, CHB, and cyclohexenyl-benzene (CHEB),
were observed; all three behaved as primary products, because
they had selectivities above zero at s = 0 (33, 50, and 17%, respec-
tively, Fig. 2B). The yields of HHDBT and CHEB went through a
maximum as a function of space time (Fig. 3A), demonstrating that
they reacted further. At high space time (s = 5.2 g min/mol), CHB
was the main product with a selectivity of 90%, while the CHEB
selectivity was 6% (Fig. 2B). This indicates that the hydrogenation
of CHEB to CHB was not very fast. The kDDS for THDBT was twice
0 1 2 3 4 5 6
0

20

40

60

80

100

MPi+H
2
S

MPi

H
2
S

C
on

ve
rs

io
n

 (%
)

Weight time (g*mol/min)

0 1 2 3 4 5 6
0

20

40

60

80

100

CHEB

HHDBT

CHB

Weight time (g*min/mol)

S
el

ec
ti

vi
ty

 (
%

)

A B

C D

Fig. 2. HDS of THDBT at 300 �C and 3.0 MPa. (A) Conversion of THDBT in the absence of H
and in the presence of both 35 kPa H2S and 1 kPa MPi (5). Product selectivities in the ab
1 kPa MPi (D).
as high as kHYD in the absence of H2S and MPi in the feed, indicating
that THDBT, too, reacted mainly by the DDS pathway over Co–
MoS2. The addition of H2S reversed this situation, because kDDS de-
creased by a factor four and kHYD increased by 50%. As a conse-
quence, kDDS/kHYD was only 0.3 in the presence of H2S (Table 1).

The reaction of THDBT was slowed down by H2S (Fig. 2A), and,
initially, HHDBT was the main product with a selectivity of 75% at
s = 0 (Fig. 2C). The yield of HHDBT went through a maximum,
while the yields of CHEB and CHB increased continuously
(Fig. 3B). The decrease in the THDBT conversion (Fig. 2A) was
due to a decrease in the rate of desulfurization kDDS (by a factor
four), while the rate of hydrogenation of THDBT to HHDBT (kHYD)
seemed to increase (Table 1). The addition of 1 kPa MPi inhibited
the reaction of THDBT (Fig. 2A) and both kHYD, the rate of initial for-
mation of HHDBT, and kDDS, the rate of initial formation of CHEB
plus CHB, decreased by a factor of about four (Table 1). Apparently
also the further reactions of HHDBT and CHEB were slowed down
by MPi, because both HHDBT and CHEB increased continuously
with space time and did not reach a maximum up to s =
5.2 g.min/mol (Fig. 3C). The CHEB selectivity remained more or less
constant at 20% from s = 0 to 5.2 g min/mol (Fig. 2D). The addition
of both MPi and H2S strongly inhibited the desulfurization of
THDBT (by a factor of thirteen) and slightly decreased the rate of
hydrogenation (Table 1). Neither DBT nor BCH was observed dur-
ing the HDS of THDBT indicating that the dehydrogenation of
THDBT to DBT and the hydrogenation of CHB to BCH were slow un-
der our HDS conditions.

3.3. HDS of HHDBT

When neither H2S nor MPi was added to the feed, HHDBT re-
acted very fast (Fig. 4A). Until s = 1.3 g min/mol THDBT was the
main product, but thereafter CHB became the main product
(Fig. 5A). The THDBT selectivity decreased and the CHB selectivity
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Fig. 3. HDS of 1 kPa THDBT at 300 �C and 3.0 MPa. (A) Yield of products in the absence of H2S and MPi, (B) in the presence of 35 kPa H2S, (C) in the presence of 1 kPa MPi, and
(D) in the presence of 35 kPa H2S and 1 kPa MPi.
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Fig. 4. HDS of HHDBT at 300 �C and 3.0 MPa. (A) Conversion of HHDBT in the absence of H2S and MPi MPi (h), in the presence of 35 kPa H2S (s), in the presence of 1 kPa MPi
(4), and in the presence of both 35 kPa H2S and 1 kPa MPi (5). Product selectivities in the absence of H2S and MPi (B), in the presence of 35 kPa H2S (C), and in the presence of
1 kPa MPi (D).
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increased with increasing space time; at s = 5.2 g min/mol the CHB
selectivity approached 100% (Fig. 4B). CHEB was also observed and
its selectivity decreased with space time. The yield-time curves of
THDBT and CHB indicate that THDBT reacts to CHB, because the
maximum in the THDBT yield corresponds to the inflection point
in the yield of CHB (Fig. 5A).

In the presence of 35 kPa H2S, the reaction of HHDBT was
inhibited (Fig. 4A). The inhibition was relatively stronger for the



0 1 2 3 4 5 6
0

20

40

60

80

100

CHEB
THDBT

CHB

Weight time, g*min/mol

Yi
el

d 
(%

)

0 1 2 3 4 5 6
0

20

40

60

80

100

CHEB

THDBT

CHB

Weight time (g*min/mol)

Yi
el

d 
(%

)
0 1 2 3 4 5 6

0

10

20

30

40

50

CHEB

THDBT
CHB

Weight time (g*min/mol)

Yi
el

d 
(%

)

0 1 2 3 4 5 6
0

10

20

30

40

50

CHEB

THDBT

CHB

Weight time (g*min/mol)

Yi
el

d 
(%

)

A B

C D

Fig. 5. HDS of 1 kPa HHDBT at 300 �C and 3.0 MPa. (A) Yield of products in the absence of H2S and MPi, (B) in the presence of 35 kPa H2S, (C) in the presence of 1 kPa MPi, and
(D) in the presence of 35 kPa H2S and 1 kPa MPi.

Y. Sun, R. Prins / Journal of Catalysis 267 (2009) 193–201 197
desulfurization of HHDBT than for the dehydrogenation of HHDBT
to THDBT (Table 1), and, as a consequence, the initial THDBT selec-
tivity increased (Fig. 4C). Depending on how one extrapolates the
THDBT selectivity when s goes to zero, a value between 95 and
100% is obtained (Fig. 4C). The very high initial selectivity of THDBT
(Fig. 4C) and the yield-time curves of THDBT and CHB (Fig. 5B)
indicate that HHDBT mainly reacts by dehydrogenation to THDBT
and by subsequent desulfurization to CHB. MPi decreased the con-
version of HHDBT and the further addition of H2S decreased it even
more (Fig. 4A). In both cases, the initial selectivity of THDBT ap-
proached 100% and the initial selectivities of CHB and CHEB ap-
proached 0% (Fig. 4D), again suggesting that HHDBT is first
dehydrogenated to THDBT and then desulfurized to CHEB and CHB.

The reaction rate constants of all reactions of DBT, THDBT, and
HHDBT in the absence of H2S and MPi are combined in Scheme 1.

4. Discussion

4.1. Reaction rate constants

The kDDS of THDBT was three or two times lower than the kDDS

of DBT in the absence or presence of H2S, respectively, suggesting
S S

DBT THDBT

BP CHEB

0.01

0.42

0.7

0.06

0.13

Scheme 1. Intermediates and final hydrocarbon
that the desulfurization of THDBT is relatively difficult. HHDBT,
on the other hand, reacted much faster than DBT and THDBT, but
this is due to the high kDEHYD of HHDBT. Actually, the kDDS of
HHDBT is lower than that of DBT and THDBT in the absence of
H2S and MPi and decreases to zero in the presence of H2S or MPi
(Table 1). The HDS of HHDBT occurs mainly by the dehydrogena-
tion pathway and THDBT is the primary product, which subse-
quently desulfurizes to the secondary products CHB and CHEB.
The direct desulfurization of HHDBT is more difficult than that of
THDBT and DBT, and the desulfurization rate for DBT, THDBT,
and HHDBT is in the order DBT� THDBT > HHDBT. This is surpris-
ing, because hydrogenation weakens one of the C–S bonds in the
DBT molecule and it is assumed that a weaker bond undergoes
C–S bond breaking more easily. On the other hand, aryl-metal
bonds are more stable than alkyl-metal bonds and this suggests
that a late transition state may explain our results. Similarly, in
the Heck coupling reaction, which could be considered to be the re-
verse of our bond breaking reaction, C–C bonds are created by the
reaction of aryl and alkenyl groups but not of alkyl groups [21].

The rate constants kDDS for the desulfurization of DBT, THDBT,
and HHDBT are lower for Co–MoS2 (Table 1) than the correspond-
ing rate constants for Ni–MoS2 [14] in the absence of H2S and MPi
S S

HHDBT DHDBT

CHB BCH

products in the HDS of dibenzothiophene.
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in the feed. Nevertheless, in industry, Co–MoS2 is the catalyst of
choice for HDS and Ni–MoS2 is used only when strong hydrogena-
tion is required in addition to HDS. The different selectivity and the
sensitivity of Co–MoS2 and Ni–MoS2 to H2S explain this. First, com-
pared with a Ni–MoS2 catalyst [14], the Co–MoS2 catalyst is a rel-
atively weaker catalyst for hydrogenation, because kHYD was six
times lower and kDDS only 2.7 times lower for the Co–MoS2 catalyst
than for the Ni–MoS2 catalyst. Thus, Co–MoS2 has a higher DDS
selectivity than Ni–MoS2 and a lower H2 consumption. Second,
whereas Ni–MoS2 is the better HDS catalyst in the absence of
H2S, with higher kDDS and kHYD for DBT as well as THDBT [14], in
the presence of 35 kPa H2S the rate constants kDDS of DBT and
THDBT are slightly higher for Co–MoS2 than for Ni–MoS2, while
the rate constants kHYD are almost equal. This might explain why,
under industrial HDS conditions, Co–MoS2 is preferred.
S

CHB

CHEB

SH

HS

SH

Scheme 3. Proposed reactions of HHDBT–CHEB and CHB.
4.2. HDS mechanism of DBT

The breaking of a C–S bond may take place by elimination or by
hydrogenolysis. If aryl C–S bond breaking were to take place by
elimination, then a phenyl ring first had to be hydrogenated to cre-
ate a b–H atom. For DBT, a dihydro intermediate was therefore pro-
posed [9], but this intermediate seems unlikely, because it would
lead to much higher activation energy than experimentally ob-
served. Furthermore, the hydrogenation of the double bond re-
quires p adsorption, which cannot explain why methyl groups in
the 4- and 6-position constitute a steric problem in the DDS route
of the HDS of 4,6-DMDBT. Diminished steric hindrance in the
hydrogenated intermediates does not play a role in the elimination
scheme of DBT, because the rate-determining step will be the addi-
tion of two H atoms to one ring of DBT. The fact that kDDS decreases
in the order DBT� THDBT > HHDBT is another indication that the
DDS pathway does not go through elimination. Therefore, the DDS
reaction is probably an actual hydrogenolysis reaction, as originally
suggested by Broderick and Gates [18], in which DBT and hydrogen
atoms on the catalyst surface react directly to BP. The two aryl C–S
bonds of DBT will break in two steps, first forming 2-phenyl-thio-
phenol and then BP. The very fast HDS reaction of thiophenol [13]
explains why this intermediate has never been observed. DFT cal-
culations by Weber and van Veen demonstrated that the hydrog-
enolysis reactions of the C–S bonds of DBT can occur with
moderate activation energies [22]. Homogeneous catalysis studies
by Jones [23], Angelici and others [24] have shown that a metal
atom of an organometal complex can easily insert into the C–S
bond of thiophene and DBT. Such C–M–S complexes might also
be intermediates in the hydrogenolysis of C–S bonds on a metal
sulfide surface.

In the HDS of THDBT, CHEB behaved as a primary product (with
increasing selectivity at decreasing space time), while CHB be-
haved as a primary as well as a secondary product, because it
S

SH

HS

Scheme 2. Proposed reactions o
had a non-zero selectivity at s = 0, as it would if it were a primary
product, but its selectivity decreased with decreasing space time,
as it would if it were a secondary product (Fig. 2). CHEB may form
by hydrogenolysis of the aryl C–S bond of THDBT (to form 2-phe-
nyl-cyclohexene-1-thiol) or of the vinyl C–S bond (to form 2-
(cyclohexen-1-yl)-thiophenol) (Scheme 2). Breaking of the second
C–S bond then leads to CHEB. It is also possible that the first hydro-
genation takes place to 2-phenyl-cyclohexanethiol or 2-cyclo-
hexyl-thiophenol, which then hydrogenolyzes to CHB. The
secondary reaction, with CHEB as the intermediate, explains why
the CHEB selectivity decreases and the CHB selectivity increases
with increasing space time (Fig. 2).

When HHDBT was the reactant, CHEB and CHB generally be-
haved as secondary products (Fig. 4C and D). Only in the absence
of H2S and MPi did CHEB behave as a primary product (Fig. 4B).
This indicates that HHDBT reacts mainly to THDBT and that CHEB
and CHB form by the fast reaction of HHDBT to THDBT and then to
CHEB and CHB. The formation of CHEB from HHDBT, when no H2S
and MPi were added to the feed, suggests that this occurred by
elimination. When the cycloalkyl C–S bond of HHDBT is broken
first, 2-cyclohexyl-thiophenol forms by hydrogenolysis and 2-
cyclohexen-1-yl-thiophenol by elimination (Scheme 3). The aryl
C–S bond can only be broken by hydrogenolysis, which results in
the formation of 2-phenyl-cyclohexanethiol. Cristol et al. carried
out a DFT calculation of the desulfurization of dihydrobenzothi-
ophene over the metal and sulfur edges of MoS2. It showed that
there is no thermodynamical difference between the hydrogenoly-
sis of the aryl and alkyl C–S bonds in dihydrobenzothiophene [25],
while the DFT calculation of Yao et al. with a Mo3S9 cluster showed
that the hydrogenolysis of the aryl C–S bond in dihydrobenzothi-
ophene has slightly lower activation energy than the breaking of
the alkyl C–S bond [26]. Because of the similarity of HHDBT to
dihydrobenzothiophene, with one part of the molecule being aro-
matic and the other part being aliphatic, some of the desulfuriza-
CHBCHEB

HS

SH

f THDBT to CHEB and CHB.
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tion of HHDBT may well take place by hydrogenolysis of the aryl C–
S bond, followed by elimination of H2S from the resulting 2-phe-
nyl-cyclohexanethiol to form CHEB or by hydrogenolysis to form
CHB (Scheme 3).

4.3. Catalytic sites

Fig. 6 shows a comparison of the DDS and HYD rate constants
for the reactions of DBT and THDBT and the DDS and DEHYD rate
constants for HHDBT obtained for Co–MoS2 in the absence and
presence of H2S (present results) with the rate constants obtained
for Ni–MoS2 [14] and MoS2 [13]. Over Co–MoS2 and Ni–MoS2, the
reaction took place at 3 MPa and over MoS2 at 5 MPa, because at
3 MPa the rates over MoS2 were low. Therefore, when comparing
the data one should bear in mind that the rate constants for
MoS2 are overestimated. The results show some clear trends. First,
H2S decreases all DDS rate constants, whereas it hardly influences
the HYD rate constants in all cases but two (DBT over Ni–MoS2 and
HHDBT over Co–MoS2). The effect of H2S on the DDS and HYD rate
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Fig. 6. Comparison of DDS and HYD or DEHYD rate constants over MoS2 ( ), Ni–MoS2 (
for the HDS reactions of DBT ((A) and (B)), THDBT ((C) and (D)), and HHDBT {(E) and (F
3 MPa and those over MoS2 at 5 MPa, because at 3 MPa the rates over MoS2 were low.
constants for DBT was reported before [9,18–20,27]. Second, the
DDS rate constants for all three molecules decrease in the order
Ni–MoS2 > Co–MoS2 > MoS2, while the HYD rate constants of all
three catalysts for a given molecule and under given conditions
(presence or absence of H2S) are more or less the same within
the uncertainty of the measurements. Only in the case of DBT, in
the absence of H2S, was the HYD rate constant for Ni–MoS2 higher
than those for Co–MoS2 and MoS2. Third, the DDS rate constants
decrease in the order DBT > THDBT > HHDBT for Ni–MoS2 and
Co–MoS2 but in the order DBT < THDBT � HHDBT for MoS2. As
indicated in Section 4.1, the reason for the former order may be
that aryl-metal bonds are more stable than alkyl-metal bonds. It
is unclear why the order is different for MoS2. Fourth, the HYD rate
constant for THDBT is higher than that for DBT for all three cata-
lysts. This must be due to the easier hydrogenation of an olefin
(THDBT) than of a phenyl ring (DBT).

The strong dependence of the DDS reactions on the H2S pres-
sure means that the DDS of all three molecules takes place at a me-
tal atom on the surface of the metal sulfide with a free
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), and Co–MoS2 ( ) catalysts in the presence of 0 and 35 kPa H2S partial pressure
)}. The data of the reactions over Co–MoS2 and Ni–MoS2 catalysts were obtained at
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coordination position, so that competition between the sulfur-con-
taining molecule and H2S for adsorption can take place. The rate-
determining step in the DDS over MoS2, Co–MoS2, and Ni–MoS2

cannot be the removal of the S atom from the catalytic site by
H2S desorption, following the reaction of the sulfur-containing
molecule on the site, as proposed by Neurock and van Santen
[28]. Otherwise the HDS of all the sulfur-containing molecules
would be equally fast and zero order. One explanation for the in-
crease in kDDS in the order MoS2 < Co–MoS2 < Ni–MoS2 may be that
the Co and Ni promoters increase the number of free coordination
positions on the MoS2 surface and that the Mo atoms, with the free
coordination position, act as DDS sites. However, this is in contrast
to the different activation energy and reaction order in the HDS of
thiophene for MoS2, Co–MoS2 [29], and Ni–MoS2 [30] and to the
inhibiting effect of H2S in the HDS of DBT, THDBT, and HHDBT,
which is different for Co–MoS2 (present results) compared to
MoS2 [13] and Ni–MoS2 [14]. A second possibility may be that
mixed Co–Mo or Ni–Mo sites are responsible for the desulfuriza-
tion, as DFT calculations have shown that S atoms, situated be-
tween a Mo and a Co or Ni promoter atom in Co–MoS2 and Ni–
MoS2, are less strongly bonded than S atoms at the edges of
MoS2 [31–33]. As a consequence, S atoms in the bridge position be-
tween a Mo and a Co or Ni atom can be removed more easily and
Mo atoms adjacent to Co and Ni atoms at the surface of Co–MoS2,
respectively, Ni–MoS2 have at least one free coordination position.
A third model proposed that the Co and Ni atoms themselves are
the active sites in the promoted catalysts [34]. In that case the or-
der Ni–MoS2 > Co–MoS2 > MoS2 for the DDS rate constants de-
pends on the number of free coordination positions and the
intrinsic rate of the M site.

DFT studies have indicated that Co and Ni promoter atoms may
be located at both edges of MoS2 particles, but that the most stable
position for Co atoms is on the sulfur edges, while Ni atoms prefer
the metal edges [31–33]. The most stable coordination for Mo on
the sulfur edges and those Co and Ni atoms that are located on
the sulfur edges of Co–MoS2 and Ni–MoS2, respectively, is a tetra-
hedral coordination by four S atoms [32]. Experimental STM stud-
ies by Lauritsen et al. have shown that MoS2 particles that are
prepared on a gold surface and decorated with Co or Ni atoms have
the Co atoms at the sulfur edge with tetrahedral sulfur coordina-
tion, while the Ni atoms are present at both edges [35]. Because
the maximum coordination number of transition-metal atoms is
usually six, the Mo, Co, and Ni atoms have the geometrical possibil-
ity to adsorb a sulfur-containing molecule in r fashion. The alter-
native, to create a vacancy by removal of a sulfur atom, leaves a
metal atom with only three sulfur ligands and, thus, requires high
energy.

The number of free coordination positions at the metal edges of
MoS2 and Co–MoS2 and Ni–MoS2 is different for the Mo, Co, and Ni
atoms. DFT calculations predict that six sulfur atoms trigonal pris-
matically coordinate the Mo atoms on the metal edges of MoS2 and
that these sulfur atoms are strongly bonded [32,33]. One DFT cal-
culation predicts very few S vacancies, if any at all [36], while an-
other DFT calculation predicts that, under HDS conditions (H2S/
H2 � 0.01), about 20% of the Mo atoms on the metal edges may
have a sulfur vacancy [37]. On the other hand, the Co and Ni atoms
on the metal edges of Co–MoS2 and Ni–MoS2, respectively, have
square-planar sulfur coordination [32] and, thus, have a free coor-
dination position to adsorb a sulfur-containing molecule in r fash-
ion. DFT calculations have shown that such Ni atoms adsorb H2S
quite strongly [37]. Co atoms in the square-planar configuration
usually bind an additional fifth ligand strongly, and this might ex-
plain why Ni–MoS2 has a higher activity than Co–MoS2 for DBT,
THDDBT, and HHDBT and why the reaction order for thiophene
during HDS is lower for Co–MoS2 [29] than for Ni–MoS2 [30]. Taken
from the perspective of free coordination positions for the adsorp-
tion of sulfur-containing molecules, DDS reactions may thus take
place on the sulfur edges of MoS2, Co–MoS2, and Ni–MoS2, on the
metal edges of Co–MoS2 and Ni–MoS2, and perhaps on the metal
edges of MoS2. The increasing inhibition by H2S in the order
MoS2 < Co–MoS2 < Ni–MoS2 suggests that the contribution of the
DDS reactions that take place on the metal edges increases in the
same order.

The HYD rate constants are hardly influenced by H2S, with the
exception of the HYD rate constant for DBT over Ni–MoS2, which
clearly decreases in the presence of H2S (Fig. 6). This indicates that
the corresponding rate-determining HYD steps do not take place
on a site with a free coordination position or sulfur vacancy. STM
investigations have shown that the so-called brim sites, on the ba-
sal planes of MoS2 right behind the edges, have a metallic character
[35,38]. Hydrogenation of sulfur-containing aromatic molecules
can then take place on the brim sites [39]. Since the basal planes
are fully sulfided, H2S does not affect the hydrogenation over the
MoS2-based catalysts. Adsorption on brim sites, in p fashion on
the basal plane of MoS2, right behind the edge, would, geometri-
cally, not constitute a problem. If, on the other hand, hydrogena-
tion were to take place on the edges, then p adsorption on metal
atoms on the sulfur edge would not be feasible, while p adsorption
on metal atoms on the metal edge would be possible only if at least
two neighboring free coordination positions were present [25].
This is inconceivable for MoS2 [36,37] but possible for Ni–MoS2,
because all Ni atoms at the metal edge of Ni–MoS2 (with a coverage
of 100% Ni) have a free coordination position [32]. Co atoms are
preferentially located at the S edges; if located on the metal edge
they tend to occupy only 50% of the positions at the metal edge.
These Co atoms have neighboring Mo atoms, which are topped
by a sulfur atom [33,37], and there are few neighboring sites with
two free coordination positions. This suggests that hydrogenation
over Ni–MoS2 may take place not only at brim sites near the edges
of the MoS2 plane, but also at Ni sites at the metal edge. This would
explain why only in the case of Ni–MoS2 does the DDS rate con-
stant for DBT decrease with increasing H2S pressure (Fig. 6), be-
cause H2S adsorbs strongly on the Ni atoms [37].
5. Conclusions

The hydrodesulfurization of DBT, THDBT, and HHDBT on Co–
MoS2/c–Al2O3 was studied in the absence and presence of H2S
and MPi, and the rate constants of all the reaction steps were ob-
tained. The Co–MoS2/c–Al2O3 catalyst was relatively efficient for
desulfurization but relatively weak for hydrogenation. The desul-
furization of DBT was faster than that of THDBT and HHDBT. Desul-
furization of THDBT occurred directly to CHEB and CHB, but
desulfurization of HHDBT occurred mainly by dehydrogenation to
THDBT and subsequent desulfurization of THDBT. In most cases
C–S bond breaking occurred by hydrogenolysis. Direct desulfuriza-
tion probably takes place on the metal edges, while hydrogenation
takes place at brim sites near the edges of the MoS2 plane and on
Co and Ni sites at the metal edge.
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