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Abstract

We report density-functional calculations of dibenzothiophene and dimethyldibenzothiophene over different molybdenum sulfide
representing the active sites of the simplest hydrodesulfurization catalysts. Using the adsorption energies and geometries of the m
the different sites, we propose an interpretation of the catalytic activities and selectivities published in the literature, which demonstratede
existence of two parallel reaction mechanisms. Among the various possible configurations,η1(S) adsorption on the sulfur edge of the act
phase seems to be at the origin of the direct desulfurization of the molecules whereas benzene ring adsorption on the molybdenu
the origin of the hydrogenation pathway. Although a combination of aromatic and steric effects strongly inhibits its adsorption, we s
the presence of stacking defects on the molybdenum sulfides would allow the adsorption and the activation of DMDBT.
 2004 Elsevier Inc. All rights reserved.
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1. Introduction

The new environmental regulations in most of the
veloped countries will impose the reduction of the su
compounds (SOx ) produced upon fuel combustion [1]. Th
will imply the production of cleaner fuels and thereby
improvement of the efficiency of the hydrodesulfurizat
(HDS) of the petroleum feedstock. This reaction is p
formed industrially on CoMo/Al2O3 or NiMo/Al2O3 cata-
lyst. Their active phase consists of MoS2 nanocrystallites
well dispersed on a high-surface-specific alumina and
moted by cobalt or nickel atoms [2,3]. These catalysts w
reasonably well for the actual diesel specifications; howeve
the residual sulfur level in the gas oil is due to the pr
ence of polyaromatic sulfide derivatives that are not de
furized under the classical HDS conditions. Those refractor
compounds are mainly dibenzothiophene (DBT) derivati
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E-mail address:sylvain.cristol@univ-lille1.fr (S. Cristol).
0021-9517/$ – see front matter 2004 Elsevier Inc. All rights reserved.
doi:10.1016/j.jcat.2004.02.008
especially those alkylated in 4 and/or 6 positions like 4
dimethyldibenzothiophene (DMDBT) [4–7]. Understand
the reactivity of those molecules is mandatory in orde
develop new active phases that will be active for deep de
furization of gas oils and to match the new environment
specification.

Many studies have been devoted to the hydrodes
rization mechanisms of those molecules. They all ag
that there are two possible reaction pathways as show
Fig. 1 [8–11]. The first one is called the direct desulf
ization (DDS) and produces biphenyl (BP) and its me
ylated derivative for DBT and DMDBT desulfurizatio
respectively. The second, usually called the hydrogena
pathway (HYD), involves the hydrogenation of one of
benzene rings before desulfurization yielding cyclohe
benzene (CHB) or its dimethylated derivative in the c
of DMDBT desulfurization. The contribution of BP hydr
genation to the production of CHB has been shown to
negligible [12]. The ratio between the two reaction paths
pends on both the nature of the molecule and the cataly

http://www.elsevier.com/locate/jcat
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Fig. 1. Hydrodesulfurization reaction paths of DBT and its derivatives

It is now well admitted that the active sites are coor
nately unsaturated sites (CUS) located at the edges o
disulfide nanocrystallites [13]. From a crystallographic po
of view, these edges correspond to the (100) surface
present two types of termination: one exposing unsatur
molybdenum atoms (hereafter called molybdenum ed
the other one exposing sulfur atoms (called sulfur ed
This order is valid for the more widely considered hex
onal phase. A rhombohedral MoS2 phase also exists fo
which the (100) surface exposes only molybdenum ed
and the (-100) surface will expose only sulfur edges. T
kind of crystal termination is not considered in our mo
and we do not think that it would imply strong differenc
as the different layers are quite independent from an e
tronic point of view. Although the surface states of bo
the promoted and the unpromoted MoS2 active phase hav
been widely studied theoretically [14–18], there are very
studies about the interaction of sulfur-containing molecu
with these catalytic phases. Furthermore, they mainly
with thiophene [19,20] or benzothiophene [21]. The fact t
those molecules are good models for deep HDS catalys
highly questionable as DBT and DMDBT have propert
such as aromaticity and size that are not reproduced in t
model molecules. Only very recently, Yang et al. [22]
ported a density-functional study of the adsorption of vari
methylated DBT derivatives on a MoS2 cluster. These au
thors show very interesting differences between substit
and nonsubstituted molecules; however, they only cons
the adsorption on a clean molybdenum edge of the c
ter. Previous theoretical studies have shown, in agreem
with spectroscopic characterization, that such a situation
not realistic and that the surface state is much more c
plex [23,24]. Furthermore, the sulfur edge of the molyb
num disulfide crystallites should also be taken into acco
as there is no experimental evidence that one edge is
important than the other in HDS catalysis. In this paper
present an ab initio theoretical study of the adsorption
both DBT and DMDBT on a more realistic model surfac
taking into account the sulfur coverage of both edges of
surface of the active phase.

2. Computational methods

The density-functional theory (DFT) calculations we
performed with the Vienna ab initio simulation packa
t

t

(VASP) [25–28], which is based on Mermin’s finite temp
ature DFT [29]. The wavefunction is expanded in a pla
wave basis set and the electron–ion interactions are
scribed using optimized ultrasoft pseudopotentials [30,
The resolution of the Kohn–Sham equations is perform
using an efficient matrix diagonalization routine based o
sequential band by band residual minimization method
the one-electron energies. The optimization of the ato
positions is performed via a conjugate gradient minimi
tion of the total energies using the Hellmann–Feyman fo
on the atoms.

Throughout this work, we used a large supercell (20.0×
9.48× 18.44 Å3) containing three unit cells in they direc-
tion, four in thex direction, and three layers along thez axis.
The two upper rows in thex direction are allowed to rela
as well as the adsorbed molecule, while the atoms of the
lower ones are kept fixed at their optimized bulk positio
in order to simulate bulk constraints. The calculations w
performed at� point with a cutoff energy of 210 eV and
Methfessel–Paxton smearing withσ = 0.1 eV. The exchang
correlation was treated using the functional of Perdew
Zunger [32] and the generalized gradient approximatio
Perdew et al. [33].

3. Sulfur coverage and catalytic sites

Apart from the basal (001) plane which is known to
inactive in catalysis, the crystallites alternatively expose
noted earlier two type of edges: the (101̄0) and the (̄1010)
edge. The former is, in its perfect crystallographic termi
tion, constituted of sulfur atoms, the latter exposing un
urated molybdenum atoms. As industrial conditions involve
the presence of both H2 and H2S in the gas phase, the (10
surface could be sulfur rich or sulfur deficient. Indeed, H2S
can depose a sulfur atom on an unsaturated molybde
atom. On the other hand, H2 can react with surface sulfu
atoms to create a vacancy and produce H2S. We thus have to
consider the following equilibrium:

Surface–S+ H2 � Surface+ H2S.

The energy of each sulfur addition and each sulfur
moval has been computed [17,21,34], and the stability
each surface has been deduced. These calculations sh
that the most stable surface is obtained by adding three
fur atoms on the molybdenum edge of the perfect crysta
graphic surface as shown in Fig. 2a. The overstoichiome
sulfur atoms are adsorbed in a bridging position between
molybdenum atoms. Such a geometry leads to a coordin
number of six for the molybdenum atoms and two for
sulfur atoms. The high stability of this structure comes fr
the saturation of all the surface molybdenum atoms with
fur atoms. This saturation also implies that the adsorptio
large molecules such as DBT and DMDBT is impossible
this stable surface. We thus have to create vacancies on
surface. Numerous CUS can be created on both edges o
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Fig. 2. The MoS2(100) surface. (a) Most stable surface. (b) Site 1. (c) Sit
(d) Site 3.

MoS2(100) surface, but we have chosen the three more
ble ones as they are more likely to appear under the cata
conditions.

The first potential active site we consider (site 1) is a
gle vacancy on the metallic edge of the most stable sur
(Fig. 2b). On this site, two molybdenums are pentacoo
nated. Its creation energy is 1.3 eV. The second one (si
is obtained by removing a second sulfur atom from the af
mentioned surface to create a double vacancy. This lea
a highly unsaturated site with one tetracoordinated mo
denum atom and two pentacoordinated ones (Fig. 2c).
creation energy of site 2 starting from site 1 configurat
is computed to be 2.1 eV, leading to an energy of 3.4
above the most stable structure. Finally, the last site (si
is located on the sulfur edge. It is obtained by remov
three sulfur atoms from the saturated surface as show
Fig. 2d. The creation of this site requires 2.9 eV. This s
face presents highly unsaturated molybdenum atoms (pe
tetra-, and tricoordinated). This high unsaturation is pa
balanced by a strong Mo–Mo interaction and the creatio
a S–S bond that stabilizes the whole system. Indeed, the
tance between the two molybdenum atoms decreases
3.16 to 2.23 Å and the S–S distance of 2.16 Å (vs 3.06 Å
the stable surface) indicates that a chemical bond has
formed between the two S atoms.
-

)

,

-

n

A more detailed analysis of these creation energies c
be obtained by taking into account temperature and pres
effects through the introduction of gas-phase chemical
tential corrections as shown in previous publications [17,
This thermodynamical treatment will not be applied in t
paper, however, the energy required to create the CUS
be lowered by chemical potential contributions of the
phase as the surrounding atmosphere is highly reduc
The vacancy creation energies obtained here can thus be
sidered as the upper limit.

4. Adsorption of molecules

We have considered three possible adsorption mode
all the selected potentially active sites:

• Adsorption in aη1 geometry, the interaction betwe
the molecule and the surface is made through the s
atom of the molecule;

• adsorption (η3 or η6) through one of the benzene rin
of the molecule;

• adsorption (η3 or η5) through the thiophene ring of th
molecule.

Adsorption involving more than one ring as propos
in [22] is impossible in our model due to the higher s
fur coverage of the surfaces. In order to evaluate the e
of DBT and DMDBT aromaticity, the adsorption of be
zothiophene (BT) and 4-methylbenzothiophene (MBT) w
also considered [21]. The same adsorption modes are
possible for BT and MBT. Adsorption energies of all the
molecules on the different sites are compiled in Table 1. Th
adsorption energies are computed as the difference bet
the electronic energies (no ZPE corrections). A positive
sorption energy means that the system is more stable i
adsorbed state.

4.1. Adsorption on site 1 and site 3

On sites 1 and 3,η1 adsorption is imposed by the geom
etry of the active site. BT and DBT adsorption geomet
are quite similar, although the adsorption energy of the

Table 1
Adsorption energies (eV) for the different molecules on different sites

Site Adsorption BTa MBTa DBT DMDBTb

mode

Site 1 η1 0.5 0.4 0.7

Site 2 η1 1.1 0.9 1.3 0.3
Thiophene 1.5 1.5 0.6 0.7
Benzene 1.2 1.2 1.2 1.2

Site 3 η1 0.8 0.4 0.5

a Taken from Ref. [21].
b DMDBT adsorption is impossible on sites 1 and 3.
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(a) (b)

(c) (d)

Fig. 3. Adsorption on site 1. (a) BT side view. (b) BT front view. (c) MBT front view. (d) DBT front view.
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ter is slightly higher. The molecules are adsorbed in a p
perpendicular to the MoS2 layer, the sulfur atom being in
bridging position between the two unsaturated molybdenu
atoms. The higher adsorption energy for DBT is proba
due to the fact that the sulfur lone pairs are less participa
in theπ system of DBT than of BT.

The presence of the methyl groups in DMDBT makes
η1 adsorption of this molecule impossible. The steric rep
sion between those groups and the surface is too larg
the sulfur atom to be close enough to the surface to inte
with the unsaturated molybdenum atoms. The effect of
methyl group on the adsorption energies for BT derivati
is much smaller. The adsorption geometries shown in Fi
give a quite simple explanation of this phenomenon. It
be seen (Fig. 3d) that the MBT molecule is tilted to redu
steric interaction between the methyl group and the surf
This geometrical modification does not induce an impor
change in the electronic interaction between the molecu
and the surface, but does significantly reduce the steric
pulsion. The adsorption energy is thus almost the same
BT and MBT on site 1. Of course, such a tilt of the molec
is impossible for DMDBT as there is a methyl group on t
other side of the molecule as well.

The situation on site 3 is slightly different since t
methyl group of MBT remains too close to the surface e
after tilting as shown on Fig. 4b. The MBT adsorption e
ergy is thus two times smaller than BT one. This surf
steric hindrance is also shown by the smaller adsorption
ergy found for DBT compared to BT. Although the DB
adsorption energy is higher than that of BT on site 1, i
smaller on site 3. The lower adsorption energy is mainly
to a steric repulsion between the two phenyl groups of
molecule and the surface. As could be expected from th
results, DMDBT adsorption on site 3 is impossible.

Finally, it is worth pointing out that adsorption on site
seems to activate the molecule more strongly than adsor
on site 1. The C–S distances, which are good indicator
the activation of the molecule upon adsorption are comp
in Table 2. The numbering of the atoms of the molecule
shown on Fig. 5. Comparing Tables 1 and 2, one notes
there is no straight correlation between the adsorption en
and the activation of the molecule. Indeed, DBT adsorptio
on site 3 is weaker than on site 1, although the C–S b
is longer than when the adsorption proceeds on site 1.
effect is also observed for MBT adsorption and to a sma
extent for BT. In fact, the adsorption can be considered as
sum of an electronic effect, which leads to the activation o
the molecule, and a steric repulsion that may significantly
duce the adsorption energy without changing the molec
activation. From this point of view, the electronic contrib



142 S. Cristol et al. / Journal of Catalysis 224 (2004) 138–147
(a) (b) (c)

Fig. 4. Adsorption on site 3. (a) BT adsorption. (b) MBT adsorption. (c) DBT adsorption.
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Table 2
C–S bond length (Å) in the free andη1-adsorbed molecules on differe
sites

BT MBT DBT DMDBTa

C6–S C4a–S C6–S C4a–S C4a–S C4a–S

Free 1.73 1.74 1.73 1.74 1.75 1.75
Site 1 1.74 1.74 1.74 1.74 1.79
Site 2 1.76 1.75 1.76 1.75 1.79 1.75
Site 3 1.77 1.80 1.76 1.78 1.81

a DMDBT adsorption is impossible on sites 1 and 3.

Fig. 5. Atom numbers in BT and DBT derivatives.

tion to the adsorption on site 3 is higher than on site 1, bu
steric repulsion is also more important. All this is in agr
ment with the higher unsaturation of the molybdenum ato
on site 3, leading to a more important electronic contri
tion, and the fact that the molybdenum atoms on the su
edge are deeper inside the surface, inducing a higher s
repulsion upon adsorption.
c

4.2. Adsorption on site 2

The situation is more complex on site 2 as the three
sorption modes are possible for all the molecules we h
considered as shown in Table 1. Consideringη1 adsorption
first, we see that the influence of the methyl group is
very important. MBT adsorption is 0.2 eV weaker than
adsorption and the adsorption geometry is modified s
larly as on sites 1 and site 3. The steric repulsion betw
the methyl groups and the surface is much stronger
DMDBT and induces a strong decrease of the adsorp
energy of DMDBT relative to DBT. In fact, the adsorptio
geometry is not the same for the two molecules. DBT
sorbs with its sulfur atom in a bridging position between t
molybdenum atoms (Fig. 6b). The distances between the
fur of DBT atoms and the five- and four-coordinated mol
denum atoms are 2.49 and 2.44 Å, respectively. The in
action between DMDBT and the surface proceeds only
tween the sulfur atom of the molecule and a four-coordin
molybdenum atom (Fig. 6a). The distance between the
2.83 Å to reduce the steric interaction between the me
groups and the surface. Hence this interaction is a w
physisorption, very different from the strong chemisorpt
of DBT on the same surface. This is confirmed by the an
sis of the C–S distance in the two adsorbed molecule
(a) (b)

Fig. 6. DBT and DMDBT adsorbed on site 2. (a) DBT. (b) DMDBT.
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Fig. 7. MBT adsorbed on site 2 through its benzene ring.

ported in Table 2. There is a significant increase of the b
length for DBT, while for DMDBT the C–S bond is basical
unaffected by the adsorption.

Considering now the other adsorption modes on sit
Table 1 clearly shows that, whatever the molecule,
methyl groups have almost no influence on the adsorp
energies when the main interaction is between the thioph
ring or the benzene ring and the surface (“flat” adsorptio
Upon adsorption through the thiophene ring, the me
group is pointing in a direction where there are no su
atoms. In the case of benzene ring adsorption, only t
carbon atoms are in direct interaction with surface molyb
num atoms. Various orientations of the molecule relative
the surface are thus possible. The one minimizing the s
repulsion between the methyl groups of the molecule and
sulfur atom remaining on the surface is shown on Fig. 7.

Another interesting feature is that there is almost no
ference between BT and DBT when the adsorption proceed
through the benzene ring, whereas the BT adsorption en
is 0.8 eV higher than for DBT when the adsorption proce
through the thiophene ring. From the adsorption geome
shown on Fig. 7 and the bond distances compiled on Tab
it can be seen that, when the adsorption proceeds thr
the benzene ring, the thiophene ring of the molecules is
most not affected. In contrast, when the adsorption proc
through the thiophene ring, the BT thiophene ring is hig
distorted (Fig. 8). The bond distances in the adsorbed m
cule confirm that the thiophene ring cannot be conside
Table 3
Selected bond length (Å) in the free andadsorbed molecules for a thiophe
or benzene adsorption on site 2

Molecule Bond Free Adsorption

Thiophene Benzene

BT C6–S 1.73 1.80 1.73
C4a–S 1.74 1.77 1.74
C6–C7 1.38 1.47 1.40
C1a–C4a 1.43 1.43 1.43

MBT C6–S 1.73 1.79 1.73
C4a–S 1.74 1.77 1.74
C6–C7 1.38 1.46 1.40
C1a–C4a 1.43 1.43 1.43

DBT C4a–S 1.75 1.78 1.75
C1a–C4a 1.43 1.45 1.43

DMDBT C4a–S 1.75 1.78 1.75
C1a–C4a 1.43 1.45 1.43

See Fig. 5 for the atom numbering.

aromatic any more. The C6–C7 bond is not even a doubl
bond as its length (1.47 Å) is between a single and a d
ble C–C bond. On the other hand the C1a–C4a bond is not
affected by the adsorption. In other words, thiophene
sorption implies a rupture of aromaticity of the thiophe
ring without affecting the benzene ring. Once again, o
one ring is affected by the adsorption.

In the case of DBT, such an adsorption would imply
loss of aromaticity of two rings of the molecule: the th
phene ring and one of the benzene rings. Indeed the inte
tion between the molecule and the metal atom of the sur
is not strong enough to balance and overcome the dea
atization of two aromatic rings. The adsorption energie
DBT and DMDBT through the thiophene ring are thus
smaller and this adsorption mode could be better descr
as an interaction between the sulfur atom of the thioph
ring and the surface.

The results of these important electronic effects are t
contrary to benzothiophene or thiophene derivatives [19,20
for which thiophene adsorption is dominant, the most
vored DBT adsorption mode will beη1(S) or benzene ad
sorption. This is a major difference between small mo
compounds and real refractory molecules. In the cas
(a) (b)

Fig. 8. BT and DBT adsorbed on site 2 through the thiophene ring.
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DMDBT, the conjunction of electronic effects that penal
adsorption through the thiophene ring, and steric effects
rule outη1(S) adsorption, makes the adsorption through
benzene ring the only possible adsorption mode.

5. Influence of stacking defects on the adsorption of the
molecules

In order to determine the origin of the steric interacti
we have investigated defects in the stacking of the ac
phase. We choose to investigate the effects of stacking f
only for sites 1 and 3 as steric hindrance is much m
important on these sites that imposeη1 adsorption of the
molecules. This point should be less important on site
it allows flat adsorption where there is virtually no steric
pulsion between the surface and the molecule.

Sites 1b and 3b are derived from site 1 and 3 by cut
the upper MoS2 rows of the neighboring layers as show
in Fig. 9. Such defective sites allow us to take into acco
stacking faults in the active phase. They can also mi

Fig. 9. Schematic representation of the creation of a stacking fault
Table 4
Adsorption energies (eV) for DBT and DMDBT on different sites

Site DBT DMDBT

Site 1 0.7 –
Site 1b 0.7 –
Site 3 0.5 –
Site 3b 0.9 0.7

a vertical (edge bonded) single MoS2 layer, the presenc
of which has been observed on model catalysts [35,36
the case of real catalysts, MoS2 monolayers have been o
served [37,38] but the orientation of the nanocrystallite
reported to be dependent on the faces exposed by the
port [39]. Our model cannot mimic the situation where
MoS2 layers are flat on the support (basal bonded), in wh
steric repulsion between the adsorbed molecules and
support would probably be the dominating parameter.

Adsorption energies for all molecules on both sites
compiled in Table 4 where adsorption energies on site
and 3 (without stacking defects) have been included for
sake of comparison.

It can be seen that DMDBT adsorption on the me
lic edge (site 1b) is still impossible even though steric
teraction with the neighboring layers has been comple
removed. This shows that the steric repulsion between
DMDBT methyl groups and the surface comes from the
fur atoms of the layer where the adsorption takes place (
does not take place) itself as shown on Fig. 10.

On the sulfur edge (site 3b), the situation is quite differ
as DMDBTη1 adsorption is made possible by the creat
of stacking defects and its adsorption energy is almos
same as that of DBT. The reason for this difference betw
the two edges of the MoS2(100) surface is straightforwar
when looking at the surface geometry. On the molybden
edge, the sulfur atoms of the first sublayer of the surf
are located between the two molybdenum atoms that inte
with the molecule, just where the methyl groups are po
ing upon adsorption (Fig. 10). On the sulfur edge, on
other hand, the sulfur atoms of the first sublayer are loc
(a) (b)

Fig. 10. DMDBT on site 1 with a stacking fault. The arrows indicate the steric repulsion. (a) Front view. (b) Side view.
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(a) (b)

Fig. 11. DMDBT adsorbed on site 3 with a stacking default. (a) Front view. (b) Side view.
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just under the molybdenum atoms and the region betw
the molybdenum atoms is free (Fig. 11). The adsorption
then take place and, as there are no more steric interac
between the molecule and the neighboring layers (thank
the presence of stacking faults), its energy is quite high.
steric repulsion in the case of the sulfur edge is thus alm
completely removed by the stacking faults. The adsorp
of the molecules on stacking defects also shows that ster
interaction between DBT and the neighboring layers is q
important in the case of the adsorption on site 3. Indeed
creation of the defect inducesan increase of DBT adsorptio
energy of 0.4 eV. The activation of bonds upon adsorptio
these sites is similar to the ones observed on the sites wi
stacking defects.

6. Discussion

On the basis of these results, we can propose an i
pretation of the experimental results on the activity of
promoted MoS2 catalysts toward hydrodesulfurization ev
though the results reported by different teams are still q
controversial.

Farag et al. [40] concluded from a study of different u
supported molybdenum sulfide catalysts that there are
different active sites involved in the HDS activity of DB
One is active in the hydrogenation reactions, the other on
hydrogenolysis. Furthermore, they found that the selecti
is influenced by the number of stacked MoS2 layers (N ) as
previously reported by Daage and Chianelli [41] but not
actly in the same way. Daage and Chianelli reported a lin
increase of the DDS/HYD ratio with an increase of the num
ber of stacked layers over the whole range ofN , whereas
Farag et al. reported two different zones ofN . In the first one
(N < 5), the DDS/HYD ratio decreases whenN is increas-
ing, whereas in the second one (N > 5), the DDS/HYD ratio
increases withN . Although these results are quite confusin
they show that the MoS2 layer stacking is certainly playin
an important role in the HDS activity and both groups ag
that two different sites are required to model the whole H
s

t

reaction pathway. Hensen et al. [38] reported that DBT H
activity is influenced by the stacking degree of the molyb
num sulfide particles obtained using different supports.
DDS activity is always five times larger than the HYD o
even with an average stacking between 1 and 3. Accordin
to the rim-edge model of Daage and Chianelli, such a m
phology should result in strongly hydrogenative catalysts

The DDS/HYD ratio is found between 65/35 and 35/65
by Orozco and Vrinat [42] depending on the nature of
support. Here again, this could be an effect of the ac
phase morphology, although it is not documented in the
per. These authors also show that the molar ratio of H2S in
the surrounding atmosphere has an inhibiting effect on
overall conversion (certainly related to the number of C
present at the surface of the active phase), but also as a
matic effect on the selectivity. Unfortunately, those teams
no report any data on DMDBT HDS on unpromoted moly
denum sulfide.

Hermann et al. [43] studied the activity of bulk MoS2 to-
ward DBT and DMDBT hydrodesulfurization. DBT HDS
performed under a pressure of 50 atm (38 atm of H2 and
0.2 atm of H2S) at 300◦C and the temperature required
obtain a similar conversion with DMDBT is 320◦C, demon-
strating the well-known difficulty in desulfurizing diben
zothiophene derivatives alkylated in the 4 and 6 positio
They report a product distribution of less than 20% BP
more than 80% CHB for DBT HDS. They only detect trac
of ring-hydrogenated but not desulfurized molecules, in
cating that C–S bond hydrogenolysis is very fast once
of the benzene ring has been hydrogenated. For DMD
they find around 20% DMBP, 40% DMCHB, and 40% rin
hydrogenated but not desulfurized molecules, indicating
the steric problems encountered in the case of DMDBT H
are not solved by the hydrogenation of one of its benz
rings.

Approximately at the same time Bataille et al. [44] r
ported a detailed study of the HDS of DBT and DMDB
on both promoted and unpromoted supported MoS2. For
the nonpromoted catalyst, they observe that the DBT
DMDBT conversions are quite similar at 340◦C under a to-



146 S. Cristol et al. / Journal of Catalysis 224 (2004) 138–147

ken
T.
not
BP
but
BT
%
5%

aw
es
gree
tive
d be
ined
ost-
g
as

s no
y-
lly,
riv-
his
p-

tarts
ath-
nd

tion
and
ard
the

ge.
ght
T

BT
low-
of

sis
BT)
not
t the
non
lfur
dro-
rtan
y
ex-
ial

o-
nol-
sy.
od-

gle
ults

the

e
in

hus
tly

s less
he
ali-

dy of

the
BT
ssi-
BT

ing

rties
re
nd
ity
gh

this
ne
the

d
or-
that
n

s

t de
p-
al

du
h-
nk
)

tal pressure of 40 atm (30 atm of H2 and 0.5 atm of H2S), al-
though, if only the desulfurized product molecules are ta
into account, DBT is much more reactive than DMDB
Indeed, most of the converted DMDBT molecules are
desulfurized but hydrogenated. For DBT, they find 22%
resulting from the DDS route, 60% ring-hydrogenated
not desulfurized molecules, and 18% CHB. For DMD
they find only 8% DMBP resulting from the DDS route, 86
ring-hydrogenated but not desulfurized molecules, and
DMCHB.

Although unambiguous conclusions are difficult to dr
from all these studies, maybebecause of the discrepanci
between the reaction conditions, all authors seem to a
on a few points. First, the degree of stacking of the ac
phase has a crucial influence on the selectivity. It shoul
pointed out that different degrees of stacking are obta
by a variation of the preparation methods, support, or p
treatment and all those parameters surely affect the stackin
quality and the overall morphology of the active phase
well as the number of stacked layers. Second, there i
significant difference between DBT and DMDBT toward h
drogenation over unpromoted molybdenum sulfide. Fina
the hydrogenolysis of the C–S bond in methylated de
atives is more difficult than in non-methylated ones. T
difference is not restricted to DBT and DMDBT but also a
plies for the hydrogenated intermediates.

It seems fair to assume that the hydrogenation route s
with the benzene ring adsorption. The hydrogenation p
way would then start by the adsorption of both DBT a
DMDBT on the molybdenum edge (site 2). The adsorp
energies and geometries are similar for both molecules
this might explain that they behave in the same way tow
hydrogenation. The DDS pathway could be related to
only η1 adsorption mode that leads to a significant activation
which is the adsorption on site 3 located on the sulfur ed
This adsorption mode is restricted to DBT and that mi
be the reason for the lower DDS contribution for DMDB
observed in [44]. The residual DDS observed for DMD
would be related to the presence of stacking defects al
ing its adsorption on the sulfur edge. The lower reactivity
hydrogenated intermediates of DMDBT in hydrogenoly
reactions (compared to hydrogenated derivatives of D
is, in our opinion, an indication that this reaction does
take place on the hydrogenation site. We propose tha
hydrogenolysis site is the same for hydrogenated and
hydrogenated molecules (i.e., a triple vacancy on the su
edge). Such a mechanism implies a desorption of the hy
genated molecule that explains the detection of an impo
amount of hydrogenated intermediates. The lower reactivit
of hydrogenated DMDBT intermediates would then be
plained, as for DMDBT, by the small number of potent
active sites.

The implication of two different active sites (one hydr
genation reactions, the other responsible for hydroge
ysis of the C–S bonds) is still a matter of controver
Several authors have used this proposal for kinetic m
-

t

eling [10,11,40], while some others propose that a sin
site is at the origin of both reactions [38,44,45]. Our res
seem to support the former. Another evidence supporting
two sites approach is the inhibiting effect of H2S. It is well
known that H2S inhibits the DDS more strongly than th
HYD path [10,42,46]. This fact finds a nice explanation
our model as we have shown [17] that introduction of H2S
will change the sulfur coverage of the sulfur edge (and t
strongly affect the DDS in our model) and less importan
change the properties of the molybdenum edge (and thu
change the HYD within our model). A computation of t
different reaction pathways is now being undertaken to v
date or invalidate our suggestions based only on the stu
the adsorption of the various molecules.

7. Conclusion

In summary, we showed that when onlyη1 adsorption is
possible (on site 1 and 3), DMDBT cannot adsorb on
surface of the active phase although BT, MBT and D
can. When the vacancy is larger and allows all the po
ble adsorption modes, the most favored adsorption for
and MBT is the one involving the thiophene ring, lead
to a strong activation of the C–S and C6–C7 double bond.
On the same vacancy, there is a competition betweenη1(S)
and benzene adsorption forDBT, and DMDBT will adsorb
mainly through its benzene ring. The adsorption prope
of the really refractory molecules (DBT and DMDBT) a
very different from those of the model compounds BT a
MBT. The main reason for this difference is the aromatic
of DBT and DMDBT that prevents the adsorption throu
the thiophene ring. In conjunction with steric hindrance,
aromaticity imposes adsorption of DMDBT by the benze
ring except on very specific sites (i.e., triple vacancy on
sulfur edge in the presence of stacking faults).

A direct correlation betweenadsorption geometries an
energies with the reactivity of molecules is not straightf
ward but on the basis of the present results, we propose
the hydrogenative route proceeds via a benzene adsorptio
on the molybdenum edge of the MoS2 crystallites wherea
the direct desulfurization proceeds byη1 adsorption on the
sulfur edge.
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