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Abstract

We report density-functional calculations of dibenzothiophene and dimethyldibenzothiophene over different molybdenum sulfide surfaces
representing the active sites of the simplest hydrodesulfurization catalysts. Using the adsorption energies and geometries of the molecules

the different sites, we propose an interpretaid the catalytic activities and selectivities pished in the literature, which demonstrated th
existence of two parallel reaction mechanisms. Among the various possible configurati@)sadsorption on the sulfur edge of the active

phase seems to be at the origin of the direct desulfurization of the molecules whereas benzene ring adsorption on the molybdenum edge is
the origin of the hydrogenation pathway. Although a combination of aromatic and steric effects strongly inhibits its adsorption, we show that

the presence of stacking defects on the molybdenum sulfides would allow the adsorption and the activation of DMDBT.

0 2004 Elsevier Inc. All rights reserved.
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1. Introduction

The new environmental regulations in most of the de-
veloped countries will impose the reduction of the sulfur
compounds (SQ produced upon fuel combustion [1]. This
will imply the production of cleaner fuels and thereby an
improvement of the efficiency of the hydrodesulfurization
(HDS) of the petroleum feedstock. This reaction is per-
formed industrially on CoMo/AlO3 or NiMo/Al 203 cata-
lyst. Their active phase consists of Mp8anocrystallites

well dispersed on a high-surface-specific alumina and pro-

especially those alkylated in 4 and/or 6 positions like 4,6-
dimethyldibenzothiophene (DMDBT) [4-7]. Understanding
the reactivity of those molecules is mandatory in order to
develop new active phases that will be active for deep desul-
furization of gas oils and to aich the new environmental
specification.

Many studies have been devoted to the hydrodesulfu-
rization mechanisms of those molecules. They all agree
that there are two possible reaction pathways as shown in
Fig. 1 [8-11]. The first one is called the direct desulfur-
ization (DDS) and produces biphenyl (BP) and its meth-

moted by cobalt or nickel atoms [2,3]. These catalysts work ylated derivative for DBT and DMDBT desulfurization,

reasonably well for the actual diel specifications; however,
the residual sulfur level in the gas oil is due to the pres-

ence of polyaromatic sulfide derivatives that are not desul-

furized under the classical HD®ditions. Those refractory

compounds are mainly dibenzothiophene (DBT) derivatives,
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respectively. The second, usually called the hydrogenative
pathway (HYD), involves the hydrogenation of one of the
benzene rings before desulfurization yielding cyclohexyl-
benzene (CHB) or its dimethylated derivative in the case
of DMDBT desulfurization. The contribution of BP hydro-
genation to the production of CHB has been shown to be
negligible [12]. The ratio between the two reaction paths de-
pends on both the nature of the molecule and the catalyst.
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Q—D (VASP) [25-28], which is based on Mermin’s finite temper-
ature DFT [29]. The wavefunction is expanded in a plane
S S wave basis set and the electron—ion interactions are de-
scribed using optimized ultrasoft pseudopotentials [30,31].
The resolution of the Kohn—Sham equations is performed
using an efficient matrix diagonalization routine based on a
S O_Q sequential band by band residual minimization method for
the one-electron energies. The optimization of the atomic

positions is performed via a conjugate gradient minimiza-
tion of the total energies using the Hellmann—Feyman forces

on the atoms.

It is now well admitted that the active sites are coordi- .
nately unsaturated sites (CUS) located at the edges of the Throughout this work, we used a large supercell @20
0.48 x 18.44 A%) containing three unit cells in the direc-

disulfide nanocrystallites [13]. From a crystallographic point . . o .
) tion, four in thex direction, and three layers along thaxis.
of view, these edges correspond to the (190) surface thaLrhe two upper rows in the direction are allowed to relax
present two types of termination: one exposing unsaturatedas well as the adsorbed molecule, while the atoms of the two
mol num atoms (hereafter called mol num . ; o "
thg ﬁﬂgr l:)neae?(pc?si(nge sejllfuer actirﬁg (csllizdsul?ur sgg:))'lower ones are kept fixed at their optimized bulk positions
"in order to simulate bulk constraints. The calculations were

This order is valid for the more widely considered hexag- ! .

onal phase. A rhombohedral Mp$hase also exists for Eﬂeqﬁ;mwlag p?mt with qcuto;fhin;rlgy\;)fl_ilo thand a

which the (100) surface exposes only molybdenum edges ethiessel-axton smearing w -+ €V. 1he exchange
correlation was treated using the functional of Perdew and

and the (-100) surface will expose only sulfur edges. This 7 321 and th lized aradient i mati f
kind of crystal termination is not considered in our model unger [32] and the generalized gradient approximation o
Perdew et al. [33].

and we do not think that it would imply strong differences
as the different layers are quite independent from an elec-
tronic point of view. Although the surface states of both
the promoted and the unpromoted Mao&tive phase have
been widely studied theoretically [14—-18], there are very few
studies about the interaction of sulfur-containing molecules
with these catalytic phases. Furthermore, they mainly deal .
with thiophene [19,20] or benzothiophene [21]. The fact that noted earlier two t.yp'e qf edges: the (1 and the 1010).
those molecules are good models for deep HDS catalysis isEj‘dge' The_former Is, in its perfect crystallographlg termina-
highly questionable as DBT and DMDBT have properties tion, constituted of sulfur atoms, the latter exposing unsat-

such as aromaticity and size that are not reproduced in those,“ra‘teoI molybdenum atoms. Am'justrial conditions involve
model molecules. Only very recently, Yang et al. [22] re- 1€ Presence of bothzand BS in the gas phase, the (100)

ported a density-functional study of the adsorption of various Surface could be sulfur richrsulfur deficient. Indeed, $8
methylated DBT derivatives on a MeSluster. These au- can depose a sulfur atom on an unsaturated molybdenum

thors show very interesting differences between substituted2{©m- On the other hand,zHan react with surface sulfur
and nonsubstituted molecules; however, they only consider2{0ms to create a vacancy and produgHVe thus have to
the adsorption on a clean molybdenum edge of the clus- consider the following equilibrium:

ter. Previous theoretical studies have shown, in agreemenig itace s H, — Surfacet H,S.

with spectroscopic characteation, that such a situation is

not realistic and that the surface state is much more com- The energy of each sulfur addition and each sulfur re-
plex [23,24]. Furthermore, the sulfur edge of the molybde- Mmoval has been computed [17,21,34], and the stability of
num disulfide crystallites should also be taken into account, €ach surface has been deduced. These calculations showed
as there is no experimental evidence that one edge is mordhat the most stable surface is obtained by adding three sul-
important than the other in HDS catalysis. In this paper we fur atoms on the molybdenum edge of the perfect crystallo-
present an ab initio theoretical study of the adsorption of graphic surface as shown in Fig. 2a. The overstoichiometric
both DBT and DMDBT on a more realistic model surface, Sulfuratoms are adsorbed in a bridging position between two

taking into account the sulfur coverage of both edges of the molybdenum atoms. Such a geometry leads to a coordination
surface of the active phase. number of six for the molybdenum atoms and two for the

sulfur atoms. The high stability of this structure comes from
the saturation of all the surface molybdenum atoms with sul-
2. Computational methods fur atoms. This saturation also implies that the adsorption of
large molecules such as DBT and DMDBT is impossible on
The density-functional theory (DFT) calculations were this stable surface. We thus have to create vacancies on this
performed with the Vienna ab initio simulation package surface. Numerous CUS can be created on both edges of the

1 DDs HYD 1

Fig. 1. Hydrodesulfurization reaction paths of DBT and its derivatives.

3. Sulfur coverageand catalytic sites

Apart from the basal (001) plane which is known to be
inactive in catalysis, the crystallites alternatively expose as
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Fig. 2. The Mo$(100) surface. (a) Most stable surface. (b) Site 1. (c) Site 2.
(d) Site 3.

Mo0S,(100) surface, but we have chosen the three more sta-
ble ones as they are more likely to appear under the catalytic
conditions.

The first potential active site we consider (site 1) is a sin-
gle vacancy on the metallic edge of the most stable surface
(Fig. 2b). On this site, two molybdenums are pentacoordi-
nated. Its creation energy is 1.3 eV. The second one (site 2)
is obtained by removing a second sulfur atom from the afore-
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A more detailed analysis of these creation energies could
be obtained by taking into account temperature and pressure
effects through the introduction of gas-phase chemical po-
tential corrections as shown in previous publications [17,34].
This thermodynamical treatment will not be applied in this
paper, however, the energy required to create the CUS will
be lowered by chemical potential contributions of the gas
phase as the surrounding atmosphere is highly reductive.
The vacancy creation energies obtained here can thus be con-
sidered as the upper limit.

4. Adsorption of molecules

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

e Adsorption in an! geometry, the interaction between
the molecule and the surface is made through the sulfur
atom of the molecule;

e adsorption 42 or 1®) through one of the benzene rings
of the molecule;

e adsorption 43 or °) through the thiophene ring of the
molecule.

Adsorption involving more than one ring as proposed
in [22] is impossible in our model due to the higher sul-
fur coverage of the surfaces. In order to evaluate the effect
of DBT and DMDBT aromaticity, the adsorption of ben-
zothiophene (BT) and 4-methylbenzothiophene (MBT) was
also considered [21]. The same adsorption modes are also
possible for BT and MBT. Adsorption energies of all these
molecules on the different sgk@re compiled in Table 1. The
adsorption energies are computed as the difference between
the electronic energies (no ZPE corrections). A positive ad-
sorption energy means that the system is more stable in the
adsorbed state.

4.1. Adsorption on site 1 and site 3

mentioned surface to create a double vacancy. This leads to

a highly unsaturated site with one tetracoordinated molyb-
denum atom and two pentacoordinated ones (Fig. 2c). The
creation energy of site 2 starting from site 1 configuration
is computed to be 2.1 eV, leading to an energy of 3.4 eV
above the most stable structure. Finally, the last site (site 3)
is located on the sulfur edge. It is obtained by removing

On sites 1 and 3;! adsorption is imposed by the geom-
etry of the active site. BT and DBT adsorption geometries
are quite similar, although the adsorption energy of the lat-

three sulfur atoms from the saturated surface as shown in—

Fig. 2d. The creation of this site requires 2.9 eV. This sur-
face presents highly unsaturated molybdenum atoms (penta-
tetra-, and tricoordinated). This high unsaturation is partly
balanced by a strong Mo—Mo interaction and the creation of

a S-S bond that stabilizes the whole system. Indeed, the dis-
tance between the two molybdenum atoms decreases from

3.16 to 2.23 A and the S-S distance of 2.16 A (vs 3.06 A in

Table 1

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

Site Adsorption Bf MBT?& DBT DMDBTP

mode

Site 1 nt 0.5 0.4 0.7

Site 2 nt 1.1 0.9 1.3 0.3
Thiophene 15 15 0.6 0.7

Benzene 1.2 1.2 1.2 1.2
Site 3 nt 0.8 0.4 0.5

the stable surface) indicates that a chemical bond has been 2 Taken from Ref. [21].

formed between the two S atoms.

b DMDBT adsorption is impossible on sites 1 and 3.
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(d)
Fig. 3. Adsorption on site 1. (a) BT side view. (b) BT front view. (c) MBT front view. (d) DBT front view.

ter is slightly higher. The molecules are adsorbed in a plane after tilting as shown on Fig. 4b. The MBT adsorption en-
perpendicular to the MgSayer, the sulfur atom being ina ergy is thus two times smaller than BT one. This surface
bridging position between ¢éhtwo unsaturated molybdenum steric hindrance is also shown by the smaller adsorption en-
atoms. The higher adsorption energy for DBT is probably ergy found for DBT compared to BT. Although the DBT
due to the fact that the sulfur lone pairs are less participating adsorption energy is higher than that of BT on site 1, it is
in thesr system of DBT than of BT. smaller on site 3. The lower adsorption energy is mainly due
The presence of the methyl groups in DMDBT makes the to a steric repulsion between the two phenyl groups of the
nt adsorption of this molecule impossible. The steric repul- molecule and the surface. As could be expected from these
sion between those groups and the surface is too large forresults, DMDBT adsorption on site 3 is impossible.
the sulfur atom to be close enough to the surface to interact Finally, it is worth pointing out that adsorption on site 3
with the unsaturated molybdenum atoms. The effect of the seems to activate the molecule more strongly than adsorption
methyl group on the adsorption energies for BT derivatives on site 1. The C-S distances, which are good indicators of
is much smaller. The adsorption geometries shown in Fig. 3 the activation of the molecule upon adsorption are compiled
give a quite simple explanation of this phenomenon. It can in Table 2. The numbering of the atoms of the molecules is
be seen (Fig. 3d) that the MBT molecule is tilted to reduce shown on Fig. 5. Comparing Tables 1 and 2, one notes that
steric interaction between the methyl group and the surface.there is no straight correlation between the adsorption energy
This geometrical modification does not induce an important and the activation of the metule. Indeed, DBT adsorption
change in the electronic ietaction between the molecule on site 3 is weaker than on site 1, although the C-S bond
and the surface, but does significantly reduce the steric re-is longer than when the adsorption proceeds on site 1. This
pulsion. The adsorption energy is thus almost the same foreffect is also observed for MBT adsorption and to a smaller
BT and MBT on site 1. Of course, such a tilt of the molecule extentfor BT. In fact, the adsorption can be considered as the
is impossible for DMDBT as there is a methyl group on the sum of an electronic effect, wtt leads to the activation of
other side of the molecule as well. the molecule, and a steric repulsion that may significantly re-
The situation on site 3 is slightly different since the duce the adsorption energy without changing the molecular
methyl group of MBT remains too close to the surface even activation. From this point of view, the electronic contribu-
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(b)

Fig. 4. Adsorption on site 3. (a) BT adsorption. (b) MBT adsorption. (c) DBT adsorption.

Table 2
C-S bond length (&) in the free angt-adsorbed molecules on different
sites

BT MBT DBT DMDBT?&
Ce—S G,-S G-S C,-S ¢,-S CGu—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
a8 DMDBT adsorption is impossible on sites 1 and 3.
9 1 1
8 ] 2 2
a 7 1a
7 O O 3 / 3
6
6 S 4a 4 S 4a 4

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

4.2. Adsorption on site 2

The situation is more complex on site 2 as the three ad-
sorption modes are possible for all the molecules we have
considered as shown in Table 1. Considerifigadsorption
first, we see that the influence of the methyl group is still
very important. MBT adsorption is 0.2 eV weaker than BT
adsorption and the adsorption geometry is modified simi-
larly as on sites 1 and site 3. The steric repulsion between
the methyl groups and the surface is much stronger with
DMDBT and induces a strong decrease of the adsorption
energy of DMDBT relative to DBT. In fact, the adsorption
geometry is not the same for the two molecules. DBT ad-
sorbs with its sulfur atom in a bridging position between two
molybdenum atoms (Fig. 6b). The distances between the sul-
fur of DBT atoms and the five- and four-coordinated molyb-
denum atoms are 2.49 and 2.44 A, respectively. The inter-
action between DMDBT and the surface proceeds only be-

tion to the adsorption on site 3 is higher than on site 1, but the tween the sulfur atom of the molecule and a four-coordinated
steric repulsion is also more important. All this is in agree- molybdenum atom (Fig. 6a). The distance between them is
ment with the higher unsaturation of the molybdenum atoms 2.83 A to reduce the steric interaction between the methyl
on site 3, leading to a more important electronic contribu- groups and the surface. Hence this interaction is a weak
tion, and the fact that the molybdenum atoms on the sulfur physisorption, very different from the strong chemisorption

edge are deeper inside the surface, inducing a higher steriomf DBT on the same surface. This is confirmed by the analy-

repulsion upon adsorption.

sis of the C-S distance in the two adsorbed molecules re-

Fig. 6. DBT and DMDBT adsorbed on site 2. (a) DBT. (b) DMDBT.
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Table 3
Selected bond length (A) in the free aadsorbed molecules for a thiophene
or benzene adsorption on site 2

Molecule Bond Free Adsorption
Thiophene Benzene

BT Cs—S 1.73 1.80 1.73
Cas-S 1.74 1.77 1.74
Ce-C7 1.38 1.47 1.40
C14—Cay 1.43 1.43 1.43

MBT Cg-S 1.73 1.79 1.73
Cas-S 1.74 1.77 1.74
Ce—Cy 1.38 1.46 1.40
C1,—C. 1.43 1.43 1.43

Fig. 7. MBT adsorbed on site 2 through its benzene ring. La™ha

DBT C4s—S 1.75 1.78 1.75

C14—Caq 1.43 1.45 1.43

ported in Table 2. There is a significant increase of the bond

length for DBT, while for DMDBT the C—S bond is basically DMDBT g"‘fi 1113? 11'12 1113?
1a—C4a . . .

unaffected by the adsorption.

Considering now the other adsorption modes on site 2,
Table 1 clearly shows that, whatever the molecule, the
methyl groups have almost no influence on the adsorptionaromatic any more. ThegSC; bond is not even a double
energies when the main interaction is between the thiophenebond as its length (1.47 A) is between a single and a dou-
ring or the benzene ring and the surface (“flat” adsorption). ble C—C bond. On the other hand the,EC4, bond is not
Upon adsorption through the thiophene ring, the methyl affected by the adsorption. In other words, thiophene ad-
group is pointing in a direction where there are no sulfur sorption implies a rupture of aromaticity of the thiophene
atoms. In the case of benzene ring adsorption, only threering without affecting the benzene ring. Once again, only
carbon atoms are in direct interaction with surface molybde- one ring is affected by the adsorption.
num atoms. Various orientations of the molecule relative to  In the case of DBT, such an adsorption would imply the
the surface are thus possible. The one minimizing the stericloss of aromaticity of two rings of the molecule: the thio-
repulsion between the methyl groups of the molecule and thephene ring and one of the benzene rings. Indeed the interac-
sulfur atom remaining on the surface is shown on Fig. 7. tion between the molecule and the metal atom of the surface

Another interesting feature is that there is almost no dif- is not strong enough to balance and overcome the dearom-
ference between BT and DBT wh the adsorption proceeds atization of two aromatic rings. The adsorption energies of
through the benzene ring, whereas the BT adsorption energyDBT and DMDBT through the thiophene ring are thus far
is 0.8 eV higher than for DBT when the adsorption proceeds smaller and this adsorption mode could be better described
through the thiophene ring. From the adsorption geometriesas an interaction between the sulfur atom of the thiophene
shown on Fig. 7 and the bond distances compiled on Table 3,ring and the surface.
it can be seen that, when the adsorption proceeds through The results of these important electronic effects are that,
the benzene ring, the thiophene ring of the molecules is al- contrary to benzothiophene oiidiphene derivatives [19,20],
most not affected. In contrast, when the adsorption proceedsfor which thiophene adsorption is dominant, the most fa-
through the thiophene ring, the BT thiophene ring is highly vored DBT adsorption mode will bgl(S) or benzene ad-
distorted (Fig. 8). The bond distances in the adsorbed mole-sorption. This is a major difference between small model
cule confirm that the thiophene ring cannot be considered compounds and real refractory molecules. In the case of

See Fig. 5 for the atom numbering.

Fig. 8. BT and DBT adsorbed on site 2 through the thiophene ring.
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DMDBT, the conjunction of electronic effects that penalize Table 4
adsorption through the thiophene ring, and steric effects thatAdsorption energies (eV) for DBT and DMDBT on different sites

rule outn'(S) adsorption, makes the adsorption through the site DBT DMDBT
benzene ring the only possible adsorption mode. Site 1 0.7 _
Site 1b 0.7 -
Site 3 0.5 -
5. Influence of stacking defects on the adsorption of the Site 3b 0.9 0.7
molecules

In order to determine the origin of the steric interaction, @ Vertical (edge bonded) single Mp$yer, the presence
we have investigated defects in the stacking of the active Of Which has been observed on model catalysts [35,36]. In
phase. We choose to investigate the effects of stacking faultsthe case of real catalysts, Mp&onolayers have been ob-
on|y for sites 1 and 3 as steric hindrance is much more served [37,38] but the orientation of the nanocrysta"ite is
important on these sites that impose adsorption of the ~ reported to be dependent on the faces exposed by the sup-
molecules. This point should be less important on site 2 as Port [39]. Our model cannot mimic the situation where the
it allows flat adsorption where there is virtually no steric re- M0S; layers are flat on the support (basal bonded), in which
pulsion between the surface and the molecule. steric repulsion between the adsorbed molecules and the

Sites 1b and 3b are derived from site 1 and 3 by cutting Support would probably be the dominating parameter.
the upper Mo rows of the neighboring |ayers as shown Adsorption energies for all molecules on both sites are
in Fig. 9. Such defective sites allow us to take into account compiled in Table 4 where adsorption energies on sites 1
stacking faults in the active phase. They can also mimic and 3 (without stacking defects) have been included for the
sake of comparison.

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

On the sulfur edge (site 3b), the situation is quite different
as DMDBT 5! adsorption is made possible by the creation
of stacking defects and its adsorption energy is almost the
same as that of DBT. The reason for this difference between
the two edges of the Ma$L00) surface is straightforward
when looking at the surface geometry. On the molybdenum
edge, the sulfur atoms of the first sublayer of the surface
are located between the two molybdenum atoms that interact
with the molecule, just where the methyl groups are point-
ing upon adsorption (Fig. 10). On the sulfur edge, on the
Fig. 9. Schematic representation of the creation of a stacking fault. other hand, the sulfur atoms of the first sublayer are located

(b)

Fig. 10. DMDBT on site 1 with a stacking fault. The arrows tate the steric repulsion. (a) Front view. (b) Side view.
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«™ * e e
(@ (b)

Fig. 11. DMDBT adsorbed on site 3 with a stacking default. (a) Front view. (b) Side view.

just under the molybdenum atoms and the region betweenreaction pathway. Hensen et al. [38] reported that DBT HDS
the molybdenum atoms is free (Fig. 11). The adsorption can activity is influenced by the stacking degree of the molybde-
then take place and, as there are no more steric interactionsium sulfide particles obtained using different supports. The
between the molecule and the neighboring layers (thanks toDDS activity is always five times larger than the HYD one
the presence of stacking faults), its energy is quite high. The even with an average stacigitetween 1 and 3. According
steric repulsion in the case of the sulfur edge is thus almostto the rim-edge model of Daage and Chianelli, such a mor-
completely removed by the stacking faults. The adsorption phology should result in strongly hydrogenative catalysts.
of the molecules on stackingetects also shows that steric The DDSHYD ratio is found between 635 and 3365
interaction between DBT and the neighboring layers is quite by Orozco and Vrinat [42] depending on the nature of the
important in the case of the adsorption on site 3. Indeed, thesupport. Here again, this could be an effect of the active
creation of the defectinduces increase of DBT adsorption  phase morphology, although it is not documented in the pa-
energy of 0.4 eV. The activation of bonds upon adsorption of per. These authors also show that the molar ratio £8 kh
these sites is similar to the ones observed on the sites withouthe surrounding atmosphere has an inhibiting effect on the
stacking defects. overall conversion (certainly related to the number of CUS
present at the surface of the active phase), but also as a dra-
matic effect on the selectivity. Unfortunately, those teams do
6. Discussion no report any data on DMDBT HDS on unpromoted molyb-
denum sulfide.

On the basis of these results, we can propose an inter- Hermann et al. [43] studied the activity of bulk Mp&-
pretation of the experimental results on the activity of un- ward DBT and DMDBT hydrodesulfurization. DBT HDS is
promoted Mo$ catalysts toward hydrodesulfurization even performed under a pressure of 50 atm (38 atm efard
though the results reported by different teams are still quite 0.2 atm of BS) at 300°C and the temperature required to
controversial. obtain a similar conversion with DMDBT is 32C, demon-

Farag et al. [40] concluded from a study of different un- strating the well-known difficulty in desulfurizing diben-
supported molybdenum sulfide catalysts that there are twozothiophene derivatives alkylated in the 4 and 6 positions.
different active sites involved in the HDS activity of DBT. They report a product distribution of less than 20% BP and
One is active in the hydrogenation reactions, the other one inmore than 80% CHB for DBT HDS. They only detect traces
hydrogenolysis. Furthermore, they found that the selectivity of ring-hydrogenated but not desulfurized molecules, indi-
is influenced by the number of stacked Md8yers (V) as cating that C—S bond hydrogenolysis is very fast once one
previously reported by Daage and Chianelli [41] but not ex- of the benzene ring has been hydrogenated. For DMDBT,
actly in the same way. Daage and Chianelli reported a linearthey find around 20% DMBP, 40% DMCHB, and 40% ring-
increase of the DDBHYD ratio with an increase of the num-  hydrogenated but not desulfurized molecules, indicating that
ber of stacked layers over the whole rangeNaf whereas the steric problems encountered in the case of DMDBT HDS
Farag et al. reported two different zones\afin the first one are not solved by the hydrogenation of one of its benzene
(N <5), the DDSHYD ratio decreases wheM is increas- rings.
ing, whereas in the second oné ¢ 5), the DDSHYD ratio Approximately at the same time Bataille et al. [44] re-
increases withv. Although these results are quite confusing, ported a detailed study of the HDS of DBT and DMDBT
they show that the MaoSlayer stacking is certainly playing on both promoted and unpromoted supported MdSor
an important role in the HDS activity and both groups agree the nonpromoted catalyst, they observe that the DBT and
that two different sites are required to model the whole HDS DMDBT conversions are quite similar at 340 under a to-
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tal pressure of 40 atm (30 atm obldnd 0.5 atm of HIS), al- eling [10,11,40], while some others propose that a single
though, if only the desulfurized product molecules are taken site is at the origin of both reactions [38,44,45]. Our results
into account, DBT is much more reactive than DMDBT. seem to support the former. Another evidence supporting the
Indeed, most of the converted DMDBT molecules are not two sites approach is the inhibiting effect op8l It is well
desulfurized but hydrogenated. For DBT, they find 22% BP known that BS inhibits the DDS more strongly than the
resulting from the DDS route, 60% ring-hydrogenated but HYD path [10,42,46]. This fact finds a nice explanation in
not desulfurized molecules, and 18% CHB. For DMDBT our model as we have shown [17] that introduction ofSH
they find only 8% DMBP resulting from the DDS route, 86% will change the sulfur coverage of the sulfur edge (and thus
ring-hydrogenated but not desulfurized molecules, and 5% strongly affect the DDS in our model) and less importantly
DMCHB. change the properties of the molybdenum edge (and thus less
Although unambiguous conclusions are difficult to draw change the HYD within our model). A computation of the
from all these studies, maylrecause of the discrepancies different reaction pathways is now being undertaken to vali-
between the reaction conditions, all authors seem to agreedate or invalidate our suggestions based only on the study of
on a few points. First, the degree of stacking of the active the adsorption of the various molecules.
phase has a crucial influence on the selectivity. It should be
pointed out that different degrees of stacking are obtained
by a variation of the preparation methods, support, or post- 7 conclusion
treatment and all those parareet surely affect the stacking
quality and the overall morphology of the active phase as
well as the number of stacked layers. Second, there is no
significant difference between DBT and DMDBT toward hy-
drogenation over unpromoted molybdenum sulfide. Finally,
the hydrogenolysis of the C-S bond in methylated deriv-
atives is more difficult than in non-methylated ones. This
difference is not restricted t.o DBT aqd DMDBT but also ap- to a strong activation of the C—S and-&; double bond.
plies for the hydrogenated intermediates. h there is a competition betwgég)
It seems fair to assume that the hydrogenation route startsOn the same vacancy, b .
. ; : : and benzene adsorption fBBT, and DMDBT will adsorb
with the benzene ring adsorption. The hydrogenation path- mainly through its benzene ring. The adsorption properties
way would then start by the adsorption of both DBT and ‘

. . of the really refractory molecules (DBT and DMDBT) are
DMDBT on the molybdenum edge (site 2). The adsorption very different from those of the model compounds BT and

energies and geometries are similar for both molecules andMBT. The main reason for this difference is the aromaticity

this might e.xplam that they behave in the same way toward of DBT and DMDBT that prevents the adsorption through
hydrogenation. The DDS pathway could be related to the : . : : . o .
the thiophene ring. In conjunction with steric hindrance, this

only ! adsorption mode that leadsa significant activation c .
which is the adsorption on site 3 located on the sulfur edge. qromatlmty 'MPOSEes adsgrptlgn Of.DMDBT by the benzene
ring except on very specific sites (i.e., triple vacancy on the

This adsorption mode is restricted to DBT and that might ifur edae in th t stacking fault

be the reason for the lower DDS contribution for DMDBT SU'ur €dge In the presence of stacking fau S). :

observed in [44]. The residual DDS observed for DMDBT A direct correlation betweeadsorption geometries and
energies with the reactivity of molecules is not straightfor-

would be related to the presence of stacking defects allow- .
ward but on the basis of the present results, we propose that

ing its adsorption on the sulfur edge. The lower reactivity of the hvd i N g b d "
hydrogenated intermediates of DMDBT in hydrogenolysis € hydrogenalive route proceeda a benzene adsorption
on the molybdenum edge of the Mp8&rystallites whereas

reactions (compared to hydrogenated derivatives of DBT) he di desulfurizati ds by ad ; h
is, in our opinion, an indication that this reaction does not t ?f |recci:t esulfurization proceeds by adsorption on the
sulfur edge.

take place on the hydrogenation site. We propose that the
hydrogenolysis site is the same for hydrogenated and non-
hydrogenated molecules (i.e., a triple vacancy on the sulfur
edge). Such a mechanism implies a desorption of the hydro-Acknowledgments
genated molecule that explains the detection of an important
amount of hydrogenated interatiates. The lower reactivity This work has been performed within the Groupement de
of hydrogenated DMDBT intermediates would then be ex- recherche europédbynamigue moléculaire quantique ap-
plained, as for DMDBT, by the small number of potential pliquée a la catalysea joint project of the Centre National
active sites. de la Recherche Scientifigue (CNRS), Institut Francais du
The implication of two different active sites (one hydro- Pétrole (IFP), Universitat Wien (UW), TOTAL and Tech-
genation reactions, the other responsible for hydrogenol-nische Universiteit Eindhoven (TUE). The authors thank
ysis of the C-S bonds) is still a matter of controversy. IDRIS/CNRS and CRI/USTL (partially funded by FEDER)
Several authors have used this proposal for kinetic mod- for the allocation of CPU time.

In summary, we showed that when onjfy adsorption is
possible (on site 1 and 3), DMDBT cannot adsorb on the
surface of the active phase although BT, MBT and DBT
can. When the vacancy is larger and allows all the possi-
ble adsorption modes, the most favored adsorption for BT
and MBT is the one involving the thiophene ring, leading
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