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Abstract

The breaking of the C—S bond is a crucial step in hydrodesulfurization, the removal of the sulfur atom from sulfur-containing molecules in crude
oil. Thus the hydrogenolysis reaction of g6H to CH; was studied by means of density functional theory on the catalytically active (100) edge
of 2H-MoS,, with and without Co and Ni promoter atoms. Thiol adsorption, C—S bond breaking, and the formation and desorptigmefe&CH
investigated with different sulfur and hydrogen surface coveragegSEHirst adsorbs molecularly with its S atom in a bridging mode between
two surface Mo atoms, followed by S—H bond cleavage with moderate activation energy. The subsequent concerted C-S bond breaking and CF
formation occurs through a reaction of the adsorbedE€group with the H atom of a neighbouring SH group at the molybdenum sulfide surface.
Sulfur atoms, hydrogen atoms adsorbed on sulfur atoms, and promoter atoms (Co and Ni) at the catalyst surface weaken the bonding of adsork
CH3S and lower the energy barrier for GHormation. Although the reactions of thiols on the metal sulfide surface are similar to reactions on
metal surfaces, the chemistry is different. The reactions occur between intermediate alkyl and hydrogen fragments bonded to sulfur atoms, not:
metal atoms.
0 2005 Elsevier Inc. All rights reserved.
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1. Introduction drogenation of one of the benzene rings of dibenzothiophene,
followed by desulfurization of the resulting hexahydrodiben-
Crude oil contains organosulfur compounds, such as thiozothiophene to yield cyclohexylbenzene. A large body of theo-
phene and dibenzothiophene, and hydrodesulfurization (HDJftical research has aimed at understanding the mechanisms of
is one of the first steps in its processing. In HDS the sulfur-C—S bond breaking of thiophene and dibenzothiophene through
containing molecules react with hydrogen on the surface ofheir interaction with the metal sulfide catalyst surfej@esl 7]

metal sulfide catalysts to form hydrocarbons an@ 5], af- Orgar?ometallic chemistry ha; also (?ontributed to thg under-
ter which the HS is removed by absorption. HDS will become Standing of C—S bond breaking. Various modes of thiophene
increasingly important as environmental regulations deman§00rdination to transition metal complexes, representing differ-
increasingly smaller amounts of sulfur in gasoline and gasoifs‘nt types of adsorption on metal sites in heterogeneous HDS
fuels. Two basic HDS reactions have been identified as being rg_atalyst; , have peen prgpos{é§—24] )

sponsible for the removal of sulfur from dibenzothiophene, one, NotW|thst§\nd|ng the mtgnswe research into HD,S’ the reac-
of the most difficult components to desulfurize: direct desulfu-1O" mechanism of the main route of the HDS of dibenzothio-
rization and hydrogenation followed by sulfur removal. In the
direct desulfurization reaction, dibenzothiophene andé#ct

to biphenyl and HS. The hydrogenation reaction involves hy-

phene—direct desulfurization—remains in dispute. Some be-
lieve that the mechanism consists of an actual hydrogenoly-
sis reaction, during which C-S bonds are broken and C-H
and S—H bonds form simultaneously, so that biphenyl forms
directly from dibenzothiophene and hydrogen on the catalyst
* Corresponding author. Fax: +41 44 632 1162, surface[1-4]. A related mechanism may be the insertion of
E-mail address: thomas.weber@chem.ethz @h. Weber). a metal atom in the C-S bond, as observed in organometallic
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complexes of thiophene and benzothiophgtie2?2] followed

by hydrogenation. Others argue that the mechanism consists

of hydrogenation of dibenzothiophene to dihydrodibenzothio-
phene, followed by elimination to yield biphenyl and${25].

The much simpler hydrogenolysis reaction of alkanethiols to
alkanes also has not been studied in depth; it is complicated by

the parallel elimination reaction of the alkanethiols to alkenes.

The HDS of alkanethiols over metal sulfide catalysts is already

rapid at 500 K[26]. The reaction is much faster over pure metal
surfaceqd27]. Thus S—H bond breaking, yielding a,82,+1S y
fragment and an H atom, already occurs at about 150 K on

most metals, and the C—S bond breaking piflg;, 1S occurs at
somewhat higher temperature but still below room temperature
[28-34] This demonstrates that metals are potentially much Fig. 1. Schematic representation of the 2H-M¢$00) surface.
better HDS catalysts than metal sulfides. Nevertheless, indus-

trially used HDS catalysts are based on the layered transitiorEach basis function was restricted to within a cutoff radius of
metal sulfides of Mo or W, promoted by Co or Mi2], because 5.5 A The local density approximation was used to specify
metals would quickly become metal sulfides during HDS.  the exchange-correlation local potenfig®] and was corrected
Although the experimental interaction of thiols with metal in the high- and low-density expansions proposed by Perdew
surfaces has been studied in depth, very little has been pubnd Wang[40,41] Brillouin zone integration was performed
lished about the interaction of alkanethiols with the surfacewith a set of 2x 2 x 1 k-points. Direct inversion in an iter-
of metal sulfides. The main reason for this is that it is muchative subspace was used to accelerate the self-consistent field
more difficult to perform surface science studies of metal sulconvergence, and a thermal smearing of 3 kuvall was ap-
fide surfaces than of clean metal surfaces. Consequently, mapyied to the orbital occupation. We selected a surface (¢
fundamental aspects, such as the initial adsorption geometryuper cell of the 2H-Mogcrystal structure with a vacuum slab
the nature of the catalytically active site, and the mechanism adf 9 A and a slab thickness of 12 A. The 1) model sur-
C-S bond breaking on metal sulfide surfaces, remain uncleaface consists of two MoSsheets in the direction, six planes
Organometallic studies have addressed mechanistic aspectsgifatoms in they direction (three Mo$ units), and four sur-
the desulfurization of thiols. Curtis and coworkel35,36]  face Mo atoms in the: direction Eig. 1). The (100) Mo$
showed that the association of aromatic and aliphatic thiols witlsurface exhibits two types of edges. Unsaturated molybdenum
a CpP,M02C0,S3(CO) cluster occurs by a rearrangement of theatoms are exposed on one edge (hereafter referred to as the Mo
cluster and that the coordination of the thiol to the cluster resultedge), whereas sulfur atoms are exposed on the other edge (the
in a substantial weakening of its C-S bond energy. They sugs edge). The geometry of all of the atoms in the slabs was
gested that this association is the rate-determining step in thgptimized. Geometry optimization convergence thresholds of
desulfurization reaction and that the subsequent cleavage of the01 kcaymol, 2.5 kcaf(mol A), and 0.005 A were used be-

Mo edge S edge

Y4

C-S bond occurs rapidly. tween the optimization cycles for the energy change, maximum
We report the first ab initio computation of the reaction force, and maximum displacement, respectively.
pathways for the dissociation of GBH and for the geometry- The CHSH molecule was thermally equilibrated with the

optimized HS and CEB intermediates on the (100) catalyti- surface in the initial state. The activation energy is determined
cally active surface of 2H-Mao§ The effect of Co and Ni pro- by the highest maximum on the minimum energy path, ob-
moter atoms and the presence of hydrogen on the surface hasgined by the linear/quadratic synchronous transit (LST/QST)
been considered as well. We chose the simplest alkanethiahethod[42]. To calculate the minimum energy path between
CHsSH, because only hydrogenolysis to £¢&n occur for this  several reaction steps we used the LST/QST method proposed
molecule. Using density functional theory (DFT), we calculatedby Halgren and Lipscompt3] and implemented in the DM®I

the minimum energy path for the GBH dissociation with the code. The reaction path connects thesSH molecule above

aim of determining the chronological order of the chemicalthe surface with the products, the ghholecule, which is des-
reaction steps, the various energies of the reactions, and the arbed to the gas phase, and the S atom, which is adsorbed on
tivation barriers. In this way, we provide information about thethe catalyst surface. The path was divided into several steps be-
chemisorption and reaction of thiols on the (100) catalyticallytween the reactant and products, and the energies of these steps,

active surface of 2H-MoS as well as the adsorption barriers, were calculated. The suc-
cess of the calculations through the LST/QST method is based
2. Computational details on the close proximity of two immediate stable structures (the

endpoints) for the transition state search. The selection of the

In DFT calculations, we used the DMotode[37,38] with endpoints for the transition state search was done by an inter-

a double-numeric polarized basis set and a medium level of inpolation along the path segments. This is done most accurately
tegration grid, amounting to approximately 1000 grid pointsin a coordinate system, which naturally follows the adiabatic
per atom, and performed effective core potential calculationsvalley of the potential. Moreover, it reduces the number of in-
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termediate path points to be refined. However, another reacticstoms and with at least one sulfur vacancy. Because our model
pathway also may exist. The transition state has been refineslirface contains four surface Mo atorfy, 1), the number of

by optimizing the transition state following the eigenvector ofbridging sulfur atoms ;) was varied from zero to three, and
the Hessian matrix corresponding to the imaginary frequencyhus the number of sulfur vacancies has varied from four to one.
mode. It has thus been checked that the transition states have |n a first series of calculations, we started with asSH

only one imaginary frequency. molecule located above the bare Mo-terminated edge surface,
with the S atom of the CESH molecule 4.5 A from a surface
3. Results metal atom FFig. 2a). To be consistent with our other calcula-
] o tions where sulfur was present on the surfaggg. 4, 5, and B
3.1. Dissociation of CH3SH a similar initial state with the S—H bond of the organic molecule

parallel to the row of surface metal atoms was selected. The ap-
proach of CHSH to the surface and activation {a b — c)
were accompanied by energy changes of 12.6/keal (energy
barrier) and—25.1 kcal/mol (reaction energy). The S atom of
CH3SH took a bridge position between two surface metal atoms
with a Mo—S distance of 2.5 A. The H atom from the §3#H

3.1.1. Unpromoted Mo edge

DFT calculations have shown that the Mo edge of MoS
crystallites is fully covered with sulfur atoms under condi-
tions that prevail in industrial HDS (0.0& H>S/H; < 0.1)
[11,13,15] Each Mo atom is surrounded by six sulfur atoms,
four of which are also linked to two other Mo atoms (as in bulk ) : . I i
MoSy) and two of which are at the surface in bridging positionsmmecu'e changed its orientation. In the initial state configu-

between the Mo surface atoms. This prediction was confirmeAtON: the S-H bond was parallel to the row of metal atoms
by scanning tunnelling microscopy observations of Mo&r- of the surface, whereas in the molecularly adsorbed state, the

ticles on a gold substrajé4—46] But a recent DFT calculation S—H bond orientation was perpendicular to the metal row. The
on an enlarged Mo edge (with six instead of two or three MoS preference of the relaxed methanethiol for bonding in a bridge
units, as in previous calculations) predicts that the probability ofite can be considered a compromise between the sulfur atom,
one sulfur vacancy and five bridged sulfur atoms is at least a feWhich prefers a high coordination to the Mo atoms and the hy-
percentage points in the range 09H,S/H, < 0.1[47]. The ~ drogen atom, which does not adsorb well in the surface plane
HDS literature generally assumes that the reacting moleculdgecause of repulsion, in agreement with the findings for other
are adsorbed on vacancies at the catalyst surface; therefogfpmic adsorbates at metal surfap#8]. The C—S bond length

we studied the reaction of G3H on the Mo edge covered increased from 1.8 A (initial state, a) through 2.0 A (intermedi-
with sulfur atoms in bridging positions between the surface Maate state, b) to 2.3 A (molecularly adsorbed state, c).

e

Fig. 2. Reaction path of the reaction of g6H to CH; by C—S bond breaking before S—H bond breaking on the bare unpromoted Mo edge of 2H-MoS
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C-S bond splitting of the activated GHH molecule and latter case, the H atom and the €¥fragment in the intermedi-
migration of the S—-H and Cifragments to two adjacent ate state (e*) were more strongly bound to the surface than the
Mo centres (c— d — e) have an energy barrier of only CHs and SH fragments in state (6Ji¢. 2). In the intermediate
4.5 kcaJmol. X-ray photoelectron and high-resolution electronstate, the S—C bond length increased to 2.2 A. Because of the
energy-loss spectroscopy have shown that surfagé,G1S  stronger bonding of the intermediates to the surface, the energy
intermediates are formed from thiols with an energy barriebarrier to form methane increased to 78.4 Kozl (e* — f*).
< 7 kcal/mol when adsorbed on metallic Mo(11P)9]. The  Thus, this step is less likely than step-ef).
energy of state (e), with adsorbed methyl and SH fragments, When one sulfur atom is already present on the Mo edge,
was 21.3 kcglmol lower than that of the state with molecularly it tends to take a bridging position between two Mo atoms,
adsorbed CBSH (c— e). The formation of Chifrom the ad-  the final surface state as shownFkig. 2 (state g). In calcu-
sorbed CH and S—H fragments (e g) had a high activation lating the interaction of CkSH with this surface, the G4$H
barrier (68.6 kcaimol), due to the strong Mo—C and MoS—H molecule was initially positioned 4.5 A above the surface and
bonds that must be broken. Because the metal atoms on the stite C—S bond length was calculated to be 1.8Fg( 4, h).
face (a) had a coordination number of only four, they attemptedi the intermediate state (j), the S—H bond is broken and the
to increase the coordination number by adjusting the adsorbe8CH; fragment is adsorbed in a bridging position between two
species via the Mo—S and Mo—C interactions. Removing hymetal atoms, adjacent to the bridging sulfur atom. In this state
drogen from the SH fragment changes the coordination modthe C—-S bond increased to 2.4 A. The hydrogen atom went
of sulfur. The final state, with a CHmolecule above the sur- to the preadsorbed adjacent surface sulfur atom, and the S—H
face and two five-coordinated metal centres on the surface, wdmnd orientation was perpendicular to the row of surface metal
energetically the most favourable situation, because in the finagtoms. An energy barrier of 18.8 k¢atol (h — i) and reac-
reaction step, the energy also decreased, by 19.9kchl The  tion energy of-38.9 kcal/mol (h— j) was calculated. Another
remaining sulfur atom clearly prefers a high coordination inintermediate state for the formation of structure (j) may con-
a bridging mode between two surface Mo atorRgy( 2, g),  sist of an adsorbed bridge GH fragment and a Mo—H surface
in agreement with the results of Hammer and Ngrskov foispecies. We did not consider such intermediate states because
transition-metal surfacd48]. Mo-H bonds are rather strong, and the activation energy re-

In addition to the reaction patlFig. 2), in which the C-S  quired for bond breaking is- 18.8 kcal/mol [52]. Once again
bond breaks first, we investigated another hydrogenolysis rahe coordination of the thiol to the surface was very favourable,
action path in which the S—H bond breaks filsty; 3). Inthe  as the high exothermicity of the reaction shows. The forma-
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Fig. 3. Reaction path of the reaction of g6H to CH; by S—H bond breaking before C—S bond breaking on the bare unpromoted Mo edge of 2H-MoS
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Fig. 4. Reaction path of the reaction of g6H to CH,; on the unpromoted Mo edge of 2H-Mg%®ith one sulfur atom in bridging position.

tion of CHs (j — k) required a rather high activation energy CH3S fragment adsorbed on the sulfur vacancy, and the H atom
(46.0 kcaJmol) but lower than in the corresponding step in adsorbed on a neighbouring sulfur atom. The activation energy
Fig. 2(68.6 kcaymol) andFig. 3(78.4 kcafmol). Thisisdueto  barrier for adsorption and dissociation was 22.8 kewll, and
the presence of a sulfur atom already on the surface, which lovwthe reaction energy was20.1 kcal/mol. The second step, to
ers the metal edge energy by making two of the surface metabrm CH, from the already adsorbed fragments and remove it
centres five-coordinated. The last transition state (k) shows hyfrom the surface, had a barrier of 18.8 ktrabl and a reaction
drogenation of the Ckigroup with accompanying C-S bond energy of—61.9 kcal/mol. This second activation energy was
breaking. The final state (I) consists of ¢l the gas phase eyen lower than that for the surface with two S atofig (5),
and_g Mo-terminated surface with two sulfur atoms in bridgingconfirming the positive influence of preadsorbed S atdfas.
positions. _ _ ble 1gives the results of all calculations with different numbers
A third calculation of the hydroggnoly&s of GBH on the' (Noy) of bridging sulfur atoms on the Mo edge.
Mo edge of MoS was performed with two surface vacancies * 1 influence of surface hydrogen was investigated by let-

betv:ﬁ er(l:twcs)zndgllng SI atom@%. S)t. ggflg,}_{n tge |n|tt;]al sta’;e ting CHsSH dissociate on a surface covered with a sulfur atom
(m) the CHSH molecule was situated 4.5 A above the sur acCund a hydrogen atom. In the most stable initial stétig.(7,

with d(S-C)= 1.8 A. In the intermediate state (0), the €31 h**), the hydrogen atom is adsorbed on the sulfur atom, form-
fragment was adsorbed on the sulfur vacancy and the H atom

was adsorbed on a neighbouring sulfur atom. The S-C distandad an SH group. In the intermediate state (**), the hydrogen
was calculated ag(S—C)= 2.4 A. The activétion (m> n) aefom of methanethiol was preferentially adsorbed on the sulfur

and dissociation (r> 0) of the molecule were accomplished atom as well, formmg adsorbedB. i ) .
with an energy barrier of 16.6 kcahol and reaction energy of 1 N€ energy barrier for C¥8H adsorption and dissociation
—229 kcal/mol. The final step was to form GHrom the al-  Was 22.5_ kc_a/lmol, which is 3.7 kcalmol hlght_er than the en-
ready adsorbed fragments and to remove it from the surfac&€'9Y Parrierin the absence of surface hydrogeg.(4). The hy-
This step had a barrier of 30.0 kegatol (0 — p), and the fi- drogen atom, preadsorbed on the sulfur, creates steric repulsion
nal state (q) was energetically preferred 5$5.2 kcay/mol. ~ for adsorption of the second hydrogen atom on the same sulfur.
This activation energy was lower than that of the surface witdn contrast, formation of Clpwas easier (j**— k**) compared
one S atomFig. 4 and demonstrates the positive influence ofWwith the case of the hydrogen-free surface, as shown by the de-
preadsorbed S atoms. crease in the desorption barrier of ¢t 35.4 kcalmol from

A fourth calculation of hydrogenolysis of G3H on the Mo  46.0 kcafmol for the hydrogen-free surface. The intermediate
edge of Mo$ was performed with one surface vacancy andand final products were more stable on the hydrogenated sur-
three bridging S atomsF{g. 6). The results were similar to face than on the surface without hydrogen atoms. The same
those of the foregoing calculation. In the intermediate state, thealculation was performed starting with a surface covered with
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Fig. 5. Reaction path of the reaction of g&H to CH; on the unpromoted Mo edge of 2H-Mg®ith two sulfur atoms in bridging position.

Fig. 6. Reaction path of the reaction of g6H to CH,; on the unpromoted Mo edge of 2H-Mg%ith three sulfur atoms in bridging position.
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Fig. 7. Reaction path of the reaction of g6H to CH,; on the unpromoted Mo edge of 2H-Mg®iith one SH group in bridging position.

Table 1 et al. proposed that the Co atoms are present on the Mo edges
Activation energies and energy _differences (in Koadl) in t_he_reaction of  of the MoS crystallites in Mo positions. These authors called
CH3SH to S and CH as a function of the numbeNg,) of bridging Satoms  ypa regylting structure the Co—Mo—S structure and used it to
on the Mo edge . .

9 explain the promotional effect of cobalt on Mp$0]. DFT

Edge Nor Ea(l) —AED Ea@? —AEQ) calculations confirm that the promoter atoms are most likely
Mo 0 126 464 686 199 located at the Mogedged51].
2 igg ggg Z:g ;Zg To study the effect of the promoter atoms on thesSH dis-
2 166 229 300 552 sociation process, we performed calculations similar to those
3 228 201 188 619 for the unpromoted MoSstructure but with one surface Mo
0+ SH 225 452 354 551 atom replaced by a promoter atom (Co or Ni). To remain con-
CoMo 21+ SH igg 4‘21'1 gig g?g sistent yvith our other calculations, we concentrated on struc-
> 212 20 191 582 tures with the promoter atoms on the metal edge. Note, how-
Ni-Mo 1 194 51 193 589 ever, that Co and Ni can also be present on the sulfur edge
2 216 41 186 628 and that the structures with Co promoter atoms on the sulfur

edge are slightly more stable than those with Co atoms on the
two S atoms and one SH group; the results are similar to thog@etal €dgg45,51} Because the calculations on the Mo edge

for the surface with an SH group onlydble 9. showed that the presence of sulfur atoms is beneficial for the
hydrogenolysis of CRiSH, we put at least one sulfur atom at the
3.1.2. Co- and Ni-promoted Mo edge Co- or Ni-promoted surface in a bridging position between two

It is well known that the addition of Co or Ni significantly Mo atoms. Furthermore, because DFT calculations have shown
increases the catalytic activity of MeSype catalyst§2]. For  thatincorporating promoter atoms leads to a reduced sulfur cov-
this reason, cobalt and nickel are referred to as promoter atomgtage of the metal eddé2,15,51] we considered only initial
Although the origin of the promotional effect remains understates with one or two sulfur atoms.
study, the location of the promoter atoms has been clarified. In the first calculations, we put one sulfur atom on the edge
Based on results of Mossbauer emission spectroscopy, Topsg@eg. 8). Geometric optimization of the initial, intermediate,
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Fig. 8. Reaction path of the reaction of g6H to CH,; on the Co- and Ni-promoted Mo edge of 2H-Mo®ith one sulfur atom in bridging position. The values for
the Ni-promoted surface are given in parentheses.

and final structures relaxed the Co atom inward and shortened The Ni promoter also led to a less stable intermediate and
its distance to the neighbouring sulfur atoms to 2.25 A. Thea lower energy barrier for CHdesorption. The energy barrier
cobalt atom and one of the molybdenum atoms on the surfor dissociation and adsorption of the gsland H fragments
face were four-coordinated, whereas the other two Mo atomt the surface was 19.4 kgahol (Fig. 8 h* — i*). The inter-
were five-coordinated (h*). Because of the inward relaxatiormediate state (j*) was favoured by only 5.1 kaabl over the
of the Co atom, the distance between the sulfur atom of thénitial state (h*), whereas the final state (I*) was energetically
CH3sSH molecule and the surface Co atom increased fronpreferred by 58.9 kcgmol over the intermediate state. In the fi-
4.5 A for the unpromoted surface to 5 A for the promoted surmal state, Ch was formed and desorbed from the surface. The
face, whereas the distance between the hydrogen atom of t@rresponding barrier for desorption was 19.3 kaadl, lower
CH3SH molecule and the surface sulfur atom was 2.8 A. Ad-han for the unpromoted surface and slightly lower than for
sorption of CHSH on the surface had an energy barrier ofthe Co-promoted surface. Similar calculations were performed
18.6 kcafmol (h* — i), almost the same as that for the un- \ith two sulfur atoms on the surfac&aple 3.
promoted surfaceHig. 4). However, the CHS and H fragments
were less strongly bound to the surface (i.e., favoured by onl
2.1 kca)mol (j*)), and thus the energy barrier of the subsequen
step—breaking the C-S bond—decreased from 46.( keall
for the unpromoted surface to 21.2 kﬂab| The final state, In addition to the hydrogenC)lySiS of methanethiol we studied
with two sulfur atoms in bridging positions on the surface (I*), the hydrogenolysis of dimethylsulfide (GBCH;) on a sur-
was more stable than the intermediate state (j*) by 57.9/kcalface with one and two sulfur vacancies as the starting position.
mol. We calculated two different mechanisms. In the first one of the
Similar calculations were performed with two sulfur atoms methyl groups of the adsorbed dimethylsulfide is transferred to
on the surface between the Mo atoms. In this situation th@ neighbouring adsorbed S atom, creating twaElgroups at
cobalt atom is four-coordinated, whereas two Mo atoms ar¢he surface. This step had an activation energy of 15.§ kuall
five-coordinated and one Mo atom is six-coordinated. The reand was exothermic by-24.1 kcal/mol. These CHS groups
sults are similar to those when one sulfur atom is initiallycan form methane and adsorbed S atoms by reaction with ad-
present on the surfac&dble J). sorbed H atoms, as described above. The creation of these H

%.2. Dissociation of CH3SCH3
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Fig. 9. Reaction path of the reaction of @BICH; to CoHg on the unpromoted Mo edge of 2H-Mg®iith two sulfur atoms in bridging position.

Table 2 3.3. Hydrogen chemisorption and diffusion
Activation energies and energy differences (in koadl) in the reaction of
CH3SCHg to CyHg as a function of the numbeVg,) of bridging S atoms

on the Mo edge Understanding the role of hydrogen is of great importance
Nor Ea(l) —AE(D) Ea2) _AE2  inthe study of desulfurization reactions. Although some results
> 176 126 191 519 have already been publishi&}9,15] we performed additional

3 206 368 188 584 calculations on the adsorption and diffusion of the surface hy-

drogen to learn more about the dynamics on the catalytically
) . , ) active (100) Mo$ edge structure. These additional calculations
atom; bY d|ssoua_t|ve chem|sorpyon of Hin the catalyst sur- were needed for consistency reasons to obtain results for hy-
face is discussed in the next section. . drogen dissociation and adsorption within the method and the
The other mechanism deals with the formation of ethang,; ameters that we used. Our calculations show that the ho-
(which, however, is only a side product). The calculated réacmolytic hydrogen dissociation and adsorption on the S edge
tion path for dimethylsulfide on the surface with two vacanciesg endothermic with a reaction energy of 43.5 keabl and a
(Fig. 9) was similar to that of the hydrogenolysis of €6H  parrier of 67.5 kcalmol, whereas the heterolytic hydrogen ad-
on the same surfacé=ig. 5). Dimethylsulfide adsorbed with sorption on the bare Mo edge and the fully sulfided S edge is
its S atom in the vacant position, bridging two Mo atoms.exothermic with a reaction energy ef3.3 kcal/mol and a bar-
This adsorption had activation energy of 17.6 Koabl and  rier of 181 kcalmol. This results in Mo—H and S-H surface
was exothermic by 42.6 kcahol. The final step, combina- fragments Fig. 10a).
tion of the methyl groups to ethane, had an activation energy of Starting with this situation and transferring the hydrogen
19.1 kcaymol and was exothermic by 51.9 keatol. The re-  from the Mo edge to the S edge, we found an energy barrier
sults are very similar for the surface covered with one vacancgf 69.3 kcafmol (Fig. 10 a— b). Thus, a reaction path pass-
(Table 2. ing through a local minimum on the potential energy surface
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Fig. 10. Hydrogen transfer from the Mo to the S edge: (a) initial state, (b) final state.

on the Mo edge (with hydrogen split and adsorbed on the metal
edge) is energetically demanding.

The adsorption of B on the Mo edge fully covered with
sulfur atoms in bridging positions, which is the most stable
structure under hydrotreating conditioii8—15] was found to
be endothermic, with a reaction energy of 32.1 kn#dl and an
energy barrier of 89 kcamol (Fig. 11). The strong endother-
micity of the hydrogen dissociation on this surface might be
due to the fact that the Mo atoms are fully coordinated and that
there are no longer coordinatively unsaturated sites to bind the
H atoms and thus compensate for the strong H—H bond. Disso-
ciation of H, on the Mo edge covered by one sulfur atom led to
one H atom bonded to the S atom bridging two Mo atoms and

a b the other H atom bonded to one of these Mo atoFig.(12).

This reaction is endothermic (30.5 k¢alol) and has an en-

Fig. 11. Hydrogen adsorption on a sulfided Mo edge: (a) initial state, (b) finalergy barrier of 33.5 kcgmol. Transfer of the hydrogen atom
state. from the Mo atom to the sulfur atom, giving adsorbegSH

Fig. 12. Hydrogen dissociation, adsorption, and diffusion on the Mo edge with one bridging sulfur atom, resulting in the formation of agSorbed H
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Fig. 13. Hydrogen diffusion along the sulfided Mo edge, resulting in the formation and removg$of H

is endothermic by 11.2 kcaol and has an energy barrier of tion from state | to state Il is strongly exothermic, and the
18.6 kcaymol. The calculated diffusion path of hydrogen in the energy of the intermediate state Il relative to the energies of
present work differs slightly from that proposed by Paul andstates | and Il depends on the composition of the Mo edge.
Payen, who also considered Mo-H spefty. Mo—H surface  Adsorbed S and H atoms, as well as promoter atoms, influ-
species are likely to occur under certain conditions. A detaileé@nce the relative energies and thus the activation energies of
investigation of their formation and properties will folldd3].  the methanethiol dissociation and reaction to methane. This is
Hydrogen transfer along an edge is energetically less dezlearly shown in the Brgnsted—Evans—Polanyi relationship of
manding than hydrogen transfer from the Mo edge to the $he reaction I IIl (Fig. 14). However, there is no such clear
edge. Diffusion of a hydrogen atom on the sulfided Mo edgeelationship for the first part of the reaction-¢ 1l, Fig. 14a).
from one sulfur atom to the next (i.e., an exchange betweeA possible explanation for this is that a sulfur coverag®
a sulfur atom and an SH group) has an activation energy afloes not exist under real HDS conditions. Therefore, the en-
only 5 kcalmol, whereas diffusion of a hydrogen atom from a ergy values presented here are good reference points for a low
sulfur atom to an adjacent SH group has an energy barrier cfulfur coverage but cannot reveal the trends characteristic of
25.8 kcafmol (the kinetic limiting step) and endothermic reac- actual working HDS conditions. This finding is in agreement
tion energy of 12.8 kcdamol (Fig. 13. As a result, adsorbed with previous theoretical studies based on kinetic and thermo-
H2S and a sulfur atom form from two SH groups. Removaldynamic consideratiorjd1,12]
of the resulting HS from the surface during the formation of  The calculated energy barriers for the dissociation of ad-
a sulfur vacancy has an activation energy of 12.8 koal  sorbed CHSH to CHS and H and to Ckland SH fragments
and an endothermic reaction energy of 8.6 ko®l. For a  are low, whereas the energy barriers for the adsorption of the
surface with one sulfur vacancy, these activation energies arttiiol on the surface, and especially for methane formation, are
energy differences were similaE§(1) = 186, AE(1) =11.6, higher. For instance, dissociation of the adsorbed thiol on the

Ea(2) =10.8, andAE(2) = 10.2 kcal/mol). bare surface is easy (4.5 kgalol) compared with thiol ad-
sorption (12.6 kcalmol) and the formation and removal of GH
4. Discussion from the surface (68.6 kcahol) (Fig. 2). The thermodynamic
driving force for C—S bond scission in thiol desulfurization is
4.1. Energy barrier dependence on the number of adsorbed the formation of a strong Mo—S borj@d7]. The barrierE,(2)
sulfur atoms for the subsequent step, the reaction of3Githd hydrogen to

CHg, is reduced by the presence of S atoms on the metal edge

The calculations show that the hydrogenolysis of methanefTable ). As explained above, the barrier for the first step—
thiol with dihydrogen to methane and,8 occurs in several thiol adsorption—increases at the same time. On the bare sur-
steps. First, methanethiol adsorbs and dissociates in #5CH face fig. 2), association of the thiol is a relatively easy step
fragment and an H atom. This reaction occurs between thith an energy barrier of 12.6 k¢ahol, but formation of CH
initial state | (methanethiol, §} and the surface with n sulfur from adsorbed Ckland SH has a high barrier (68.6 kgatlol).
vacancies) and the intermediate state Il @SHHp, and the sur- A preadsorbed sulfur atom makes adsorption more difficult
face with @ — 1) vacancies). In the second step, {8Heacts (18.8 kcaJmol) but substantially reduces the energy barrier
with an adsorbed H atom to methane, and the system movdsr CH, formation, to 46.0 kcalmol (Fig. 4). Adding a sec-
from state Il to state Il (methane,Hand the surface with ond S atom to the surface further reduces the energy barrier to
(n — 1) vacancies). In the third step, the sulfur atom is removec0.0 kcaf mol (Fig. 5) to form CHa, and a third S atom reduces
from the surface by hydrogen atoms, which originate from thet even further, to 18.8 kcamol. The adsorption and reaction of
dissociative chemisorption of dihydrogen. The two-step reac€H3SH on the catalytically active (100) surface of MotBus
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Fig. 14. Activation energies as a function of energy differences: (a) iritintermediate state, (b) intermediatdinal state.

clearly depend on the number of adsorbed sulfur atoms and dar molecules depends on the metal and the complexity of the
the nature of the exposed active surface sites. organosulfur molecule. In general, the S—H bond ¥SHand

The energy of the intermediate state of adsorbedEHe-  thiols breaks below 200 K, whereas the S—C bond in thiols and
pends on the sulfur coverage of the Mo edge of Mothe thiophene cleaves between 250 and 402K 34] These tem-
adsorption energy of C#6H (dissociating to Cgb and H frag-  peratures are much lower than the temperatures required for
ments) decreases with increasing S coverage of the Mo eddmnd breakage over MeSThis demonstrates that the sulfur
from 50.9 to 20.1 kcalmol (Table ). Similarly, the adsorption atoms below the surface Mo atoms on the Mo edge of MoS
energy of atomic sulfur on transition-metal surfaces varies beweaken the ability of the Mo atoms for cleaving bonds, just
tween 80 and 140 kcainol and decreases substantially with as O, S, and C atoms do on the metal surface, to such an ex-
increasing S coverad®4]. This decrease can be explained bytent that C—C bonds cannot be broken, and thus no valuable
the effective medium theorp5]. According to this theory, the fuel molecules are lost. However, bond breakage is sufficient
adsorption energy of an adsorbate depends on the energy gaobreak C-S bonds, and hence to remove sulfur atoms from
from embedding the atoms of the adsorbate in the surface eleorganosulfur molecules in fuels.
tron gas and on the energy loss from incomplete screening of
the electrostatic interaction between the adsorbate and the s4:3. Role of the promoters
face ionic nuclei. The higher the metal coordination humber,
the broader the d band and hence the lower the energy of the The decrease of the sulfur—-metal bond energy as a function
d band centre. Adsorption on the Mo edge increases the metaf the sulfur coverage revealed in the present work is con-
coordination number and thus lowers the energy of the d bansiistent with results from previous theoretical investigations of

and the interaction with adsorbate molecules. transition metal sulfide systems. Our investigation of the hy-
drogenolysis reaction of G3$H to CH; on the same systems
4.2. Comparison with pure metal surfaces was based on the findings of Raybaud efHl,12]that the na-

ture and the concentration of the active sites vary in the reactive

Dissociation of organosulfur molecules is much more diffi-atmosphere above the surface. Furthermore, the incorporation
cult on Mo$S than on metal surfaces. When MoS exposed of promoter atoms has an influence on the sulfur—metal bond
to organosulfur molecules, hydrocarbons angSHorm and energy at the surface, leading in particular to a reduced equilib-
desorb to the gas phase. But on metals, not only daakhtl  rium sulfur coverage of the active metal sites.
hydrocarbon species desorb to the gas phase, but also S and CNot only sulfur atoms, but also Co and Ni promoter atoms,
atoms remain on the surface. Clean W(2[EB)], Ni(110)[32], lead to a less strongly bound G8l intermediate and thus to
Ni(100)[33], and Ni(111)[34] surfaces break many molecules a lower barrier for CH formation and desorption from the
completely to adsorbed atomic fragments at low coverage. Adsurface. Activation energies of 19.1 and 18.6 Koabl were
sorbed oxygen, sulfur, and carbon atoms weaken the strorgptained for CH formation over the Co—Mo and Ni—Mo edges
reducing power of the metallic surfaces and lead to adsorbedith two bridging S atoms, respectively, whereas 18.8 koal
molecular fragments. The exact surface chemistry of organosulvas the lowest activation energy obtained for the unpromoted
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s Ny regeneration of the catalyst surface—creation of the coordi-
c e RSH / \A y \ natively unsaturated site on the Mo edge—is endothermic by
‘\)M(,]l// cg\°/Co 21.4 kcaymol (Fig. 13. Therefore, the whole process of re-
S—_pMg—s \ /M"\ / generation of the active site and closing of the catalytic cycle
s S (i.e., Hp dissociation, H diffusion on the sulfided surface,H
formation, and desorption) is endothermic by 53.5 kel
‘ If only one S atom is left on the Mo-terminated edge, then
the process of regeneration of the active site occurs by first
F|' Ff dissociating H on the Mo and S atoms. This endothermic re-
S S S action costs 30.5 kcamol. Then BS forms by diffusion of
/ \Mo/\ -RH /\Mo/\ the H atom from the Mo atom to the S atom (endothermic by
Co=__ \yh—20° CO— yo—F° 11.2 kcafmol), and finally BS is desorbed (endothermic by
\S/ \S/ \S/ AN / 10.8 kcafymol). The overall regeneration process of the active

site thus costs 52.5 kgahol. With these regenerations of the

Scheme 1. Adsorption of an alkane- or arenethiol on thgh@pCo,S3(CO) active sites, energies 6f14.4 and—13.8 kcal/mol are calcu-
cluster (Cp = pentamethylcyclopentadienyl), followed by activation and cleav- |ated for the overall hydrogenolysis reaction of £3#H-+H, —
age of the C-S bond, and formation of a hydrocarbon @doCp, CHa + H2S on the surface with one S vacandsig. 5 and
Co=Co(COp). the surface with three S vacanci€sq. 3), respectively. These
values are in good agreement with the experimental value of
—17 kcafmol and lend support to the theoretical approach that
e used.

ComparingFigs. 5 and 6shows that the energy of the fi-

Mo edge Table ). A parallel can be drawn between this low ac-
tivation energy for C—S bond breaking on the Co—Mo edge an
the conclusion drawn by Curtis and coworkgss,36]that the

association of the aliphatic thiols with a f0,C0,S3(COM 15 state after dissociation of methanethiol and the formation

cluster is the rate-determining step in the reaction of the this nethane and an adsorbed sulfur atom is not as low for the
ols. The bridge bonding of the RS group between metal atoms,,mqted surface as for the Mo-only surface. This is a result

of the CBM02C0,S3(CO) cluster led to the activation of the ¢ yhe weaker Co—S and Ni—S bonds compared with the Mo—S
C-S bond and eased the subsequent cleavage of the C—S bayd,y  consequently, the energy required to remove the sulfur
(Scheme }. In general, the activation energi(2) forthe S-C 545 from the surface by hydrogenation teSHs 18 (Co-Mo

bond breaking is not significantly modified by the promoterg,it5ce) or 14 keaiol (Ni-Mo surface) lower than for the Mo
atom. This implies that the role of the promoter atom is Notgrface. This indicates that the promoter also decreases the ad-
to facilitate the S—C bond breaking, but rather to lower the bar'sorption energy of the sulfur atom from methanethiol on the

rier for product desorption from the surface. Another possiblg.ata1yst surface and thus decreases the sulfur-removing energy.
explanation might be that the promoter is not activated when The calculated activation energies can be compared with

incorporated on the metal edge of the catalyst. the experimental activation energies of 22.9 and 22.0/keal
_ o for the hydrogenolysis of methanethiol and dimethylsulfide
4.4. Regeneration of the active site to methane and #8 over unsupported MoS respectively,

and 19.7 kcalmol for the formation of dimethylsulfide from

After the adsorption and reaction of GBH to methane and methanethio[26]. In the case of zero-order conditions, the ex-
a sulfur atom adsorbed on the catalyst surface, the sulfur atoperimental activation energy is equal to the activation energy of
must be removed, so that the catalytic cycle of the reactiofhe rate-determining step; in the case of first-order conditions,
of methanethiol and pito methane and #$ is closed. The it should be equal to the activation energy of that step minus the
removal of sulfur and creation of a vacancy for subsequent acheat of adsorption of the reactants. Because the hydrogenol-
sorption of CHSH is achieved by dihydrogen zHplits on the  ysis of methanethiol was studied under zero-order conditions,
sulfided Mo-terminated edge and forms two SH groups withthe observed activation energy should be compared with the
an energy barrier of 89 kcahol and an endothermic reac- largest activation energy of the different reaction steps. In our
tion energy of 32.1 kcgmol. Cristol et al[13,14]and Travert  case this is clearly pidissociation followed by sulfur atom re-
etal.[15] also found that the dissociation opldn the fully cov-  moval. In addition, DFT calculation of the HDS of thiophene on
ered Mo edge is endothermic, although less strong than in ouhe bare Mo edge of (100) MeSndicated that sulfur removal
case, whereas Sun et al. calculatedddsorption to be slightly is the rate-determining step and that its energy cost depends
exothermic[47]. For Co—Mo-S surfaces, in contrast, the H on the sulfur coverage of the Mo ed§El]. In contrast, on a
dissociation was calculated to be exothermic and not stronglynetallic Ni(111) surface, C-S bond breaking was suggested
activated15]. to be the rate-determining step for methane formation from

Diffusion of hydrogen over the fully sulfided Mo edge and methanethio[34], whereas a DFT calculation for small nickel
formation of molecularly adsorbed;8 costs 12.8 kcgimol  sulfide clusters found S—C bond scission and sulfur removal
(Fig. 13. Desorption of HS from the surface leaves a sur- to be about equally slow and rate-determining for thiophene
face with a sulfur vacancy and,8 in the gas phase and is desulfurization56]. A possible explanation for this difference
endothermic by 8.6 kcaiol. Thus the second step of the is that the Ni-S bond is weaker than the Mo-S bond, and thus
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stabilization of the sulfur-containing intermediates is lower onmainly by direct desulfurization, an apparent hydrogenolysis
nickel sulfide. The strong binding of G3 on the Mo edge of reaction. Surface science studies of the reaction of the related
(100) Mo$S is a consequence of Mo-S interactions involving benzenethiol on metal surfaces have indeed shown a great sim-
the occupied sulfur lone pairs of the molecule and the empty 4darity with the reactions of alkanethiolgs7-60] The S—H

orbitals of molybdenum. bond of benzenethiol is already broken at low temperature, and
the resulting GHsS reacts to benzene below room tempera-
4.5. An overview of the investigated mechanisms ture. This suggests that the hydrodesulfurization of arylthiols,

such as benzenethiol, benzothiophene, and dibenzothiophene,

The calculations demonstrate that the hydrogenolysis rea@n metal sulfides occurs in the same way as the hydrogenolysis
tion of methanethiol is not a concerted reaction of C—S bonaf alkanethiols and dialkylsulfides.
breaking and C-H and S—H bond creation, but rather occurs
in two steps. In the first step, the S—H bond of methanethiol igl.6. Implications for hydrotreating catalysis
broken and a CE5 group is adsorbed on the surface. This ad-
sorbed CHS and a neighbouring adsorbed SH group react to It has been shown that the dissociation of {SH on dif-
methane and two surface sulfur atoms. In the second step, offierent edge surfaces of Mg®ccurs on a pair of sulfur-metal
of the sulfur atoms is removed from the surface by reaction wittsites to form an S—H group and @GS species that are ad-
two adsorbed hydrogen atoms te$ldesorbing from the sur- sorbed in bridging positions between two metal surface atoms,
face. The chemistry that occurs is radical chemistry, as it werdollowed by transfer of hydrogen to the neighbouring £H
The metal sulfide surface stabilizes the {3;1H, and SH radi- species to form Ckl The mechanism is similar to that pro-
cals and allows them to react with each other. But the chemistrgosed for the dissociation ofH47,52] and reveals a similar
is not the same as on the surface of a metal, where alkanetHiehaviour for small molecules when dissociated and adsorbed
ols decompose to alkyl groups and sulfur and hydrogen atomsn catalyst surfaces. However, the difference in the geometric
that all become attached to metal atoms. Instead, on the metstructures and chemical properties of these sulfur—metal pairs
sulfide surface, the alkyl and hydrogen fragments are bonded clearly affected by the amount of sulfur present on the metal
to sulfur atoms, and they react with one another on these suédge surface. Therefore, different energy barriers for adsorption
fur atoms other to alkanes. The results from this study shovand desorption have been calculated, determining a different
that in the presence of adsorbed sulfur atoms, methanethiol ahdéhetic behaviour. Low sulfur coverage on the metal surface
dimethylsulfide react as follows: is not likely to exist under real HDS conditions, as confirmed
in Fig. 14 despite the lower energy barriers for dissociation

* * * * *
X=S-Y 4% 4 8% = X=SF 4 V=57 — XY 4 257, (1) Wwhen the metal atoms are uncovered. But metal edges com-
where X, Y= CHs or H, and * indicates a site consisting of one pletely covered by sulfur will contribute to associative, rather
or two Mo atoms. than dissociative, mechanisms. Furthermore, to achieve a con-
Thus, certed reaction with moderate energy barriers for adsorption

. . ox . and desorption, our calculations favour about 67% coverage of
HoS+* 4 5% — 2H-5* > H, + 25 the molybdenum edge by sulfur atoms.
and

On the bare Mo edge, methanethiol adsorption and decomposi- The present calculations demonstrate that the hydrogenol-
tion occur slightly differently, ysis reaction of methanethiol is not a concerted reaction, but
rather occurs in consecutive steps. First, the S—H bond is bro-
CHgSH + 2% — CHg"™ 4 HS* — CHs + ™+ % @ Yenand a CHS group is formed on the surface, which then
Because in reality the Mo edge is (almost) fully covered withreacts with a neighbouring adsorbed SH group to methane. Fi-
S atoms, reactionf?) are not important for catalysis. Reac- nally, a sulfur atom is removed from the surface by reacting
tion (1) predicts that ethane may be formed from dimethyl-with adsorbed hydrogen atoms te$l Sulfur, promoter, and
sulfide (X=Y = CHg), and the calculations show that this hydrogen atoms strongly affect the adsorption and reaction of
reaction has a similar activation barrier as the reaction of methmethanethiol on the MgScatalyst surface. At low sulfur cov-
anethiol (X= CHs and Y= H) to CH,. Nevertheless, experi- erage of the surface, the thiol adsorption has low activation
mentally, ethane has not been observed in the HDS of dimethyknergy, but the subsequent cleavage of the C-S bond and for-
sulfide. The reason for this is probably that the reaction ofmation of methane is difficult. The C—S bond in adsorbeg&H
dimethylsulfide to two CHS groups is faster than the reaction is broken by reaction with the H atom on a neighbouring S
to ethane, as suggested by the lower activation energy for thetom, leaving the S atom on the surface and freeing ©Hhe
reaction of dimethylsulfide to two Gi$ groups. gas phase. Sulfur atoms adsorbed on the catalyst surface lower
The same chemistry responsible for the reaction of alkathe activation energy for the reaction of @5lto methane. In
nethiols to alkanes may be responsible for the reaction of diberaddition, hydrogen atoms adsorbed on sulfur atoms at the cat-
zothiophene to biphenyl. Dibenzothiophene is exemplary foalyst surface and promoter atoms (Co and Ni) direct the hy-
molecules present in gas oil, and its sulfur atom is removedrogenolysis to less strongly bound g5and lower the energy
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barrier for CH, desorption from the surface in the dissociation[22] W.D. Jones, D.A. Vicic, R.M. Chin, J.H. Roache, A.W. Myers, Polyhe-
of CH3SH. dron 16 (1997) 3115.

Although the reactions of methanethiol on metal sulfide SuerS] C. Bianchini, A. Meli, M. Peruzzini, F. Vizza, P. Frediani, V. Herrera, R.A.
S . . Sanchez-Delgado, J. Am. Chem. Soc. 115 (1993) 2731.
faces hav_e m"?my similarities with reactions on metal surface 24] C. Bianchini, A. Meli, in: Th. Weber, R. Prins, R.A. van Santen (Eds.),
the chemistry is not the same. On the metal sulfide surface, the * transition Metal Sulphides, Chemistry and Catalysis, Kluwer Academic
alkyl and hydrogen fragments are bonded to sulfur atoms, not Dordrecht, 1998, p. 129.
to metal atoms. The results presented here also suggest that tR@ F. Bataile, J.L. Lemberton, P. Michaud, G. Pérot, M. Vrinat, M. Lemaire,

hydrogenolysis of benzenethiol and dibenzothiophene occur by _ E- Schulz, M. Breysse, S. Kasztelan, J. Catal. 191 (2000) 409.
L . 6] R.L. Wilson, C. Kemball, J. Catal. 3 (1964) 426.
a similar mechanism.
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