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Abstract

Using density-functional theory combined with surface thermochemistry, the effects of sulfo-reductive conditions (PH2O, PH2S, PH2,
and T ), including those prevailing in the industrial process of hydrodesulfurization (HDS), are investigated for two catalytic support
anatase–TiO2 andγ -Al2O3. It is found that under the usual HDS conditions, H2S may partially sulfide the (001) surface of anatase–Ti2,
leading to the formation ofµ2-S species together with two hydroxyl groups. The (110) surface ofγ -Al2O3 is sulfided only if the wate
pressure is very low, leading to the formation of sulfhydryls and hydroxyls. The effect of H2 pressure is also addressed. A comparison w
published experimental data (such as TPR, IR, XPS) is supplied.
 2004 Elsevier Inc. All rights reserved.
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Hydrodesulfurization (HDS); Infrared (IR)
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1. Introduction

The catalyst used industrially in the hydrodesulfuri
tion (HDS) process is made of a Co(Ni)MoS active ph
dispersed on aγ -alumina support[1,2]. The strong effort de
voted to the preparation and synthesis methods ofγ -alumina
has enabled the continuous improvement of its textural
acidic properties[3], making currentlyγ -alumina the pre
ferred support for HDS catalysts. Besides, the anatase p
of TiO2 has been the subject of many experimental works
ther as a model support itself[4–7] or in combination with
alumina in a mixed phase[8,9]. Recent progress has be
achieved in the preparation methods of anatase–TiO2-based
catalysts with higher specificareas and active-phase loa
ings [10], which offers new prospects for future industr
applications.

Besides the challenging task of developing a new c
of industrial supports, it is of a fundamental interest to h
a rational description of the support surface properties

* Corresponding author. Fax: +33 1 47 52 70 58.
E-mail address:pascal.raybaud@ifp.fr (P. Raybaud).
0021-9517/$ – see front matter 2004 Elsevier Inc. All rights reserved.
doi:10.1016/j.jcat.2004.05.019
e

deed, various support effects, not always understood, ar
volved in the prospect hydrotreating catalysts. For a deta
overview of support effects, the reader may refer to sev
articles[11,12]. A striking experimental result was report
by Ramirez et al.[4], revealing that the intrinsic HDS activ
ity of anatase–TiO2 supported MoS2 is significantly higher
than that ofγ -alumina supported MoS2. In order to explain
this observation, many support effects have been susp
such as morphology effects, surface acidity[13], electronic
effects[4], orientation[14], or even promotion by the sup
port [7]. As a consequence, it is crucial to gain more insi
into the surface properties (electronic, energetic, and stru
tural) of supports asγ -alumina or anatase–TiO2 under rele-
vant working conditions.

The DFT approach is capableof establing the system
atic atomistic characterization of the surface acidic and b
sites interacting with the active phase either in its precu
oxidic state or in the sulfided state. While DFT works ha
been devoted to the MoS2 and Co(Ni)MoS active phase
[15,16], less numerous theoretical studies have been dev
to the supports relevant for HDS catalysts, such as ana
TiO2 andγ -Al2O3. For that purpose, we have recently u

http://www.elsevier.com/locate/jcat
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dertaken a systematic DFT investigation of the bulk and
face properties of various oxides relevant for HDS cataly
boehmite (AlOOH)[17], and other aluminum hydrooxide
[18], γ -Al2O3 [19,20], and anatase–TiO2 [21]. The DFT
works by Digne et al.[20,22] and Arrouvel et al.[21] al-
low a consistent comparison of the two supportsγ -Al2O3
and TiO2, regarding the surface hydration process and
type of acidic and basic surface sites as a function ofT and
PH2O. These studies already put forward different featu
of the hydroxyl types and concentrations connected with
surface acidity. However, to further explore the chemical
havior of the two supports under sulfo-reductive conditions
such as those used in HDS, it is mandatory to take into
count the influence ofPH2S andPH2.

In the literature, a few experimental studies focused
the effects of H2S on theγ -Al2O3 and anatase–TiO2 sup-
ports. Among the techniques used to better characteriz
surface state of the two supports in interaction with H2S, we
can refer to thermogravimetry measurements[23], calorime-
try measurement[24], infrared (IR) spectroscopy[25–29],
temperature-programmed desorption (TPD)[27], and sulfur
isotope exchange[30]. In particular, Travert et al.[25] have
carried out a rather exhaustive IR study on various ox
(includingγ -Al2O3 and anatase–TiO2). They gave an inter
esting analysis of the way H2S may interact with the surfac
and irreversibly perturbs the high-frequency region of the
spectra. A recent X-ray photoelectron spectroscopy (XPS
[7] revealed that anatase–TiO2 becomes partially sulfided i
the presence of H2S and atT above 673 K, whereas earlie
works [27,31] only revealed the reversible H2S adsorption
(molecular bonded) on anatase–TiO2 whatever the temper
ature may be. In the case ofγ -Al2O3, it seems possible t
adsorb irreversibly H2S and to form Al–SH species accor
ing to [23,26,29,32]. In particular, Okamoto et al.[32] esti-
mated that the nondissociative adsorption energy of H2S on
γ -Al2O3 is about−54 kJ/mol, while the dissociative mod
is about−142 kJ/mol.

To our knowledge, very few theoretical studies are
voted to the adsorption of H2S on the two supports. Eve
fewer studies are devoted to the effect ofPH2 on γ -Al2O3
and on anatase–TiO2. The density-functional study by Se
lloni et al.[33] investigated the adsorption energy of one H2S
molecule on the (101) surface of anatase–TiO2. Two other
works[34,35]investigated the adsorption of one H2S mole-
cule on theγ -Al2O3 surface modeled as a defective spin
However, these works suffer from some weaknesses reg
ing first the structural representation ofγ -Al2O3. Then, the
hydration state of the support is not considered. Finally,
real chemical potential of sulfur is not taken into accoun
order to bridge the gap between the 0 K DFT-simulation
experimental conditions in terms ofT , PH2O, PH2S, andPH2.

The aim of our study is thus to fill in the lack of theore
ical insights on the effect of the sulfo-reductive conditio
on the relevant surfaces exposed by anatase–TiO2 and γ -
Al2O3. For that purpose, we use the density-functional t
ory (DFT) coupled with a thermodynamic model, as defin
-

in the next section. InSections 3.1 and 3.2, the effect ofPH2S

on anatase–TiO2 and γ -Al2O3 will be addressed, respe
tively. Section 3.3is devoted to the effect ofPH2 on both
supports. Finally in the discussion section, we propose
interpretation of our theoretical results in comparison w
published experimental data (TPR, XPS, IR). The pres
work pays attention to the consistent comparison of the
face chemical properties of the two supports as a functio
the working conditions (PH2O, PH2S, PH2, andT ).

2. Methods

2.1. DFT calculations

Total energy calculations are performed within the d
sity functional theory and the generalized gradient app
imation (GGA) of Perdew and Wang[36]. To solve the
Kohn–Sham equations, we used the Vienna ab initio S
ulation Package (VASP)[37–39]. VASP performs an iter
ative diagonalization of theKohn–Sham Hamiltonian via
unconstrained band-by-band minimization of the norm
the residual vector to each eigenstate and via optim
charge-density mixing routines. The convergence crite
for the electronic self-consistent cycle is fixed at 0.1 m
per cell. The eigenstates of the electron wave functions
expanded on a plane-waves basis set using pseudopote
to describe the electron–ion interactions within the pro
tor augmented waves (PAW) approach[40]. For total energy
calculations, we use a cutoff energy of 323.4 eV. The
timization of the atomic geometry at 0 K is performed
determining the exact Hellman–Feynman forces acting
the ions for each optimization step and by using a conju
gradient algorithm. A full relaxation of all atomic position
in the cell is performed till the convergence criterion on
energy (0.1 meV/cell) is reached.

The OH-stretching modes are calculated within the h
monic approximation with a cutoff energy of 323.4 eV a
the Hessian matrix is calculated by a finite difference ap
proach, with a moving step size of±0.005 Å around the
equilibrium position. The coupling with the first outmo
layer of the surface is considered. The anharmonicity
rections for the OH stretching are performed following
method proposed by Lindberg[41] as implemented in th
ANHARM program [42,43]. In this case, the interval o
atomic dispacement is increased to[−0.3,+0.4 Å]. This ap-
proach has been fruitfully applied in[17] for determining the
OH frequency calculations on boehmite surfaces. The
harmonicity correction (wexe) calculated by this approac
is between 71 and 73 cm−1 depending on the type of hy
droxyl group and 44 cm−1 for sulfhydryl groups in the cas
of anatase–TiO2, 47 cm−1 for sulfhydryl groups in the cas
of γ -Al2O3.
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2.2. Surface energy calculations

We use the same method as already proposed in our
vious works[20–22] to calculate the surface energy,Γhkl ,
for a given crystal orientation (hkl) and as a function of th
working conditions fixed by temperature (T ), water pres-
sure (PH2O), hydrogen sulfide pressure (PH2S) and hydrogen
pressure (PH2). Following the same formalism as in[21], the
surface energy can be written as

AhklΓhkl = G(surfhkl + noH2O+ nsH2S+ nhH2)

(1)− G(bulk) − noµH2O − nsµH2S − nhµH2,

whereG(surfhkl +noH2O+nsH2S+nhH2) is the free Gibbs
energy of the surface (hkl) with no adsorbed water mole
cules,ns adsorbed hydrogen sulfide molecules,nh adsorbed
hydrogen molecules for the surface areaAhkl . G(bulk) is the
free Gibbs energy of the bulk normalized to the numbe
atoms used in the supercell of the hydrated TiO2 surface or
theγ -Al2O3 surface.µH2O (resp.µH2S, µH2) stands for the
chemical potential of water (resp. of hydrogen sulfide
hydrogen).

Neglecting the variation of entropy for the condens
phases and thepV terms, as well as thermal variations
internal energies, the surface energy of the (hkl) facet can
be expressed as follows,

Γhkl = Γ 0
hkl + θhklEads− θ

H2O
hkl �µH2O − θ

H2S
hkl �µH2S

(2)− θ
H2
hkl�µH2,

whereΓ 0
hkl stands for the surface energy in vacuum (i

without any adsorbed molecules).
θ

H2O
hkl (resp.θH2S

hkl andθ
H2
hkl) is the surface coverage ofno-

adsorbed H2O molecules (resp. H2S and H2), meaning that

θ
H2O
hkl = no

Ahkl

(
resp. θ

H2S
hkl = ns

Ahkl

, θ
H2
hkl = nh

Ahkl

)
.

In all what follows (including figures and tables), the u
for θ

H2O
hkl (resp.θH2S

hkl andθ
H2
hkl) is expressed in H2O molecules

(resp. H2S and H2) per nm2. θhkl is the sum of the coverage
of all adsorbed species.

Eads is defined as the mean adsorption energy ofn mole-
cules (n = no + ns + nh):

(3)

Eads=
[
E0K(surfhkl + noH2O+ nsH2S+ nhH2)

− E0K(surfhkl) − noeH2O − nseH2S − nheH2

]
/n.

�µH2O (resp.�µH2S and�µH2) stands for the chemica
potential of H2O (resp. H2S and H2) with the internal en-
ergy of the isolated molecule,eH2O (resp.eH2S andeH2) as
reference:

(4)�µH2O = h0
H2O − T s0

H2O + RT ln

(
pH2O

p0

)
− eH2O,

(5)�µH2S = h0
H2S − T s0

H2S + RT ln

(
pH2S

p0

)
− eH2S,

(6)�µH2 = h0
H2

− T s0
H2

+ RT ln

(
pH2

0

)
− eH2.
p
-

We will also use the notationθOH
hkl (resp.θSH

hkl , θ
S
hkl) for the

surface coverage of formed OH groups (resp. SH, S) du
the adsorption process.

The typical HDS conditions are defined forT between
600 and 700 K, as lowPH2O (< 0.01 bar),PH2S ∼ 1 bar, and
PH2 up to 30 bar (i.e.,PH2S/PH2 ∼ 5%). However, as it is
difficult to precisely controlPH2O under reaction conditions
it might be of interest to extend the range of (T ,P ) condi-
tions. Hence, even if our main concern is for HDS conditi
(as defined previously), all surface energies are calculated
a wider range of temperature (between 400 and 900 K)
water partial pressure (between 10−5 and 1 bar).

3. Results

3.1. Effect ofPH2S on the anatase–TiO2 surfaces

3.1.1. (101) surface
We know from our recent work[21] that the (101) sur

face is dehydrated atPH2O = 0.01 bar, between 400 an
900 K. The adsorption energies for various surface co
ages of water, reported inFig. 1, remain in the range o
−79 to−69 kJ/mol, exhibiting a slight stabilizing effect fo
high coverages. The adsorption energy of H2S on the same
surface reveals that adsorption energies are significantl
duced with respect to H2O. For instance, the adsorption e
ergy of the first H2S molecule is−37 kJ/mol in agreemen
with the value reported by Selloni et al.[33]. The adsorp-
tion configuration of H2S is given in the inset ofFig. 1
for θ

H2S
101 = 1.3 H2S/nm2. We have also tested the sulfid

tion of the surface, leading to aµ2-S and a chemisorbe
H2O molecule. However, the resulting adsorption ene
(−30 kJ/mol) is less favorable due to an endothermic sub
tution process (+44 kJ/mol) of one O atom by one S atom
Since in the layered TiS2 structure[44], sulfur atoms are 3
fold coordinated, we have investigated the formation ofµ3-S
species by substitutingµ3-O atoms by S. However, this co
figuration is even less stable. The significantly larger Ti
distances on the (101) surface than on TiS2 explain that the
local structure constraints together with the energy cos
removingµ3-O atoms make the sulfidation highly unfavo
able.

Upon an increase of H2S coverage, the adsorption e
ergy decreases to−20 kJ/mol due to strong lateral repu
sive interactions between H2S molecules. Mixed coverage
combining the simultaneous adsorption of H2O and H2S,
as indicated by the circles and crosses inFig. 1, show that
the presence of H2S has always a destabilizing effect. A
a consequence, the surface energy diagram (Fig. 2) for low
PH2O ∼ 10−2 bar andPH2S = 1 bar shows that the (101) su
face does not contain any S species on a wide range of
perature. ForT above 400 K, the adsorption of H2S would
require nonrealistic values of partial pressure of H2S. There-
fore, under working conditions, the (101) surface expo
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Fig. 1. Adsorption energies of H2O (thick line) and H2S (dashed line) on the (101) surface of anatase–TiO2 as a function of the coverage. (2) θ
H2S
101 = θ101

andθ
H2O
101 = 0 (pure H2S); (!) θ

H2S
101 = 1.3 H2S/nm2 andθ

H2O
101 = 1.3 H2O/nm2; (+) θ

H2S
101 = 5.0 andθ

H2O
101 = 2.5; (×) θ

H2S
101 = 2.5 andθ

H2O
101 = 5.0; (F)

θ
H2S
101 = 0 andθ

H2O
101 = θ101 (pure H2O). Inset: ball and stick representation of the nondissociative adsorption of H2S on the (101) surface of anatase–TiO2 for

θ
H2S
101 = 1.3 H2S/nm2. (Black balls, Ti; small gray balls, O; large gray balls, S; white balls, H.)

Fig. 2. Surface energy of the (101) surface of anatase–TiO2 as a function of temperature for different coverages of H2O and H2S, PH2O = 10−2 and

PH2S = 1 bar. (—) θ101 = 0.0 molecule/nm2; (1) θ
H2O
101 = 1.3 H2O/nm2; (E) θ

H2O
101 = 10.1; (2) θ

H2S
101 = 1.3 H2S/nm2; (Q) θ

H2O
101 = 3.8; (+) θ

H2O
101 = 1.3

andθ
H2S
101 = 1.3; (×) θ

H2O
101 = 2.5 andθ

H2S
101 = 5.0. (See text for definition and unit ofθ101.)
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mainly µ2-O andµ3-O basic Lewis sites, and TiV acidic
sites, without any S species.

3.1.2. (001) surface
As shown in[21], this surface remains hydrated at hi

temperatures even for low water partial pressure. InFig. 3,
the high adsorption energies of water (from−165 up to
−101 kJ/mol) were explained by the high reactivity of th
surface active sites, enabling the dissociative adsorptio
water. When considering the H2S adsorption, it appear
that the reactivity for H2S is enhanced. At low coverag
(θ001 = 1.7 molecule/nm2), H2S is even more strongly ad
sorbed than water with a resulting energy of−184 kJ/mol.
As shown by the local structure forθ001 = 1.7 (inset of
Fig. 3) the surface is sulfided, and H2S is totally dissoci-
ated, leading to the substitution of oneµ2-O atom by one
µ2-S species. This substitution implies the formation of t
neighboring hydroxyl groups similar to those formed up
hydration of the surface. The two Ti–S distances are ab
2.35 Å, and the Ti–S–Ti angle is 119◦.

As observed for the (101) surface, a further increase o
H2S coverage leads to a significant decrease of adsor
energy due to steric constraints between neighboringµ2-S
species. It is also worth noting that the variation of adso
tion energies with H2S coverage is significantly larger (abo
140 kJ/mol) on this surface than on the (101) surface. T
observation was already valid for water[21]. Mixed cov-
erages, involving the simultaneous adsorption of H2O and
H2S, reveal a destabilization of S species. This means
increasing the water partial pressure induces the relea
adsorbed S species.
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Fig. 3. Adsorption energies of H2O (thick line) and H2S (dashed line) on the (001) surface of anatase–TiO2 as a function of the coverage. (2) θ
H2S
001 = θ001

andθ
H2O
001 = 0 (pure H2S); (×) θ

H2S
001 = 1.7 H2S/nm2 andθ

H2O
001 = 3.5 H2O/nm2; (!) θ

H2S
001 = 1.7 andθ

H2O
001 = 1.7; (F) θ

H2S
001 = 0 andθ

H2O
001 = θ001 (pure

H2O). (Same color coding as inFig. 1.)

Fig. 4. Surface energy of the (001) surface of anatase–TiO2 as a function of temperature for different coverages of H2O and H2S, PH2O = 10−2 bar, and

PH2S = 1 bar. (—) θ001 = 0.0 molecule/nm2; (1) θ
H2O
001 = 1.7 H2O/nm2; (P) θ

H2O
001 = 3.5; (2) θ

H2S
001 = 1.7 H2S/nm2; (Q) θ

H2S
001 = 3.5; (+) θ

H2O
001 = 1.7

andθ
H2S
001 = 1.7.
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The surface energy diagram for low water pressure
PH2S around 1 bar shows that the sulfided state rem
stable even at high temperature (Fig. 4). Under usual HDS
working conditions, the (001) surface is sulfided. The
droxyl coverage is 3.5 OH/nm2, and the S coverage
1.7 S/nm2. The OH groups are of TiV-µ1–OH types and
the S species are TiV-µ2–S types.

3.1.3. (110) surface
Although it was shown in[21] that this surface is no

thermodynamically stable under usual working conditio
insights on its reactivity for H2S are interesting as a com
parison. Its reactivity versus water adsorption is high du
the presence of TiIV sites. Adsorption energies of dissociat
water are between−138 and−109 kJ/mol. The adsorp
tion energies of H2S are again smaller (between−104 and
−59 kJ/mol for θ110 in the range of 1.9 to 7.7 H2S/nm2)
than those of water, whatever the coverage may be. M
coverages involving H2S and H2O are also less stable tha
pure water at the surface. As a consequence, under
HDS conditions fixed byPH2O = 0.01 bar andPH2S = 1 bar,
no sulfur species can be stabilized on the surface. U
610 K, the surface exhibits TiV–µ1-OH and (TiV, TiVI )–
µ2-OH groups. However, it must be underlined that
PH2O = 0.01 bar and forPH2S = 100 bar and for temperatu
around 600 K, the formation ofµ1-SH groups is favored
ForPH2O = 10−5 bar and a partial pressure of H2S of 1 bar,
the formation ofµ1-SH groups at 500 K is also enable
Whereas the presence of S species is excluded for the
surface, reasonable changes in the working conditions
lead to sulfhydryl groups on the (110) surface due to
moderate activity. The corresponding local structure of
sulfided state is given inFig. 5.

3.2. Effect ofPH2S on theγ -Al2O3 surfaces

More detailed results obtained on the construction
properties ofγ -Al2O3 surfaces can be found in Refs.[20,22].
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Fig. 5. Local structure of the (110) surface of anatase–TiO2 for θ
H2O
110 =

1.9 H2O/nm2 andθ
H2S
110 = 1.9 H2S/nm2. (Same color coding as inFig. 1.)

We have used most of these results which have been
firmed and extended within the PAW formalism[40]. No
significant differences in the energetic results have b
noted for our systems between the ultrasoft pseudopo
tials used in[20,22]and the PAW formalism.

3.2.1. (110) surface
As already explained in[20–22], water molecules ar

strongly interacting with the (110) surface (Fig. 6). The H2S
adsorption energies are also higher than on anatase–2
surfaces, confirming the higher reactivity of theγ -alumina
(110) surface. The value for one adsorbed H2S molecule
(−185 kJ/mol) is close to the one reported in[35] despite
the different models used forγ -alumina. As for the anatase
TiO2 (001) surface, the destabilization of S species a
function of coverage is rather high on this highly act
surface. For a coverage between 1.5 and 7.5 H2S/nm2, the
variation in adsorption energies is about 100 kJ/mol for γ -
alumina, whereas it is about 140 kJ/mol for anatase–TiO2
(001). However, in the case ofγ -alumina, we do not find a
configuration where the adsorption energy is more favor
for H2S than for H2O, even in the case of mixed coverag
(Fig. 6). The consequence for the surface energy diagra
that forPH2O ∼ 0.01 bar,PH2S ∼ 1 bar, andT within 600–
700 K, no chemically adsorbedS species is stabilized on th
-

-

surface (Fig. 7a). The surface is covered by water betwe
2.96 and 4.44 H2O/nm2 and exhibitsµ1-OH andµ2-OH
groups.

Under specific conditions, H2S can be adsorbed on th
surface. For instance, keeping the water pressure at 0.0
and increasingPH2S up to 70 bar stabilizes AlIV –SH groups
for temperatures higher than 850 K. Another possibility is
decreasePH2O down to 10−5 bar, and to keepPH2S = 1 bar:
Al IV –SH groups are then stabilized forT > 600 K (Fig. 7b).
The local structure of the stableµ1-SH group is depicted in
Fig. 8. At this stage, it is important to underline that on
rather high temperatures and very lowPH2O stabilize the
sulfidation of the surface. Theµ2-S species are always le
stable by 11 kJ/mol, while theµ3-S is even less stable by 3
kJ/mol. In theα-Al2S3 crystal structure[45], the Al–S dis-
tances ofµ2-S andµ3-S are respectively 2.17 and 2.29
whereas the optimized Al–S distances on the sulfided su
face are 0.25 Å longer, which explains the destabilizatio
S-species versus SH groups.

3.2.2. (100) surface
The reactivity of this surface is significantly weaker, lea

ing to a nonhydrated state under usual HDS conditi
[20–22]. Adsorption energies for water are reported inFig. 9,
and the resulting surface energy diagram is given inFig. 10.
Actually, this surface behaves similarly as the (101) surf
of anatase–TiO2, except that the adsorption of H2S (if it
occurs) is dissociative (see inset ofFig. 9). The adsorption
energy is low (about−55 kJ/mol for θ

H2S
100 = 2.1 H2S/nm2),

and the destabilization occurs rapidly for higher H2S cover-
ages. Furthermore, the formation of aµ3-S in substitution
of a µ3-O atom is less stable by 45 kJ/mol. Our calculated
adsorption energy for the first H2S molecule (−55 kJ/mol)
differs from the result by Ionescu et al. (−37 kJ/mol) [35].
At variance with these authors, we find that H2S is disso-
ciated on the (100) surface. This discrepancy is due to
spinel-like structure used in[35] for the surface model, lead
ing to an underestimation of the reactivity of the (100) s
face sites.
Fig. 6. Adsorption energies of H2O (thick line) and H2S (dashed line) on the (110) surface ofγ -Al2O3 as a function of the coverage. (2) θ
H2S
110 = θ110 and

θ
H2O
110 = 0 (pure H2S); (×) θ

H2S
110 = 3 H2S/nm2 andθ

H2O
110 = 1.5 H2O/nm2; (!) θ

H2S
110 = 1.5 andθ

H2O
110 � 1.5; (F) θ

H2S
110 = 0 andθ

H2O
110 = θ110 (pure H2O).

(D, dissociative adsorption;ND, nondissociative adsorption.)
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s;
Fig. 7. Surface energy (Γ110) diagram ofγ -Al2O3 as a function ofPH2O andPH2S for (a) T = 700 K and (b)T = 900 K. (Black domain, hydrated surface
gray domain, surfaces containing SH groups; light gray domain, surface without H2O and H2S.)
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Fig. 8. Dissociative adsorption of H2S on the (110) surface ofγ -Al2O3

for θ
H2S
110 = 1.5 H2S/nm2. (Black balls, Al; small gray balls, O; large gra

balls, S; white balls, H.)

For usual HDS conditions given byPH2O around 0.01 bar
PH2S = 1 bar, andT between 600 to 700 K, no SH speci
is found on this surface. To stabilize such SH species at
temperature, the partial pressure of H2S must be increase
beyond realistic conditions, whateverPH2O.

3.3. Effect ofPH2 on the anatase–TiO2 andγ -Al2O3

surfaces

To explore exhaustively the hydrodesulfurization con
tions, the simulations must also take into consideration
reductive environment imposed by the high partial pres
of H2 (up to 30 bar). Thus, it is necessary to investig
whether the exposed surfaces of the catalytic support
modified by the presence of H2, in competition with H2O
and H2S. Indeed, H2 may modify the type of surface speci
by increasing, for instance, the number of hydroxyls,
forming hydrides, or even by creating O vacancies. For th
purpose, and for the most relevant surface states alread
termined in the previous sections, we study in what follo
whether H2 may be adsorbed in a molecular state, or i
dissociated state (either heterolytically or homolytically)
may remove O atoms. Given the complexity of the poss
configurations, we focus on the most relevant ones.
-

3.3.1. Anatase–TiO2 (101) surface
As we have shown in the previous sections, this sur

is not hydrated and not sulfided for temperature and pa
pressures of H2O and H2S close to HDS conditions.Table 1
gives the adsorption energies for H2 in various configura
tions on the fully dehydrated (101) surface. The homol
dissociation of one H2 molecule on twoµ2-O basic sites is
endothermic. The heterolytic dissociation on oneµ2-O sites
and on TiV sites is even less favorable. The removal of o
O atom from the surface leading to the formation of one
ter molecule is also highly endothermic, even if the wa
molecule formed remains adsorbed. As a consequence
most favorable adsorbed configuration is the molecular s
(Fig. 11) for which the adsorption energy is almost ath
mic (−3 kJ/mol). According to this weak adsorption energ
even at high partial pressure of H2 (such as 30 bar), the su
face energy diagram including the chemical potential of2

(not represented here) shows that no H2 molecule is stable o
the surface. The partial pressure of H2 should be increase
beyond realistic values to stabilize H2 at the surface.

3.3.2. Anatase–TiO2 (001) surface
The situation is more complex on this surface, becau

various hydrated and sulfided states are possible as a
tion of the reaction conditions (seeSection 2). For the dehy-
drated and not sulfided surface (stable only at high temp
ture), the most favorable adsorption energy (−72 kJ/mol) is
given by the homolytic dissociation represented inFig. 12a.
The stabilization is significantly stronger than for the (1
surface, due to the formation of H bonds when hydrox
are formed. The adsorption energies for the other adsor
modes at low coverage are reported inTable 1. It is inter-
esting to note that the heterolytic dissociation (Fig. 12b) is
also exothermic. However, these adsorption energies re
smaller than those of H2S (−184 kJ/mol) and H2O. Us-
ing the chemical potential approach, this means that e
for high PH2 (such as 30 bar), the dissociative adsorption
H2 cannot compete with H2S and the partial pressure of H2
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ng
Fig. 9. Adsorption energies of H2O (thick line) and H2S (dashed line) on the (100) surface ofγ -Al2O3 as a function of the coverage. (2) θ
H2S
100 = θ100 and

θ
H2O
100 = 0 (pure H2S); (×) θ

H2S
100 = 4.3 H2S/nm2 andθ

H2O
100 = 2.1 H2O/nm2; (!) θ

H2S
100 = 2.1 andθ

H2O
100 � 2.1; (F) θ

H2S
100 = 0 andθ

H2O
100 = θ100 (pure H2O).

(D, dissociative adsorption; ND, nondissociative adsorption; D*, one H2S molecule is dissociated by forming aµ2-S species.) Inset with the same color codi
as inFig. 8.
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Fig. 10. Surface energy of the (100) surface ofγ -Al2O3 as a
function of temperature for different coverages of H2O and H2S,
PH2O = 10−2 bar, andPH2S = 1 bar. (—) θ100 = 0.0 molecule/nm2;

(1) θ
H2O
100 = 2.1 H2O/nm2; (P) θ

H2O
100 = 4.3; (2) θ

H2S
100 = 2.1 H2S/nm2;

(Q) θ
H2S
100 = 4.3; (+) θ

H2O
100 = 2.1 andθ

H2S
100 = 2.1; (×) θ

H2O
100 = 4.3 and

θ
H2S
100 = 2.1.

should reach unrealistic values to allow the stabilization
H2 versus H2S on the (101) surface.

For higher coverages in H2, the adsorption energy o
H2 decreases rapidly below−30 kJ/mol, remaining always
far smaller than the adsorption energies of H2O and H2S.
We have also tested some mixed coverages, such a
H2O/nm2 and 1.7 H2S/nm2, which lead to an average a
sorption energy of−94 kJ/mol, significantly smaller than
the mixed configuration involving H2O and H2S. As a con-
sequence, in the presence of H2S and even a slight amou
of H2O, most H species present at the surface of anatas
brought by H2S or H2O.

TPD experiments on anatase–TiO2 pretreated at 773 K
and 10−6 bar by Iwaki et al.[46] revealed that the high
est H2 desorption temperature is about 523 K atPH2 = 0.5
bar. Such pretreatment conditions are sufficient to rem
7

e

all H2O molecules from the anatase surface. According
our simulations, under such conditions (excluding H2S and
H2O), H2 can be stabilized in a hemolytic dissociative st
on the (001) surface and at 0.5 bar, and temperature lo
than 580 K, which seems to be consistent with Iwaki’s wo

3.3.3. γ -Al2O3 (100) surface
As we have shown in the previous section, this surfac

not hydrated and not sulfided beyond 450 K forPH2O and
PH2S corresponding to HDS conditions. As reported inTa-
ble 1 and similarly to the anatase–TiO2 (101) surface, the
most favorable adsorption mode for H2 is the molecular state
with a very weak adsorption energy of−4 kJ/mol (Fig. 13).
As for the (101) surface of anatase–TiO2, under a realistic
partial pressure of H2, no H2 molecule remains adsorbed o
the (100) surface ofγ -alumina.

3.3.4. γ -Al2O3 (110) surface
As for the (001) surface of anatase–TiO2, this surface

is slightly more complex, since various hydrated states
found as a function of reaction conditions. In a first st
we calculate the adsorption energy of H2 for the dehydrated
surface.Table 1shows that the heterolytic dissociation
a H2 molecule is highly favored. The adsorption energy
−113 kJ/mol. Due to the presence of unsaturated AlIII sites,
the heterolytic dissociation of H2 on theµ2-O sites and on
the AlIII sites becomes favored versus the homolytic dis
ciation and molecular adsorption. This result confirms
high reactivity of the (110) surface also for H2 activation,
leading to the possible formation of a hydride ion toget
with a µ2-OH group (inset ofFig. 14). This heterolytic dis-
sociation may correspond to the highest TPD peak obse
by Amenomiya[47] at 593 K andPH2 = 5.3× 10−2 bar.

Because the adsorption energy of H2O is significantly
higher (between−237 and−136 kJ/mol), H2 competes
for adsorption with H2O, only if PH2O is very low. For
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Table 1
Adsorption energies (in kJ/mol) of one H2 molecule on anatase–TiO2 and onγ -Al2O3 surfaces forθH2O = 0 andθH2S = 0

Surface Homolytic dissociation Heterolytic dissociation Molecular adsorption O vacancy creatioa

Anatase (101) +42 +86 −3 +95 (+H2O)
Anatase (001) −72 −26 −34 +28 (+2 OH)
γ -Al2O3 (100) Highly endothermic +128 −4 –
γ -Al2O3 (110) +64 −113 −2 –

a The oxygen is removed from the surface site but remains adsorbed at the surface (through a water molecule or a hydroxyl group).
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Fig. 11. Top view of the molecular adsorption of H2 on the (101) surface o

anatase–TiO2 for θ
H2
101= 1.3 H2/nm2. (Same color coding as inFig. 1.)

PH2O = 10−2 bar, the surface energy diagram is not mo
fied by the presence of H2. For PH2O = 10−5 bar,PH2S = 1
bar,PH2 = 30 bar, H2 is adsorbed with heterolytical diss
ciation forT > 700 K (Fig. 14). At higher coverages, som
mixed configurations have been tested; however, we find
as soon as the AlIII sites are saturated, H2 is molecularly ad-
sorbed whatever the coverage may be.

4. Discussion

The sulfidation process of the two supports is gover
by two main parameters: the intrinsic stability of the oxid
with respect to sulfidation, and the reactivity of the expo
surfaces. Let us first consider the two following chem
reactions for the bulk reference systems (TiS2 [44], Al2S3
[45]):

(7)TiO2 + 2H2S� TiS2 + 2H2O,

(8)Al2O3 + 3H2S� Al2S3 + 3H2O.
t

The Gibbs free enthalpies of reaction,�G1 for (7) and
�G2 for (8), can be easily expressed as a function ofT ,
PH2S andPH2O in a similar way as described inSection 2
for the surface. Using DFT results obtained on bulk co
sive energies, we find that atT = 600 K,PH2S = 1 bar, and
PH2O = 10−2 bar:�G1 = +1.72 eV and�G2 = +3.18 eV.
As expected, this implies first that for both cases, the
ide phases are strongly stabilized versus the sulfide ph
The sulfidation can only occur partially under usual H
conditions (at the surface). Then, it appears that TiO2 is in-
trinsically more easily sulfided than Al2O3 (�G1 < �G2).
Finally, for a givenPH2S/PH2O ratio, a temperature increa
implies a decrease of�G and enhances the probability
the sulfidation process.

Furthermore, the partial sulfidation of the support
pends mainly on the specific reactivity of the exposed
faces for H2S. Table 2summarizes the relevant conditio
leading to the sulfidation of thedifferent surfaces accordin
to the results obtained inSection 3. As for the bulk system, a
a givenPH2O, high temperatures together with a sufficien
high PH2S are required to sulfide the surface. The simu
tions show that the sulfidation affinity is ordered as follow
(001) anatase> (110) γ -Al2O3 and (110) anatase� (100)
γ -Al2O3 and (101) anatase.

We conclude that the reactivity of the surfaces for H2S is
significantly different from their reactivity for H2O [21,22].
Due to the higher intrinsic sulfidation affinity of TiO2, the
(001) surface of anatase is the most reactive one. In
case, as shown inSection 2, µ2-S species are stabilized. Th
least reactive surfaces are the (101) anatase–TiO2 and (100)
γ -Al2O3 surfaces where H2S is only weakly chemically
adsorbed. The (110) anatase and (110) alumina sur
exhibit intermediate behaviors, H2S being dissociatively
chemisorbed, and leading to the formation of sulfhyd
groups only whenPH O is very low (10−5 bar).
2
Fig. 12. (a) Homolytic dissociation and (b) heterolytic dissociation of H2 on the (001) surface of anatase–TiO2 for θ
H2
001 = 1.7 H2/nm2. (Same color coding

as inFig. 1.)
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Fig. 13. Top view of the molecular adsorption of H2 on the (100) surface o

γ -Al2O3 for θ
H2
100= 2.1 H2/nm2. (Same color coding as inFig. 8.)

As we have put forward in previous works[20–22],
morphology effects are crucial for evaluating the surf
species exposed by each nanoparticle of the support.
cording to the favorable H2S adsorption on the (001) su
face of anatase–TiO2, a slight enhancement of the (00
facet is expected under HDS conditions (from 2 to 4%
the exposed area). Taking into consideration the Gib
Curie–Wulff equilibrium morphologies of the nanoparticle
the concentration of the different species (such as OH, S
groups, or S-atoms) is given inTable 3for reaction condi-
tions close to HDS. According toSection 3, the anatase–
TiO2 particles contain sulfur species under a wider ra
of (PH2O, PH2S, T ) conditions thanγ -Al2O3, which is sul-
fided under more restricted conditions. The sulfidation
γ -Al2O3 is possible only when the water partial press
is drastically reduced (around 10−5 bar) to favor H2S ad-
sorption on the (110) surface. Furthermore, the types
species present at the surface are different. On the (001
face of anatase, the dissociative adsorption of H2S leads to
the formation ofµ2-S species, whereas forγ -alumina, the
process occurring at very lowPH2O leads to the formation o
Al IV –SH groups on the (110) surface. It must be underli
that for both supports, the surface sulfidation is enhance
high temperatures. As shown inTable 3, at T = 400 K and
PH2O = 10−2 bar no sulfur species is present on the surfa
-

t

Table 2
Conditions inPH2O, PH2S, and T inducing a partial sulfidation of the
anatase–TiO2 andγ -Al2O3 surfaces at fixedPH2 = 30 bar

Support (hkl) Surface PH2O (bar) PH2S (bar) T (K)

Anatase–TiO2 (101) 10−2 Not realistic
10−5

(001) 10−2 1 600–850
10−5 10−3 380–700

(110)a 10−2 100 ∼ 600
10−5 1 420–530

γ -Al2O3 (100) 10−2 Not realistic
10−5

(110) 10−2 70 850–1000
10−5 1 620–700

a For this surface, the adsorption of H2 has not been investigated.

due to the preferential stabilization of water. This result f
nishes a rational interpretation of the XPS study by Cou
et al. [7], who observed a perturbation of the 2p level
anatase Ti atoms, due to a partial sulfidation state at tem
ature above 673 K. According to our simulations, the s
fidation occurs through the formation of TiV–µ2-S species
on the (001) surface of anatase. Forγ -alumina, the sulfi-
dation is significantly less pronounced, and requires lo
PH2O. Since precise values are seldom reported forPH2O

during HDS operations, we cannot exclude that the s
dation takes place if theγ -Al2O3 sample is submitted to
specific pretreatment temperature. However, it is impor
to underline the two distinct behaviors exhibited by TiO2 and
γ -Al2O3.

In the experimental literature, two types of chemiso
tion modes of H2S are often reported onγ -Al2O3 [24,29,
32], referred to as a dissociative mode and a nondisso
tive one. The earlier study based on adsorption isothe
by De Rosset et al.[48] estimated the isosteric heat of H2S
adsorption at−159 and−105 kJ/mol. Using similar tech-
niques, Glass and Ross[24] showed that the heat of ad
Fig. 14. Surface energy of the (110) surface ofγ -Al2O3 as a function of temperature for different coverages of H2O and H2S,PH2O = 10−5 bar,PH2S = 1 bar,

andPH2 = 30 bar. (—) θ110= 0.0 molecule/nm2; (1) θ
H2O
110 = 1.5 H2O/nm2; (P) θ

H2O
110 = 3.0; (!) θ

H2O
110 = 4.4; (2) θ

H2S
110 = 1.5 H2S/nm2; (+) θ

H2O
110 = 1.5

andθ
H2S
110 = 1.5; (- - -) θ

H2
110= 1.5. (Inset with the same color coding as inFig. 8.)
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Table 3
Surface species concentrations (species/nm2) atPH2S = 1 bar andPH2 = 30 bar and for different morphologies

Support PH2O (bar) T = 400 K T = 600 K T = 700 K

TiO2 eq. morp.
(101) 96% 10−2 0.67 [OH] 0.14 [OH]+ 0.07 [S] 0.10 [OH]+ 0.05 [S]
(001) 4% 10−5 0.27 [OH]+ 0.14 [S] 0.14 [OH]+ 0.07 [S] 0.10 [OH]+ 0.05 [S]

TiO2 non eq.
(101) 20% 10−2 5.54 [OH] 2.77 [OH]+ 1.38 [S] 2.77 [OH]+ 1.38 [S]
(001) 80% 10−5 2.77 [OH]+ 1.38 [S] 2.77 [OH]+ 1.38 [S] 2.77 [OH]+ 1.38 [S]

γ -Al2O3 non eq.
(100) 20% 10−2 7.10 [OH] 7.10 [OH] 4.71 [OH]
(110) 80% 10−5 7.10 [OH] 4.74 [OH] 1.18 [OH]+ 1.18 [SH] or 1.18 [H]
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Table 4
Surface sites of anatase–TiO2 andγ -Al2O3 under HDS conditions (T =
600–700 K,PH2O = 10−2 bar andPH2S = 1 bar,PH2 = 30 bar)

Support Surface Brønsted and Lewis sites

Anatase (101) TiV, TiVI , µ2-O, µ3-O
(001) TiV–µ2-OH; TiV, µ2-O, µ2-S

γ -Al2O3 (100) AlIV , AlV, µ3-O
(110) AlIV –µ1-OH, AlV–µ1-OH2, (AlIV , AlV)–µ2-OH,

(AlV, AlV )–µ2-OH, µ3-OH; AlIV , AlVI , µ2-O, µ3-O

sorption of H2S on γ -Al2O3, pretreated at 923 K, varie
between−132 and−68 kJ/mol. More recently, Okamoto e
al. [32] have shown from TPD spectra that two peaks
observed at ca. 400 and 560 K, corresponding to ads
tion energies at−142 and−54 kJ/mol. Within the range o
experimental and theoreticalaccuracies, these experimen
data are consistent with our calculated results obtaine
Section 3. On theγ -Al2O3 (110) surface, adsorption ene
gies are varying between−184 and−80 kJ/mol (Fig. 6),
while on theγ -Al2O3 (100) surface they are between−55
and−25 kJ/mol (Fig. 9). Furthermore, our simulations r
veal that the dissociative mode and the nondissociative
contribute to the two adsorption regimes (Figs. 6 and 9). This
implies that the two adsorption regimes observed are a
ally due to the two main exposed surfaces by theγ -Al2O3
nanoparticles. Hence, at low temperatures (400 K), thα-
peak observed in TPD experiments[32] corresponds to H2S
adsorbed on the (100) surface. The shape of the peak is
row, due to the small variation of H2S adsorption energie
on theγ -Al2O3 (100) surface (within 30 kJ/mol). The high-
temperatureβ-peak (560 K) is assigned to H2S adsorbed on
the (110) surface. The width of the peak is larger, beca
of the wider range of adsorption energies on this sur
(within 104 kJ/mol).

For HDS conditions,Table 4summarizes the differen
types of Lewis and Brønsted sites present at the surfac
the two supports.γ -Al2O3 exhibits a much greater variety
OH sites, whereas anatase–TiO2 is partially sulfided. A de-
tailed assignment of the stretching frequencies of OH gro
was successfully carried out in[20–22].

For TiO2 pretreated at 770 K (as investigated in[25]), our
simulations reveal that the adsorption of H2S in a dissoci-
-

-

f

ated state may remove H2O previously adsorbed on the (00
surface and lead to the formation ofµ2-S and twoµ1-TiV–
OH groups. The released water molecule may be adso
to Lewis sites located on the (101) surface (increasing
band intensity at 3675 cm−1). The highest stretching fre
quency (3746 cm−1) of one OH group after H2S adsorption
is similar to the one formed after H2O. This is in qualitative
agreement with the IR results of Travert et al.[25] show-
ing that H2S leads to a net increase of Brønsted acidity.
explained inSection 3, sulfhydryl groups can be formed o
the (110) surface of anatase. The corresponding TiV–SH fre-
quency is calculated at 2561 cm−1 (including anharmonicity
corrections).

In the case ofγ -Al2O3, Travert et al. investigated H2S
adsorption for two pretreatment temperatures. For the
temperature pretreated (1070 K) sample an increase o
OH band intensities is induced by H2S adsorption. Becaus
the OH coverage ofγ -Al2O3 (110) surface is significantl
reduced by such a high pretreatment temperature, andIII

Lewis sites are available for the H2S dissociative adsorptio
as shown inSection 3. The formation of AlIV –SH groups
together with new OH groups cannot be excluded. The
responding SH-stretching frequency at 2518 cm−1 is lower
than on the (110) anatase–TiO2 surface, due to hydroge
bonds between the SH group and a neighboring O atom
a consequence, we think that, for such a high pretreatm
temperature ofγ -Al2O3, a net increase of Brønsted acid
resulting from H2S dissociative adsorption is expected. T
is an intrinsic difference betweenγ -Al2O3 and anatase
TiO2: the Brønsted acidity of anatase–TiO2 is more sensitive
to H2S pressure thanγ -Al2O3.

Regarding the effect of H2 on the anatase–TiO2 andγ -
alumina surfaces, we find that the surface states (hydro
or S species) are not strongly modified by the high p
tial pressure of H2. Due to the lower adsorption energies
H2 on all surfaces, H2 cannot compete for adsorption ne
ther with H2O (even if present in small amount) nor wi
H2S. Only in the absence of these two species, H2 can re-
act with the (001) surface of anatase, and with the (1
surface ofγ -alumina in a realistic range ofPH2. In the for-
mer case, the thermodynamically favored homolytic diss
ation leads to the formation of two hydroxyls. In the latt
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the heterolytic dissociation leads to AlIII –H and Al–µ2-OH
species. However, in both cases, an atmosphere free
H2S (anatase–TiO2) and H2O (γ -alumina) is required to al
low such a strong interaction of H2 with the surface.

5. Conclusion

The present work has explored the effects of su
reductive conditions on two supports relevant for HDS c
alysts. Combining DFT calculations and a simple therm
dynamic model, we put forward that under HDS conditio
(T = 600–700 K,PH2O ∼ 10−2 bar, PH2S ∼ 1–5 bar, and
PH2 up to 30 bar), anatase–TiO2 can be partially sulfided
whereasγ -Al2O3 cannot. On the one hand, this is due
the higher intrinsic sulfidability of anatase–TiO2 versusγ -
Al2O3. On the other hand, the (001) surface of anatase–T2

exhibits a peculiar reactivity with H2S leading to the forma
tion of µ2-S species together with OH groups. H2S may
thus increase the hydroxyls concentration on anatase–T2.
For γ -Al2O3, the formation of SH groups on the (110) su
face is possible only if water is almost completely remov
from the reaction medium (i.e.,PH2O < 10−5 bar). As a
consequence, for moderate pretreatment temperatureγ -
Al2O3 Brønsted acidity is less sensitive to H2S pressure
than anatase–TiO2. For higher pretreatment temperatur
γ -Al2O3 Brønsted acidity may be enhanced by H2S pres-
sure.

The adsorption of H2 on surfaces of both supports reve
that its adsorption energy remains too low to compete w
H2S and H2O, even at high H2 pressures such as 30 bars.
γ -Al2O3, the heterolytic dissociation of H2 is possible for
T > 700 K and forPH2O < 10−5 bar, leading to the forma
tion of a hydride ion.

We expect that this ab initio determination of the surfa
states will allow a better control of the acidic properties
the two supports as a function of operating conditions. Mo
over, this study provided us with the best possible basi
further investigate supported of MoS2-based models of in
dustrial HDS catalysts. Such as investigation will be repo
in a near future.
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