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Abstract

In order to better understand the role of the acidity of the support on the hydrogenation properties of a molybdenum sulfid
aβ-zeolite with a nominal Si/Al = 13.8 was partially (Si/Al = 15.0 and 18.7) and fully dealuminated (Si/Al � 800, no Brönsted acidity). To
achieve a reasonable Mo loading with a high Mo dispersion, the Mo/β catalysts were prepared by cation exchange with [Mo3S4(H2O)9]4+
in the presence of NH3, followed by a thermal treatment under Ar at 623 K. This preparation method allowed us to introduce up to 4
of Mo into the acidic zeolites. For the fully dealuminated zeolite that contains no exchange sites, Mo was introduced by impregnatio
aqueous solution of ammonium heptamolybdate. After sulfidation of all the samples in a stream of H2/H2S, MoS2 slabs were observed b
TEM. The electronic properties of the molybdenum sulfide phase were examined by means of IR spectroscopy of CO adsorption
Theν(CO) wavenumber regularly increases with the acidity of the zeolite support from 2122 cm−1 for the nonacidic sample to 2158 cm−1

for the most acidic one. The hydrogenation activities of these catalysts determined in tetralin hydrogenation, and carried out in the
of H2S, also varied within a wide range, the most acidic catalyst being circa 40 times more active than the nonacidic one. This enh
of activity in hydrogenation is related to the electron-deficient character of the sulfide particles in acidic zeolites.
 2003 Elsevier Inc. All rights reserved.
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1. Introduction

The great environmental significance of the hydrotre
ing process has led to a vivid research on the propertie
sulfide catalysts [1,2]. The conventional hydrotreating c
lyst is a Co (or Ni)-promoted MoS2 (or WS2) active phase
supported onγ alumina. With the objective to improve th
catalytic properties for the various reactions, hydrodesu
ization, hydrodenitrogenation,and aromatics hydrogena
involved in the general term hydrotreatment, many attem
have been made to replace alumina by other supports
The interest in dispersing the active phase in zeolites is m
tiple. Besides the large surface area of this support, w
may allow the preparation of highly dispersed phases,
zeolite acidity can be utilized directly in bifunctional hydr

* Corresponding author.
E-mail address:breysse@ccr.jussieu.fr (M. Breysse).
0021-9517/$ – see front matter 2003 Elsevier Inc. All rights reserved.
doi:10.1016/S0021-9517(03)00308-7
cracking reactions or indirectly by transforming the m
difficult compounds to desulfurize, i.e., 4,6-alkyldibenz
thiophenes into more reactive compounds either thro
demethylation or through isomerization [2–4]. Moreov
the zeolite acidity may influence the catalytic and electro
properties of the active phase as was shown for metal c
lysts [5] and by some of us for ruthenium sulfide [6]. In th
previous study, we showed that the properties of nanop
cles of ruthenium sulfide dispersed in a series of Y zeo
varied widely according to the nature of the zeolite, H
KY, and dealuminated HYd and KHYd. For the reactions o
hydrogenation of tetralin and toluene carried out in the p
ence of H2S the difference of activity was very high (diffe
ence of activity between the most and the least active cat
circa 200 times for tetralin hydrogenation). This increase
activity for the hydrogenation of aromatics was related
the electron-deficient character of the sulfide particles in
acidic zeolites as it had been proposed for metal catalysts

http://www.elsevier.com/locate/jcat
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The objective of the present study is to examine
such modifications of the electronic and catalytic prop
ties also occur for molybdenum sulfide. As a matter
fact, most of the hydrotreatment catalysts are molybde
sulfide-based catalysts. It is then most important to de
mine which parameters influence the hydrogenation p
erties of the catalyst, hydrogenation steps being invo
in hydrodesulfurization and hydrodenitrogenation reacti
schemes. Besides, the hydrogenation of aromatics is al
important issue.

For such a study, it is important to separate, as muc
possible, the various parameters, which may influence
activity, i.e., the location of the active phase in the por
ity, the number, and strength of the acid sites. Theβ-zeolite
system has been preferred to the Y-zeolite system bec
it is possible to monitor the acidity by dealumination wi
out noticeable loss of cristallinity and important formation
extraframework alumina owing to nitric acid treatments [
For Y zeolites, dealumination leads to the formation
highly disordered mesopores and the presence of stro
acidic extraframework alumina is difficult to avoid [9]. In th
present study, we utilized a series ofβ-zeolites with acidic
properties varying in a wide range, the initialβ-zeolite with
a Si/Al ratio equal to 13.8, two partially dealuminated sa
ples (Si/Al = 15.0 and 18.7) and a fully dealuminated o
(Si/Al > 800). In the nonacidic fully dealuminated zeoli
molybdenum was introduced by impregnation with amm
nium heptamolybdate. In the acidic supports, molybden
was introduced by cation exchange with [Mo3S4(H2O)9]4+
as was proposed by Taniguchi et al. [10,11]. Ammon
heptamolybdate impregnation was also utilized for one
the acidic supports for comparison purposes. All the s
ples were sulfided in a stream of H2/H2S and characterize
by HRTEM. The characteristics of the acidic and hyd
genating sites were studied by IR spectroscopy. On sulfi
samples activated in situ, CO adsorption experiments w
performed at 100 K in order to avoid any modification of
active phase by the probe molecule adsorption and to a
CO interaction with zeolite OH groups. The weak adso
tion of CO on Brönsted acid sites can be used to determ
the acidity of the protons. This probe molecule also p
vides information related to the electronic properties of
MoS2 particles dispersed in the zeolite. The catalytic pr
erties were determined in the hydrogenation of tetralin in
presence of H2S. This model molecule was chosen beca
it is representative of the aromatics present in gas oils.

2. Experimental

2.1. Catalysts

The parent TEAHβ zeolite provided by RIPP (China
was calcined to obtain the acidic Hβ . Calcination was
performed under air flow by increasing the tempera
(1.5 K min−1) up to 823 K and keeping the sample
n

e

this temperature for 4 h. The Si/Al ratio was 13.8. Dea
lumination was performed using the nitric acid treatm
described in Refs. [8–12]. The amount of 2.5 g of zeo
was mixed with 250 mL of nitric acid solution of variou
concentrations ([HNO3]: 1.5 and 5.3 mol L−1) and heated
under reflux and stirring for 4 h. The solid was then ga
ered by centrifugation and washed four times in distil
water (250 mL). It was then dried at 363 K overnight
air and calcined under air (20 mL s−1) with a heating rate
of 1.5 K min−1 up to 823 K and then maintained at th
temperature for 8 h in order to eliminate the remaining te
plate. The fully dealuminated zeolite was prepared us
concentrated nitric acid (69.5 wt%). This treatment el
inated also the template. According to their Si/Al ratios,
these zeolites are referred to asβ13.8, β15.0, β18.7, and
β800. X-ray diffraction studies showed that the structure
theβ-zeolite did not lose significant cristallinity during de
lumination since the intensities of the two main(101) and
(302) peaks at 2θ = 7.6 and 22.5◦, respectively, remain a
most unchanged and there was no amorphous phase v
in the background of the diffractograms. The micropor
volume determined from the nitrogen adsorption isothe
by the t-plot method betweenP/P0 = 0.1 and 0.3 did no
change forβ13.8, β15.0, β18.7, i.e, 0.24± 0.1 cm3 g−1,
but was lower forβ800, i.e., 0.17 cm3 g−1. This indicates
that some mesopores were formed during the treatment
concentrated nitric acid, probably by merging of some
cropores, since the total porous volume (micro+ meso) was
identical, i.e., 0.24 cm3 g−1 (P/P0 = 0.9).

[Mo3S4(H2O)9]4+ was introduced by cation exchan
in the presence of ammonia inβ13.8, β15.0, andβ18.7
so as to reach about 4.7 wt% of Mo [12]. The prepa
tion method of the complex was published by Shibah
et al. [13]. The amount of 2.5 g of zeolite was mixed w
125 mL of distilled water. On the other hand, 310 mg
the Mo3S4Cl4/NH4Cl mixture was dissolved in 125 m
of distilled water. The [Mo3S4]4+ solution was added dro
by drop to the zeolite suspension. When the pH was lo
than 3, a few milliliters of NH3 (0.33%) was added to in
crease the pH to 7. Again, the [Mo3S4]4+ solution was adde
drop by drop, and so on. The final pH was 3. The mixt
was stirred for 3 h at 313 K. Then, the suspension was
tered, and the solid was washed with 125 mL of distil
water and centrifuged again. This washing procedure
repeated three times. The solid was then dried at 31
under vacuum overnight. Finally, the sample was calci
under argon (flow rate 3.6 L h−1) at 623 K for 3 h (heating
rate 5 K min−1). The samples are referred to as Mo/β13.8,
Mo/β15.0, and Mo/β18.7.

Mo was introduced by impregnation with ammoniu
heptamolybdate (NH4)6Mo7O24 · 4H2O (AHM) in the fully
dealuminatedβ800 since this support does not contain
changeable sites. This sample is referred to as IMo/β800.
For comparison of the two preparation methods, a sam
(β13.8) containing acid sites was impregnated with amm
nium heptamolybdate (IMo/β13.8). For β800 1.5 mL g−1
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Table 1
Chemical compositions of the catalysts determined by chemical analy

Sample Mo (wt%) S (wt%) S/Mo

Mo/β13.8 4.0 2.93 2.20
Mo/β15.0 3.95 2.80 2.13
Mo/β18.7 4.26 2.96 2.08
IMo/β13.8 5.24 2.32 1.33
IMo/β800 8.2 4.89 1.79

and forβ13.8 1.1 mL g−1 of AHM aqueous solution wer
put into contact with the zeolites support for 3 h. The sa
ples were dried in air at 363 K for 12 h and then calcin
under a flow of industrial air (Air Liquide, 3.6 L h−1) from
RT to 723 K with a heating rate of 5 K min−1 and then left
at 723 K for 3 h. The various samples were sulfided us
gas flows of 15% of H2S in H2 at atmospheric pressure. Th
temperature of the reactor was gradually increased at a
of 10 K min−1 up to 673 K and maintained at this tempe
ature for 4 h. The catalyst was cooled to room tempera
under the same sulfiding atmosphere and flushed with N2 for
30 min. The chemical compositions of the catalysts are g
in Table 1.

2.2. Transmission electron microscopy

The electron microscopy was performed on a JEOL 2
TEM (200 kV; point to point resolution, 0.195 nm) equipp
with a EDS Link-Isis detector. Freshly sulfided samp
were ground under an inert atmosphere and were ultra
ically dispersed in ethanol. The suspension was collecte
carbon-coated grids.

2.3. Infrared spectroscopy

Catalyst acidity was determined by IR spectroscopy
ing CO, as probe molecule. The FTIR spectra were reco
with a Magna spectrometer from Nicolet using 256 sc
and a resolution of 4 cm−1. About 12 mg of samples (pre
cisely weighted) calcined as described above were press
self-supported wafers (diameter 1.6 cm). After introduct
of the wafers into the IR cell, equipped with CaF2 windows
and presenting double walls with a space for cooling ag
the samples were sulfided at 673 K (ramp 10 K min−1) un-
der a flow of H2/H2S 15% for 4 h. Then, the samples we
evacuated at 673 K at a residual pressure of 10−5 Torr. The
samples were further cooled down to 100 K under vacu
A first spectrum of the wafer was recorded as referen
Then, given amounts of CO were introduced and IR spe
were recorded for each dose. The spectra were normaliz
an equivalent sample mass of 10 mg. The spectra of adso
CO reported in this study are in fact substracted spectra
the spectra of adsorbed CO minus the reference spectru
the sample before CO adsorption.
-

s

d
,
f

2.4. Catalytic activity measurements

Experiments were carried out in a high-pressure
croreactor system operated in the dynamic mode in the
phase in the following conditions:Ptot = 4.5 MPa,Ptetralin=
5.9 kPa,PH2S = 1.5 kPa, 573 K. Tetralin was introduced
the reactor by means of a gas-phase saturator. After a firs
riod of deactivation, all the catalysts deactivate very slo
and approximately at the same rate. Consequently, the
versions were measured after 18 h on stream. Reaction
Vs, specific rate (per gram of catalyst), andVi , intrinsic rate
(per Mo atom), were calculated according to the follow
relations.

Vs (mol g−1 s−1) = −F
(
ln(1− τ )

)
m−1,

with F as molecular flow,τ as conversion,m as catalyst
weight. Vi (mol at−1

Mo s−1) = VsMMo (%Mo)−1, with MMo
as Mo molecular weight, % Mo per gram of catalyst de
mined by chemical analysis.

Under these experimental conditions, tetralin is hyd
genated incis- andtrans-decalin or dehydrogenated in nap
talene. In the presence of acid catalysts, isomerization of
of the ring occurs leading to 1 or 2-methylindane or 1 or
methylperhydroindane. Then, the C5 cycle can be ope
and cracked into light products.

3. Results

3.1. Electron microscopy

Fig. 1 shows some examples of electron micrograph
Mo/β13.8, Mo/β18.7, and IMo/β800 after the sulfidation
treatment. All the micrographs of the acidic zeolites pres
the same features: small square particles of 200 to 800
of well-crystallized zeolite coated by a thin braid of moly
denum sulfide particles. It is difficult to visualize both t
MoS2 slabs and the zeolite structure under the same fo
conditions. These structures can be clearly seen in Fig
(MoS2) and 1B (zeolite structure). At higher magnificatio
some tiny MoS2 particles are also observed in the zeo
framework (Fig. 1B). These figures show that the structur
the zeolite is retained and no difference of size of the M2
particles appears between the samples. EDX analysis
performed on the Mo/β13.8 sample and focused on the ce
ter of the particle. The average of 15 measurements o
Mo/Si ratio was found equal to 0.38, which is very close
the chemical analysis, i.e., 0.35. This indicates an hom
neous distribution of molybdenum in the zeolite. The sa
method gives for the S/Mo ratio an average value of 2.

For the impregnated sample IMo/β800, the micrograph
are different, MoS2 is distributed as particles of circa 4 n
in the zeolite (or on its surface) and some large particle
MoO3 sulfided at the surface only appear as a separate p
(unpublished results). A quantification of the amount of M
as MoS2 inside the zeolite framework or at the surface w
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(A) (B)

(C)

Fig. 1. Electron micrographs of molybdenum sulfide supported onβ-zeolites: (A) Mo/β13.8; (B) Mo/β18.7; (C) IMo/β800.
ly-
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performed taking into account the results of 30 EDX ana
ses of various parts of the sample compared to chem
analysis. These measurements allow estimation that n
60% of Mo is present as MoS2 particles well distributed in
the zeolite grains and on the surface whereas 40% of M
present as MoO3 particles coated by MoS2. This biphasic
character explains why the ratio S/Mo of the impregnated
samples is lower than that of the samples prepared with
thiocomplex (Table 1).

3.2. Infrared spectroscopy

All the acidicβ samples exhibit aνOH band at 3740 cm−1

characteristic of silanol groups, another band is detecte
3610 cm−1 characteristic of bridged AlOHSi of the ze
lite framework (Fig. 2). The weak bands at 3780 and
l

t

Fig. 2. IR spectra ofν(OH) vibration zone of the various sulfided Mo ze
lites.
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3680 cm−1 are ascribed to AlOH. The broad weak ba
appearing at a lower wavenumber (around 3470 cm−1)
should indicate some interaction between OH groups
Mo phase. The IR spectrum of theβ800 sample in the
νOH range (Fig. 2) is very close to that observed on p
silica [14]. It shows a sharp band at 3738 cm−1 charac-
teristic of isolated silanol groups as well as a shoulde
3720 cm−1 attributed to terminal silanol. The broad ba
around 3500 cm−1 should characterize silanol “nests” as d
duced from Ref. [14]. It is noted that the bands at 3780, 36
and 3610 cm−1 are absent in this sample as expected bec
of aluminum removal.

3.2.1. Adsorption of CO on the Mo/β15.0 sample
When the first small dose of CO is introduced at 100 K

Mo/β15.0, the OH bands are not perturbed (Fig. 3A). T
addition of increasing amounts of CO leads to an inte
tion with the OH groups since their frequencies are shi
toward lower wavenumbers (Fig. 3A). The larger the
wavenumber shifts, the more acidic the hydroxyl grou
As observed in Fig. 3A, CO interacts first with the ze
lite OH groups at 3610 cm−1 and shifts this band dow
to 3280 cm−1. Taking into account the shift of the OH ban
330 cm−1, we can conclude that the Brönsted acidity is v
strong [15,16]. The number of perturbed zeolitic OH grou
increases with the amount of CO, and then CO begin
interact with silanol groups. In this case, the extent of
perturbation is weaker since the OH band shifts from 3
to 3640 cm−1.

In the ν(CO)-stretching zone, the introduction of sm
doses of CO gives rise to a weak band at 2143 cm−1

(Fig. 3B). Its presence is not related to a perturba
of ν(OH) bands but ascribed to CO in interaction w
the molybdenum sulfide phase. For further doses of
a ν(CO) band appears at 2178 cm−1, which progressively
shifts to 2175 cm−1. This shift can be related to site he
erogeneities, the strongest sites being saturated first.
intensity of this band increases in parallel with the pertur
tion of the OH band at 3610 cm−1. This allows us to attribute
this band to CO in interaction with the strong acidic zeol
OH groups. A weak band at 2189 cm−1 is also detected
whose intensity is quickly saturated with further CO dos
It characterizes CO coordinated to Al3+. Above 6.6 µmol
of CO, aν(CO) band at 2159 cm−1 is detected when th
perturbation of the silanol band is observed. This waven
ber is in agreement with previous studies on silica [15]. T
weaker acidity of the silanol groups is consistent with
fact that theν(CO) band at 2159 cm−1 only appears at high
CO pressure. For the highest doses, a band and should
2143 and 2134 cm−1 attributed to CO physisorbed on th
zeolite are observed.

3.2.2. Comparison of the zeolite acidities
CO adsorption on the other acidicβ-zeolites gives rise

to similar features. Nevertheless, it appears that the in
sity of the band at 2175 cm−1 increases with the alumin
content of the zeolite framework (Fig. 4A). By contra
the spectrum of IMo/β800 does not present any bands
2175 and 2189 cm−1. This is consistent with the fact tha
there is almost no aluminum in this zeolite. Only the ba
at 2159 cm−1 corresponding to CO interacting with silan
groups is observed for this sample. The bands attribute
CO physisorbed are present for all the samples. In orde
get quantitative information concerning the amount of str
Brönsted acid sites in the samples, the spectra correspo
to the highest CO dose introduced were decomposed
5 bands, and the surface area of the corresponding ba
2175 cm−1 was measured. Fig. 4B shows that the numbe
strong acid sites determined by this method is proportio
to the calculated number of H+ per unit cell.

3.2.3. Adsorption on the molybdenum sulfide phase
As already noted above, when weak amounts of CO

to 1.6 µmol) are introduced on the Mo/β15 sample, aν(CO)
band can be distinguished at 2143 cm−1 characteristic of the
molybdenum sulfided phase (Fig. 3B). For the other sam
(Fig. 5A), an equivalent low wavenumber band is detec
at 2158 cm−1 for Mo/β13.8, at 2133 cm−1 for Mo/β18.7,
e.
Fig. 3. IR spectra of CO adsorbed (small calibrated doses,Tads= 100 K) on sulfided Mo/β15.0: (A) in the OH vibration range; (B) in the CO vibration rang
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on
Fig. 4. (A) IR spectra of CO adsorbed (26.6 µmol,Tads= 100 K) on the various sulfided Mo zeolites; (B) number of strong acid sites in Mo/β versus the
number of H+ per unit cell.

Fig. 5. (A) IR spectra of CO adsorbed (0.4 µmol,Tads= 100 K) on the various sulfided Mo zeolites; (B) variation ofν(CO) wavenumber of CO adsorbed
molybdenum sulfide dispersed in theβ-zeolites of various acidities.
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and at 2122 cm−1 on IMo/β800 (in agreement with inde
pendent results obtained on reference silica). The pos
of these bands is very close to those of physisorbed
However, two factors prevent their attribution to physisor
CO species: (i) they are saturated for such low CO amo
and (ii) they remain after an evacuation at low temperat
Moreover, several shoulders (at 2188, 2177, and 2158 cm−1)
are observed on Fig. 5A. Their wavenumbers coincide w
the frequencies of CO bands on the zeolites and their in
sities continuously increase when supplementary CO d
are added. This discards their attributions to CO adsorbe
sulfided particles.

The position of the main band corresponding to CO
interaction with the MoS2 phase increases with the ze
lite acidity (Fig. 5B). Studies performed with other suppo
confirm this trend [17]. In addition, Fig. 5A shows that t
bands characteristic of CO in interaction with the Mo p
ticles are very weak and are saturated at very low amo
of CO. This reveals that the dispersion of the MoS2 particles
is low. Taking into account the amount of CO necessar
saturate these sites, we could estimate a dispersion eq
lent to that measured for a MoS2 catalyst supported on silic
(7% Mo deposited by dry impregnation) for our four sa
ples.
-

3.3. Catalytic activities

3.3.1. Comparison of the results obtained by the two
preparation methods for Mo/β13.8

IMo/β13.8 prepared by heptamolybdate impregnatio
less active than Mo/β13.8 obtained from the thiocomple
(19.0 and 31.8 10−4 mol at−1

Mo s−1, respectively (Fig. 6))
This lower activity might be related to the biphasic chara
of this sample, which contains only 60% of the molyb
num as well as dispersed molybdenum sulfide entities (
tion 2.1) by contrast to the thiocomplex preparation, wh
only leads to molybdenum sulfide.

3.3.2. Influence of the Si/Al ratios
The catalytic properties of the various samples vary

wide range (Fig. 6), the total conversion of the most ac
sample being 100 times higher than that of the nonac
IMo/β800. However, for the most acidic samples, isom
ization and cracking reactions represent a large par
the conversion. If we consider only the hydrogenation
dehydrogenation properties, the activity of Moβ/13.8 is
circa 40 times higher than that of Moβ/800, the proper
ties of Mo/β15.0 and Moβ/18.7 being intermediate (Ta
ble 2). Moreover, parallel variations of the catalysts acidit
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Fig. 6. Catalytic properties in tetralin hydrogenation of the Mo/β catalysts;T = 573 K,Ptot = 4.5 MPa,PH2S = 1.5 kPa.
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Table 2
Number of acid sites measured by IR and catalytic properties

Mo/β Number of acid sites Hydrogenation–dehydrogenat

samples measured by IR (a.u.) activities(10−4 mol at−1
Mo s−1)

Mo/β13.8 100 13.7
Mo/β15.0 88 11
Mo/β18.7 65 9.5
Mo/β800 0 0.3

measured by IR spectroscopy, and of the hydrogenation
hydrogenation properties are observed.

4. Discussion

4.1. Dispersion and location of the molybdenum sulfide
phase

Using the conventional method of impregnation by h
tamolybdate impregnation, part of the molybdenum was
introduced in the zeolite porosity and was present as M3
coated by a layer of MoS2. This explains why the ratio S/Mo
for the IMo/β800 sample and IMo/β13.8 was lower than 2
(Table 1). This means that part of the molybdenum was
active for the hydrogenation of tetralin. In order to overco
this difficulty, we utilized a thiocomplex and introduced it b
ion exchange in the presence of ammonia in the acidic
lites. This method avoids the formation of particles of MoO3,
and the values of the S/Mo ratios close to 2, determined b
chemical analysis (Table 1), indicate that MoS2 entities were
formed. This result is confirmed by EDX since a value
S/Mo close to 2 has been also found for Mo/β13.8. How-
ever, the dispersion of MoS2 in the acidic zeolites is no
as uniform as we could have expected since some MoS2 is
clearly located on the external surface of the zeolite parti
and some small entities inside the particles. The pres
of MoS2 on the zeolite particles may arise either from
migration of the molydenum sulfide precursor toward
external surface of the zeolite particles in the presenc
-

physisorbed water in the zeolite cages as was propose
de Bont et al. [18], or from the polymerization of the thi
complex during the preparation, which would lead to
enrichment in MoS2 at the surface of the particle. Howeve
with zeolite of strong Brönsted acidity, the local pH both
the structural pores and on the external surface of the
ticles can be expected to be much lower than in solut
Therefore, the hypothesis of a depolymerization allow
cationic exchange cannot be ruled out. This would exp
the presence of small MoS2 particles inside the porosity. I
any case, this phenomenon is observed for the whole s
of acidic samples. The fact that the catalytic activities v
within a large range (a factor of 40) with acidity, sugge
that a part of MoS2 is inside the porosity. Other factors, su
as acidity modifying the morphology of the MoS2 particles
are probably not involved as suggested by our previous w
on RuS2 [6]. As a matter of fact, no variation of the mo
phology of the RuS2 particles was observed for a series o
zeolites of different acidities while catalytic activities vari
in a wide range.

4.2. Electronic properties of the molybdenum sulfide ph
and relation to catalytic properties

The properties of metal particles dispersed in acidic or
sic zeolites were studied by many authors. Already in 19
Figueras et al. [19] found that the activities of PdY ze
lites for benzene hydrogenation were enhanced when B
sted acid sites or multivalent cations were present. L
on, the enhancement of the catalytic properties of m
particles, dispersed on acidic supports compared to ne
supports, for hydrogenation reactions, hydrogenolysis
actions, and isomerization reaction was observed by m
authors [5,20,21]. In parallel, it was found that the activ
of Pt in basic zeolites decreased when the basicity of
support increased [22,23]. The term “electron deficien
was first introduced by Dalla Batta and Boudart [7] to
count for these variations in the properties of the Pt partic
The electron deficiency was ascribed to an electron tran
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from small Pt particles to the zeolite and evidenced exp
mentally by X-ray absorption and FTIR studies of adsor
CO [24]. Recently, Koningsberger and co-workers [25] m
sured the catalytic properties of Pt catalysts for several r
tions, neopentane hydrogenolysis and tetralin hydrogen
in the presence of 165 parts per million weight dibenzo
iophene added to the feed. They found that for all th
reactions, the TOF increased with increasing acidity.
nature of the metal–support interaction in supported Pt c
lysts was determined by spectroscopic atomic XAFS (A
AFS) and theoretical calculation. These studies reveal
the nature of the metal–support interaction involves a cha
in the electronic properties of the metal cluster, induced
and correlated to the electron richness of the support ox
atom. In a more recent work, this group has shown tha
support basicity determines the Pt–H bond strength and
ultimately causes a change in coverage and bond streng
both the H and the alkane [26].

By comparison to the numerous studies concerning m
als, the influence of the support acidity on the propertie
sulfide catalysts is much less documented, although N
sulfide is often associated with a HY zeolite in the co
position of hydrocracking catalysts. It was noted in stud
related to hydrodesulfurization that the presence of acid
increased the properties of the sulfide phase. For Vissen
et al. [27], this effect cannot be explained only by an
provement of dispersion. Possibly, the protons themse
play an active role in the HDS reaction or act as a st
tural promoter by increasing the electron-deficient chara
of the metal sulfide.

As noted in the Introduction, some of us studied the pr
erties of ruthenium catalysts dispersed in a series of Y
lites with various acidic properties [6]. The wavenumb
of the ν(CO) bands of Ru metal particles varied betwe
2051 cm−1 for the nonacidic KY support and 2063 cm−1

for the acidic HY zeolites dealuminated or not. As a c
sequence, the stronger the acidity of the zeolite, the hi
theν(CO) frequency characterizing the Ru sites. In para
the ν(CO) wavenumbers of the ruthenium sulfide partic
dispersed in the same supports varied from 2056 cm−1 (KY
zeolite) to 2071 cm−1 (HY zeolites). In both cases, met
and sulfide, we interpreted the modifications of theν(CO)
wavenumber in terms of electronic transfer between the
olite and the active phase particles. The very high varia
(circa 200) of the catalytic activity in aromatics hydroge
tion of the ruthenium sulfide clusters was ascribed to
modification of their electronic properties, the dispers
of the sulfide active phase and its stoichiometry being
affected by the presence of acid sites. A superimpose
fluence of the acidic sites on the adsorption of the arom
molecules was not excluded.

In the present study, theν(CO) wavenumber characteri
ing the adsorption of CO on the molybdenum sulfide ph
increases regularly from 2122 cm−1 for the nonacidic sam
ple to 2158 cm−1 for the most acidic one. In agreement w
the studies related to ruthenium sulfide, we ascribed t
-

f

g

variation to an electron transfer between the sulfide p
cles and the zeolites. The stronger the acidity, the hig
theν(CO) frequency characterizing the molybdenum sul
sites. It should be noted that this is the first observation
regular variation of theν(CO) wavenumber within a serie
of supports of various acidities, although FTIR studies
CO adsorption had already been used for characterizin
properties of molybdenum sulfide, either supported on
mina [28] or unsupported [29]. In the same way, an incre
of the ν(CO) value has also been recently observed on
promoted and promoted sulfide tungsten phase support
amorphous silico-alumina supports with various amount
acidic OH groups [30].

As a consequence of these variations of the electr
properties of the active phase, a modification of the cata
properties is expected. As a matter of fact, the hydrogena
properties of the catalysts of the present study vary regu
and in a wide range with the supports acidity. It must
noted that the very low activity of IMo/β800 is not due to
the different preparation method, since the catalytic acti
of IMo/β13.8 is only twice lower than that of Mo/β13.8.

With the data presented here, we cannot discuss fu
the sulfide–support interaction; particularly, we cannot
dress the consequence of these variations on the adso
of the reactant, tetralin or hydrogen. This would require
ther delicate kinetic and physico-chemical studies. Howe
the impact of the present results on the design of more a
catalysts is obvious since hydrogenation steps are invo
in all hydrotreating reactions. Further results in hydrode
furization will be published in the near future.

5. Conclusion

The results presented in this paper show that the Brön
acidity of the zeolite used to disperse molybdenum sul
has a marked influence on the catalytic and electronic p
erties of the active phase. This means that the conce
changing the properties of metal particles by changing
acid/base properties of the support can be extended to tr
tion metal sulfide support interaction. This finding may h
important practical consequences on the design of mor
tive catalysts for various hydrotreating reactions provid
that acidity can be tuned to avoid undesirable side react
Further studies must be carried out in this direction us
less acidic supports such as as MCM or SBA materials.
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