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Abstract

The dispersion of the sulfides of Co, Ni, Mo and W—and their combinations—in the micropores of acidic faujasite
zeolite is a challenging task. While a close proximity of the hydrogenation function to the acidic cracking sites is thought to
be beneficial for industrial hydrocracking applications, the genesis of well-defined metal sulfides in a tunable environment
allows to address two important fundamental issues: (i) the possible existence of an optimum cluster size of metal sulfides with
respect to hydrodesulfurization activity and (ii) an extension of the well-known support effect in hydrotreating catalysis. This
review will concentrate on the various preparation methods—ranging from the brute-force chemistry involved in dispersing
anion precursors to the occlusion of well-defined organometallic complexes in the zeolite micropore space, characterization
to determine the successful genesis of suitable models and activity tests.

Successful dispersion of these sulfides in the micropores of faujasite is only possible by careful preparative methods, either
using well-dried cation-exchanged precursors or organometallic complexes. A synergistic effect of acidic protons on the metal
sulfides is noted. However, the relatively low activities of ultra-dispersed Mo- or Co-sulfide particles compared to those of
particles on more traditional supports force us to conclude that there must be an optimal size for metal sulfide clusters larger
than those stabilized in the micropores. Although there are some indications that a sulfided CoMo cluster can be formed in the
micropores using organometallic precursors, the synergistic effect between the two metals is quite small. From an application
point of view, the detrimental effect of bases such as water or nitrogen compounds to the final dispersion of the metal sulfides
is problematic. Nevertheless, model studies indicate that a close proximity of acidic and hydrogenation components decreases
coking deactivation.
© 2003 Elsevier B.V. All rights reserved.

Keywords:Hydrotreating; Hydrocracking; Metal sulfides; Acidic zeolite; Dispersion; Support

1. Introduction

Hydrotreating is one of the key processes in a
modern oil refinery for the production of clean motor
fuels. It refers to such processes as hydrodesulfu-
rization (HDS), hydrodenitrogenation (HDN) and
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hydrodearomatization (HDA). The main driver for
the continuing need for improved hydrotreating cat-
alysts is increasing environmental awareness. More
stringent legislative rules mainly limiting the sul-
fur and aromatics content in transportation fuels are
prescribed in the USA and Europe. It is anticipated
that zero-sulfur levels will be enforced on a 5–10
years time span. This will necessitate further opti-
mization of current processes (better catalysts and
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Fig. 1. Schematic representation of the various catalytic species present in a commercial�-alumina-supported CoMo-sulfide catalyst. The
transmission electron micrographs display the layered nature of the MoS2 phase. Next to these slab-like structures with sizes in the range
of 2–5 nm—possibly promoted by Ni or Co, bulky cobalt (nickel) sulfide species with a low activity and inactive cobalt (nickel) strongly
interacting with the support are present. An additional phase is presented by relatively small oxysulfide particles after mild sulfidation[2].

process arrangements) and most likely require the
application of alternative processes for sulfur removal
[1]. Modern hydrotreating catalysts mainly consist of
Co/Mo, Ni/Mo or occasionally Ni/W mixed sulfides
supported on a high-surface-area�-alumina support
(Fig. 1). Deep hydrodesulfurization of gas oil may
also be achieved by employing noble metal catalysts.
A number of reviews on the state-of-art in this field
are available[3–7].

Whereas these medium-pressure hydrotreating pro-
cesses do not result in a decrease of the molecular
weight of the product, hydrocracking of higher-boiling
fractions, typically carried out above 100 bar hydrogen
pressure, is employed to arrive at economically more
profitable products such as gas oil and kerosene. The

latter process is still gaining in importance, mainly
because of the excellent product properties including
very low sulfur contents and very good combustion
properties. Hydrocracking typically requires bifunc-
tional catalysts: they contain both acidic cracking and
hydrogenation functions[8–10]. The acidity is nor-
mally provided by (stabilized) faujasite zeolites, al-
though amorphous silica–alumina is also used for mild
hydrocracking. Hydrogenation is provided by Ni/W
mixed sulfides, Ni/Mo mixed sulfides in the case ni-
trogen removal is important and Pd when sulfur con-
centrations are low as encountered in some two-stage
configurations[10].

The genesis of small metal sulfide particles encaged
in the intrazeolite pores offers several interesting
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perspectives. Foremost, the well-defined three-
dimensional pore network endows these materials
with the possibility to stabilize very small, uniformly
shaped metal sulfide particles in a tuneable environ-
ment. As such, it forms an extension of the sup-
port effect in hydrotreating catalysis. For instance,
the choice of support pronouncedly influences the
catalytic activity of MoS2- or WS2-based catalysts
[11,12], be it through the extent of the metal–support
interaction, the resulting dispersion and morphology
or the support acidity[13]. Generally, dispersing
metal sulfides on high-surface-area supports results
in particles of widely varying size and morphology
[4]. One of the possible strategies for improving hy-
drotreating catalysts may be to significantly improve
the dispersion of supported transition metal sulfides.
The question, however, is whether there is an opti-
mum in activity as a function of the particle size and
whether ultra-small particles stabilized in a zeolite
matrix have any special catalytic properties.

A more practical motive for the extensive research
in the field of zeolite-supported metal sulfides relates
to industrial hydrocracking catalyst. Generally, the
(de)hydrogenation component and the acidic cracking
function are spatially separated by several microns.
However, a close proximity of these two functions
may be important for two reasons. In the first place,
naphthenes present in industrial feeds are precursors
to coke via bimolecular hydrogen transfer reactions
with olefins or other aromatics. The presence of a
hydrogenation function close to the acid sites where
these aromatic coke precursors tend to adsorb may
decrease coking deactivation. Secondly, it may be
important to obtain ‘ideal hydrocracking’[10], since
large diffusion distances may disturb the equilibrium
composition of olefins at the acidic sites. Encapsula-
tion of the hydrogenation function in the zeolite pores
close to the Brønsted hydroxyl groups may thus an-
swer the question if there is any advantage of a close
proximity of these two.

This contribution will summarize the various meth-
ods to prepare zeolite-encaged metal sulfide clusters.
We will evaluate if such methods result in the de-
sired well-defined metal sulfide clusters, and finally
by discussing the activity of model catalyst systems—
focussing on the effects of dispersion, the support
nature, catalyst stability and proximity of different
functions—we hope to indicate if and how all this

knowledge is of value to catalyst development. We
will limit the scope of this review mainly to cobalt,
nickel and molybdenum in zeolite Y, however touch-
ing upon other metals and porous support materials to
provide a complete picture.

1.1. The zeolite matrix: faujasite

The high thermal and chemical stability of faujasite
zeolite combined with its relatively large apertures
allowing entrance to the large oil feedstock molecules
renders this material the most applied support mate-
rial for hydrocracking catalysts. It provides a strong
cracking functionality in the form of the primary
Brønsted acid sites. Zeolite Y with its well-defined
pore topology (Fig. 2) and tunable ion-exchange prop-
erties presents an excellent model for fundamental
studies.

The zeolite framework of the zeolites X and Y
isomorphs is made up by connecting silicon- or
aluminum-containing oxygen tetrahedra and results
in hexagonal prisms, sodalite cages and supercages
with maximum entrances of 2.6, 2.6, 7.4 Å and di-
ameters of 2.6, 6.6 and 11.8 Å, respectively (Fig. 2).
The negative charge introduced by the substitution of
tetravalent silicon by trivalent aluminum is typically
compensated by the presence of cations, although
an important exception is provided by compensation
with protons rendering the zeolite strongly acidic.
The cations are localized at discrete positions, in the
hexagonal prisms (site I), in the sodalite cages (sites
I′ and II′) and in the supercages (sites II, III and III′).
This depends on the type of cation, the loading and
hydration state. In contrast, the location of metal sul-
fide particles is restricted to the supercages in most
cases.

Although the development of industrial hydrocrack-
ing catalysts is largely limited to faujasite, its versatil-
ity is underlined by the vast number of modifications,
including calcination, steaming, ion-exchange and
leaching, allowing catalyst manufacturers to tailor this
material for particular applications. Generally, there
is a preference to use ultrastabilized Y (USY) or very
ultrastabilized Y (VUSY) type zeolite materials due to
their higher thermal and chemical stability. Addition-
ally, the creation of mesopores reduces mass-transfer
limitations. However, the non-uniformity of the pores
makes those zeolites less suitable for fundamental
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Fig. 2. The structure of faujasite or Y zeolite showing the sodalite cages, supercages and the hexagonal prism interconnections (top). A
line drawing shows the size of the various pores in more detail including the location of the cation sites I and II (bottom).

studies. Other porous materials—including wide-pore
zeolites like UTD-1, ordered mesoporous MCM- and
SBA-type materials[14], silica–aluminas with regu-
lar pore diameters and pillared clays[15]—have also
come in for their share of attention, but are outside
the scope of this contribution.

1.2. Incorporation of Mo as anion

Impregnation of aqueous ammonium heptamolyb-
date (AHM) solutions, commonly applied for alumina
supports, results in the external surface agglomeration
of anionic Mo species in the case of zeolites. This is
caused by the size of the oxoanionic or neutral com-
plexes and the absence of anion-exchange properties

of zeolites. At high pH, the equilibrium:

Mo7O24
6− + 4OH− � 7MoO4

2− + 2H2O (1)

offers the advantage of the generation of MoO4
2−

species small enough to enter the micropores. A major
drawback of this route is the dissolution of the zeolite
lattice in the pH range where these species are stable.
At neutral pH, Mo7O24

6− species, that are too large to
enter zeolite Y pores, are predominant. The presence
of the oxidic precursor on the external surface of NaY
zeolite was confirmed by TEM/EDX[16,17], nitrogen
and Xe adsorption,129Xe NMR [16,18] and NO ad-
sorption[19,20]. Although the majority of Mo species
are present on the external surface, Welters et al.[16]
observed that already after drying at least part of the
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Mo phase is deposited in the zeolite pores. One pos-
sible cause is the migration into the pores of small
MoO4

2− ions either formed during impregnation (in
low concentrations at neutral pH)[21] or during the
drying step[16]. Alternatively, the drying step might
lead to migration of MoO3 from the external zeolite
surface into the zeolite pores in the presence of resid-
ual water via the reaction:

MoO3 + H2O � MoO2(OH)2 (2)

as suggested by Fierro et al.[22]. During further
calcination in ambient air additional Mo species en-
ter the pores, which was explained by the presence
of trace amounts of water in the calcination atmo-
sphere. Based on reaction (2), the group of Fierro
et al. [22–25]devised a method to redistribute MoO3
species from the external surface into the zeolite pores
in quasi-isothermal conditions maintaining a constant
low water vapor pressure. The perturbation of the
zeolite hydroxyl bands observed from IR and further
DRS measurements[21] suggests the presence of
molybdate species in close vicinity to the acid sites
in line with more recent XANES investigations[26].
There are also some indications from ESR of the
presence of some isolated Mo(V) ions in the sodalite
cages or hexagonal prisms[22].

The incorporation of MoOx species in the zeolite
pores leads to a decrease of X-ray crystallinity[19,22]
being more pronounced at higher Mo contents. Thoret
et al. [27] also found strong lattice amorphization in
their model study of the solid-state reaction between
NaY and molybdenum trioxide. On the other hand,
Cid et al.[28] observed that ion-exchange with Co2+
prior to Mo impregnation protects the zeolite against
attack from the molybdate and results in a lower loss
of crystallinity. A comparison between HY and NaY
[19,28] indicates that the acidic support is more prone
to the formation of amorphous zones to be explained
by the lower stability of the HY lattice.

The information on the fate of the molybdenum ox-
ide species in NaY upon sulfidation is rather scarce.
Welters et al.[16] found that sulfidation results in an
amount of intrazeolite Mo comparable to that present
after calcination. Increasing metal content results in
incomplete Mo sulfidation due to the presence of large
MoO3 particles on the external surface[16,18]. Al-
though only a small part of the Mo-sulfide phase is
dispersed in the zeolite micropore space, Welters et al.

[16] attributed the high thiophene HDS activity of
Mo/NaY to the occluded metal sulfide phase. EXAFS
results of the group of Okamoto and Katsuyama[26]
stressed the formation of tetrahedral Mo species which
are more difficult to sulfide[29].

In the case of ultrastabilized Y-type zeolite, the
presence of the secondary pore system presents a third
location to Mo species. Several groups[17,25,30–39]
have studied conventional impregnation of AHM on
such materials. Most evident is the higher stability of
the USY-type molecular sieves towards the molybdate
species as evidenced by X-ray crystallinity measure-
ments [17,32] and deduced from IR spectra of the
hydroxyl region. Direct information on the location of
the sulfide phases was extracted from combined TEM
and EDX measurements of NiMo-sulfide on stabilized
Y-type zeolites with low and high Si/Al ratios of 3 and
17 [35,36,39]. Whereas the large secondary pore vol-
ume of the latter samples allows accommodation of all
the Ni and Mo ions in the oxidic precursor, only half
of the Mo resides in the mesopores of the sample with
Si/Al = 3, the remainder being present as MoO3 par-
ticles on the external zeolite surface. Sulfidation con-
verts the external crystallites into MoS2 domains and
results in a decrease of the amount of occluded metal
species. Additional MoS2 domains were observed
mainly located in the mesopores as derived from their
size and stacking degree. The slab size and stacking
degree was found to be the largest for the most sta-
bilized zeolite. From these results and those obtained
from a TEM/EDX study of Mo impregnated on CaY
[40], we conclude that the localization of Mo-sulfide
species in the micropores is less favorable than in the
mesopores. Sulfur analysis[31] and XPS intensity
analysis of the metal-to-sulfur ratio[25,33] confirm
the difficulty in fully transforming the external Mo
phase into the sulfide. Essentially similar conclusions
were reached in a recent study by Li et al.[17] show-
ing the poor ability of microporous materials (NaY,
mordenite and ZSM-5) to disperse Mo species in the
smallest pores, although these authors have drawn the
questionable conclusion that a small part of the sulfide
phase in USY zeolite is located in the sodalite cages.
The group of Payen and co-workers[41] studied the
formation of the Anderson aluminomolybdate anion,
AlMo6O24H6

3−, in steamed zeolite Y. A combination
of 27Al MAS NMR, EXAFS and Raman spectroscopic
measurements indicates that AHM impregnation
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results in the formation of this anion in the pores
via the interaction of AHM with extra-framework
aluminum species. Although preserved during dry-
ing, this species decomposes into Al2(MoO4)3 upon
calcination. Unfortunately, the fate of the Anderson
complex upon sulfidation is not known.

The impregnation of tungstate species on Y-type
zeolites has been studied to a much lesser extent
[40,42–44]. The study of Cid et al.[43] showed that
impregnation at acidic pH leads to the inhomogeneous
distribution of relatively small tungsten species in the
USY zeolite, most probably in the mesopores and a
small loss of crystallinity. These catalysts were much
more active in thiophene HDS than a sample prepared
by basic impregnation. This latter procedure results
in the formation of W species on the exterior of the
zeolite and removal of the larger part of its acidity.

In view of the above, it is fair to conclude that the
incorporation of MoOx or WOx species in the pores
of zeolite Y by conventional preparation routes is not
successful. Although the dispersion of these oxides in
the mesopores in stabilized faujasites has important
industrial applications, it is less suitable for the prepa-
ration of well-defined model systems.

1.3. Incorporation of Mo as cation

An apparently more satisfactory method to load ze-
olite Y with Mo has been provided by Moorehead
[45] and is based on ion-exchange with molybdenyl
chloride MoO2Cl2. This compound cannot be used as
such in aqueous solution since it readily hydrolyses
according to

7MoO2Cl2 + 10H2O � Mo7O24
6− + 20H+ + 14Cl−

(3)

According to Minming and Howe[46] this problem
can be overcome by applying a HCl/pyridine buffer at
a pH of 4. The main drawback is the adsorption of quite
an amount of pyridine by the molecular sieve, thereby
limiting the Mo loading (Fig. 3a). In the case of VUSY,
the use of pyridine to prevent acid decomposition of
the zeolite is less pressing and we attempted to omit
it altogether. To prevent the hydrolysis of molybdenyl
chloride one needs fairly concentrated HCl solutions
(∼2 N HCl) making ion-exchange difficult due to the
high concentrations of protons. Simple pore-volume

Fig. 3. Raman spectra of (a) ion-exchange of MoO2Cl2 from
a pyridine/HCl buffer, clearly showing the strong adsorption of
pyridine, (b) pore-volume impregnation of MoO2Cl2 with a 2 N
HCl solution followed by drying at 120◦C and (c) sample b after
calcination at 450◦C.

impregnation, however, is possible and results in a
well-dispersed MoOx phase. Raman spectra clearly
show the adsorption of MoO2Cl2-type species in the
impregnated precursor (Fig. 3b) which yields highly
dispersed MoOx species after calcination (Fig. 3c).
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XRD reveals that no MoO3 crystallites are present,
leaving the crystallinity of the VUSY unaltered. A ho-
mogeneous metal distribution is indicated by XPS, in
that the observed Mo-to-Al ratios are the same as the
ones determined by elemental analysis. This is further
underpinned by TEM/EDX and IR measurements of
the hydroxyl stretching region showing a substantial
reduction of the band intensities upon introduction of
Mo. This derives from interaction of these groups with
MoOx moieties, implying at least a reasonable disper-
sion of the latter.

Solid-state exchange with MoOCl4 [47], MoCl5
[48] and MoO3 under the action of CCl4 [49] have also
been described. Tatsumi and co-workers[50–55]have
extensively studied the incorporation of the cationic
molybdenum sulfide cluster [Mo3S4(H2O)9]4+ by
aqueous ion-exchange in several zeolites (NaY,
HUSY, NaMOR and KL). The structure of this clus-
ter with an incomplete cubane structure was shown
to be maintained by UV-Vis and X-ray absorption
spectroscopy after ion-exchange. Thermal treatment
at 573 K converts the cluster into MoS2-like species
for Mo3S4/MOR and Mo3S4/NaY. The authors claim
that the initially high dispersion is maintained. Exper-
iments at the Shell Research and Technology Centre
indicate that this route has some problematic aspects
[56]. The [Mo3S4(H2O)9]4+ clusters are quite stable
in an aqueous solution of pH= 1, but contacting
such a solution with a (V)USY leads to leaching of
Al from the framework due to this rather low pH. The
leached Al ions then cause the pH of the solution to
increase locally to about 4, resulting in the hydrolysis
of the sulfide clusters and their precipitation on the
external zeolite surface and also to some extent in the
mesopores. The starting pH of the cluster solution can
be increased by either evaporation of HCl or addition
of ammonia, but in each case hydrolysis commences
once the pH reaches the neighborhood of 3, making
the solution unstable. In other words, this method is
not so easy as it looks.

Nevertheless, the group of Tatsumi described the
introduction of Ni2+ either by ion-exchange of the
zeolite prior to introduction of [Mo3S4(H2O)9]4+ or
by ion-exchange with the bimetallic sulfide cluster
[Mo3NiS4Cl(H2O)9]3+ (vide infra). The catalytic
data show promising activities in benzothiophene
HDS and stress the importance of the presence of
strong acid sites in their catalytic results, even in

Mo3S4/NaY due to the exchange of Na+ with protons
in the ion-exchange step and due to the reduction of
the cluster[55].

Finally, we mention the possibility to encapsulate
heteropoly acid such as H3PMo12O40 (PMo12) or
H3PW12O40 (PWO12) as ‘ship-in-bottle’ precursors
to dispersed molybdenum or tungsten sulfide phases.
Since these Keggin-type heteropoly oxometalates are
too large to pass the windows of the supercages of
Y-type zeolite, their preparation inside the supercages
of faujasite has been attempted by several authors
[57–59]. In both works the zeolite was dealuminated
prior to encapsulation of the heteropoly acids. Mukai
et al.[58] noted that the PMo12 cluster was not formed
in the supercages of non-dealuminated HY, which
was attributed to the decomposition of the complex
due to basic Al sites. Our experience is that inclusion
of a PWO12 complex is indeed possible in a VUSY,
an essential point being the removal of extraframe-
work aluminum ions which tend to interact with the
tungstate. Especially,31P NMR provides a way to
distinguish the complex in the mesopores (sharp res-
onance corresponding to the naked complex) and the
complex encaged in the micropores (broad resonance
[57]). However, this modification did not increase the
hydrocracking performance.

1.4. Incorporation of Co2+ and Ni2+

The aluminum-rich faujasite-type zeolites gener-
ally have excellent cation-exchange properties. The
atomic dispersion of catalytically interesting transi-
tion metal ions in cation-exchanged precursors makes
them suitable to generate dispersed metal sulfides
upon sulfidation. A possible advantage is the close
proximity of the resulting sulfide to the acidic func-
tion providing a tool to study the proximity effect. The
acidity derives from the sulfidation procedure through

Me2+–(Oz)2 + H2S� MeS+ 2Oz–H+ (4)

as an example for a divalent cation. The majority of
catalytic studies in this field relate to the incorporation
of Co2+ [28,40,60–67]and Ni2+ [18,40,61,68–79]
in Y-type zeolites. Cobalt- and nickel-sulfide have
attracted the most attention due to their importance
in the formation of promoted MoS2 or WS2 phases,
generally employed for hydrotreating[3–7]. Addi-
tionally, indications that in industrial CoMo-based
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catalysts MoS2 slabs merely act as a secondary sup-
port to maintain a highly dispersed state of Co-sulfide
[80] have urged the groups of van der Kraan and de
Beer to employ microporous zeolites to obtain insight
into the activity of ultra-dispersed Co-sulfide particles
in the absence of MoS2 [61–67,69–71].

de Bont et al.[62,65]studied the evolution of cobalt
species in NaY zeolite upon sulfidation by a com-
bination of 57Co Mössbauer emission spectroscopy
(MES), extended X-ray absorption fine structure
(EXAFS) spectroscopy and thiophene hydrodesul-
furization activity measurements. In a systematic
way the effect of preparation method (ion-exchange
CoNaY and pore-volume impregnation Co/NaY),
pretreatment (drying prior to sulfidation) and sulfi-
dation temperature were evaluated.Fig. 4 shows the
57Co MES spectra of CoNaY(wet), CoNaY(dried)
and Co/NaY(dried). Careful analysis of these spectra
shows that very small Co-sulfide species are already
formed upon room temperature sulfidation. These
species are presumably larger and/or better ordered
in CoNaY(wet) and Co/NaY(wet, not shown here)
as derived from the largerquadrupole splitting(QS).
In the wet samples these small clusters are trans-
formed via intermediate CoS1+x into Co9S8-type
clusters. These latter particles with anisomer shift
(IS) of 0.25 mm s−1 and a QS of 0.21 mm s−1 are
comparable to bulky Co-sulfide particles formed in
alumina-supported Co upon sulfidation at 673 K[81].
Such particles are most likely present at the external
zeolite surface.

Conversely, the MES results point to a stronger
bonding of the Co atoms to the zeolite lattice already
in the dried precursor. This stems from the migration
of hydrated Co2+ ions from the supercages[82] to
cation positions[82,83]. Sulfidation results in spec-
tra with one Co-sulfide doublet (IS≈ 0.2 mm s−1)
and one asymmetric doublet with a wide distribution
of IS and QS values indicative for the presence of a
wide range of particles with varying size and/or or-
dering. Although the QS decreases for both doublets,
no Co9S8-type species are formed upon sulfidation at
673 K. These results are condensed inFig. 5 stress-
ing the formation of smaller, disordered particles in
the dried precursors and large, ordered particles in the
non-dried case.

TEM micrographs provide further evidence that the
Co9S8-type particles formed in sulfided CoNaY(wet)

end up at the external zeolite surface, whereas the
larger part of Co is highly dispersed in the zeolite mi-
cropore space in CoNaY(dry). Additional Co K-edge
EXAFS measurements[65] unequivocally show the
presence of a Co9S8-type phase in CoNaY(wet) with
corresponding Co–Co distances which are absent in
the sulfided catalyst derived from the dry precursor.
The most important conclusion from this work is the
beneficial effect of removal of intrazeolite water from
the hydration shells of the cations on the final dis-
persion of the metal sulfide. A molecular explanation
stresses the stronger cation–zeolite interaction in the
dried precursor which hinders agglomeration of the
Co-sulfide particles during the sulfidation procedure.

Fig. 6 shows that the thiophene HDS activities of
CoNaY(dry) for various sulfidation temperatures are
superior to those of CoNaY(wet). The lower activity
of CoNaY (dry) upon sulfidation at 673 K was ini-
tially attributed to a small loss of dispersion of the
intrazeolite Co-sulfide phase. However, the reason is
more complex: Vissenberg et al.[64,66]observed that
sulfided CoNaY(dry) is unstable at high temperatures
and decomposes in cations and hydrogen sulfide lead-
ing to a dramatic loss in activity. This was serendipi-
tously discovered by the observation that exposure to
inert atmosphere of sulfided CoNaY(dry) results in a
bluish color instead of the normally observed black
color of the cobalt sulfide phase. This phenomenon is
observed upon exposure to He, N2 or Ar at 673 K after
sulfidation. Similar changes take place in the sulfida-
tion mixture at 773 K or alternatively after prolonged
sulfidation at 673 K (at least 8 h). This transformation
is accompanied by a loss of sulfur in the form of
hydrogen sulfide as determined from metal-to-sulfur
ratios [64]. Next to these physicochemical changes
it was noted that such treatments result in a dramatic
loss of HDS activity (Fig. 6). Hence, it was concluded
that these species are inactive and possibly not acces-
sible to thiophene. The Mössbauer parameters of these
Co species could not be related to those of any known
Co compound[63,64,66]. Further evidence for their
relocation to inaccessible positions was provided by
a strong decrease in oxygen chemisorption, a strong
decrease in the NO IR bands assigned to Co-sulfide
species,129Xe NMR measurements and their resis-
tance to resulfidation. ESR measurements excluded
the presence of S3− radicals in the sodalite cages as
a possible explanation for the blue color. These data



E
.J.M

.
H

e
n

se
n

,
J.A

.R
.

va
n

V
e

e
n

/C
a

ta
lysis

To
d

a
y

8
6

(2
0

0
3

)
8

7
–

1
0

9
95

in
te

ns
ity

 (
10

6
co

un
ts

)

wetC oNaY(ion-exch.)

fresh

300 K

373 K

473 K

573 K

673 K

dry CoNaY (ion-exch.)

fresh

300 K

373 K

473 K

573 K

673 K

dry Co/NaY (imp)

fresh

300 K

373 K

473 K

573 K

673 K

Doppler velocity (mm.s -1 ) Doppler veloc ity (mm.s -1 ) Doppler velocity (mm.s -1 )

Fig. 4. 57Co Mössbauer emission spectra of CoNaY(wet), CoNaY(dry) and Co/NaY(dry) in the fresh state and stepwise sulfided. In all cases, one observes the disappearance
of the high-spin 2+ contribution and the appearance of a Co-sulfide doublet with a high QS. The value of QS strongly decreases with increasing sulfidation temperature.
However, for CoNaY(dry) the resulting QS of 0.63 mm s−1 points to the presence of highly dispersed and/or disordered Co-sulfide species different from Co9S8.
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Fig. 5. The evolution of the quadrupole splitting of the doublets corresponding to ‘Co-sulfide’ and ‘Co9S8’ (QS = 0.19–0.27 mm s−1)
as a function of the sulfidation temperature. Wet sulfidation clearly results in bulky Co9S8-type phases, whereas dry sulfidation leads to
dispersed/disordered Co-sulfide species. Moreover, these species are more disordered/smaller in the case of ion-exchange.

point to a mechanism where at elevated temperatures
the Co-sulfide species react with the protons (initially
generated upon Co2+ sulfidation) to form hydrogen
sulfide and Co2+. This protolysis reaction is in princi-
ple the reverse of reaction (4), albeit that the location
of the Co cations is different. The resulting species
are unique in the sense that they are not accessible to

Fig. 6. The first-order reaction rate constant for thiophene hydrodesulfurization for CoNaY and NiNaY after various sulfidation treatments.
Sulfidation was performed at the indicated temperatures for 2 h, except for two CoNaY samples that were sulfided for 4 and 20 h.

thiophene and cannot be resulfided. Such a protolysis
reaction has been described before for NaY-supported
Pt0 and Ni0 [84,85]and even at room temperature for
CdS[86]. Vissenberg et al.[67] further pointed out that
the protolysis reaction is retarded in sulfided CoCaY
due to the preferential location of Ca2+ in the sodalite
cages. Extensive work on NiNaY[18,40,64,69–71]
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indicated that the nickel sulfide is well-dispersed in
the micropores of NaY. While an ion-exchanged sam-
ple shows a quite high HDS activity, detailed ele-
mental analysis suggests a predominance of Ni3S2
particles [71]. This result formed the basis for the
quantum-chemical calculation of the full catalytic cy-
cle of thiophene HDS over a Ni3S2 cluster by Neurock
and van Santen[87]. Moreover, some indications were
found that protolysis also occurs for sulfided NiNaY
although more severe conditions (temperature above
773 K) are required[64]. Recently, Mariscal et al.[79]
studied the stability of sulfided NiNaY in more detail.
Protolysis of nickel sulfide species in He at 873 K was
observed and confirmed by a blue shift of the infrared
adsorption band of NO on sulfide species. Also in the
case of NiHY, that proved more difficult to sulfide, a
fraction of non-sulfidic Ni species was observed. From
the NO IR study, it was concluded that nickel oxysul-
fide species formed by the protolysis reaction between
nickel sulfide species and zeolite hydroxyl groups.

Potentially interesting is also the occlusion of Fe
in the zeolite pores as a precursor to generate iron
sulfide species which have some, but minor hydro-
genation activity[88,89]. One of us (RvV) prepared

Fig. 7. Infrared frequencies of the framework TO4 vibrations versus the unit-cell size for various supports (left: solid squares, (V)USY;
open squares, after Fe(NO3)3 treatment; the solid line is taken from Ref.[88]) and room temperature57Fe Mössbauer spectrum of 2.5 wt.%
Fe/VUSY prepared by refluxing the zeolite in a concentrated solution of Fe(NO3)3 (right). The inset shows the proposed dimer site
coordinating to two aluminum-occupying tetrahedra.

Fe-containing USY and VUSY by refluxing the ze-
olitic materials in fairly concentrated Fe(NO3)3 solu-
tions. The generation of a special dimer Fe site (Fig. 7)
in (V)USY zeolite can be monitored by the reduction
of the unit-cell size[90]. Its presence can be deter-
mined from IR spectra:Fig. 7shows that the frequency
of the TO4 vibration depends ona0 for dealuminated
zeolites. Successful treatment with iron nitrate results
in a lower vibration as expected. For a VUSY, the
introduction of 2.5 wt.% Fe did not lead to the genera-
tion of such dimer sites and inspection of the IR bands
in the hydroxyl region indicates ion-exchange. This
is further corroborated by the Mössbauer spectrum in
Fig. 7 showing the presence of some octahedral Fe3+
species. After sulfidation such materials perform sim-
ilar to the starting VUSY. Treatment of USY (with
a0 = 24.50 Å), on the other hand, led to further dealu-
mination,a0 decreasing to 24.37 Å, and the formation
of the special dimer site in line with IR observa-
tions. However, activity tests show that such material,
when sulfided, perform similar to VUSY catalysts of
the same unit-cell size. Specifically, the hydrogena-
tion performance did not improve. Our conclusion is
that Fe(NO3)3 treatment does not improve catalytic
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performance beyond that of an unmodified material of
the same unit-cell dimensions. Joyner et al.[91] re-
cently reported on various methods to introduce FeSx

particles in ZSM-5 zeolite, interestingly noting that
different Fe emplacement routes eventually led to sim-
ilar FeSx structures.

Although we limit the discussion largely to the in-
corporation of Co, Ni and Mo species in zeolite Y,
we mention here the relative ease of incorporation
of noble metals in dispersed form. For instance, Pt
and Pd can be readily incorporated as amine com-
plexes[e.g., 40,78,92-94]. Mostly, incompletely sul-
fided phases are formed, an important exception being
the formation RuS2-like particles in the zeolite pores.
Work on intrazeolite Ru-sulfide species has resulted in
an impressive body of work by the group of Breysse
and co-workers[e.g., 95-98], that was recently exten-
sively reviewed[7].

1.5. Organometallic complexes in well-defined
zeolites

The difficulties encountered in the preparation of
dispersed Mo and W species in the zeolite micro-
pores have spurred research into the deposition of
organometallic complexes in the micropore space
which allow a better definition after adsorption in the
micropore space. Zero-valent metal carbonyl com-
plexes (Mo(CO)6, W(CO)6, Ni(CO)4, Co2(CO)8,
Co(CO)3NO and Fe(CO)5) can be readily adsorbed
in the supercages of zeolite NaY. The deposition of
molybdenum hexacarbonyl has attracted the most
attention [99–128]. Two Mo(CO)6 molecules per
supercage are adsorbed in NaY upon exposure to
the vapor at room temperature[103,104,109,114].
Okamoto[122] showed that the loading strongly de-
pends on the charge-compensating cation. Whereas
Okamoto et al.[118] stressed the presence of six car-
bonyl species in the as-prepared precursor, de Bont
et al. [123] found a loss of approximately one CO
molecule by EXAFS. This was corroborated by the
observation that these species can adsorb hydrogen
sulfide at room temperature.

Thermal decarbonylation of encaged Mo(CO)6 at
low temperature[104,109,110]gives rise the forma-
tion of various subcarbonyl species, Mo(CO)x with
x = 3–5. At low CO partial pressure, Mo(CO)3
species are thermally most stable, but most reactive

towards coordinating molecules[110,113,115]such
as hydrogen sulfide[113]. Further heating in inert
leads to clustering of Mo atoms[114], possibly partly
present as metallic clusters on the external surface
[112]. A further point to note is the relative high sta-
bility of the zeolite framework during incorporation
of such carbonyl species, although several reports
are not congruent[126,128]. Both thermal oxidation
[118,119]or oxidation by UV-irradiation[118] results
in small molybdenum(VI) oxide species in which the
dimeric nature is preserved. Initial work involving
sulfidation by Vrinat et al.[99] resulted in a poor
dispersion to be attributed to the thermal decomposi-
tion of the hexacarbonyl species prior to sulfidation
[113]. The group of Okamoto found that careful pre-
treatment and sulfidation of intrazeolite Mo(CO)6
results in highly dispersed Mo-sulfide species, which
are pronouncedly more active than catalysts prepared
by AHM impregnation. Discrepancies between these
results and those obtained by the group of de Beer
[18,71] led to the conclusion that the presence of trace
amounts of water during sulfidation is detrimental to
the final dispersion[128]. This is exemplified by the
TEM micrographs inFig. 8 displaying the effect of
the presence of water during sulfidation on the mo-
bility of molybdenum sulfide species. In line with the
results obtained earlier for CoNaY (vide supra), wa-
ter molecules disturb the interaction with the zeolite
framework inducing a higher mobility of metal sul-
fide species and their agglomeration on the external
surface.

The highly dispersed nature of the species after
sulfidation at 673 K was evidenced by NO adsorption
[113,116] and Mo K-edge EXAFS measurements
[119]. Essentially similar conclusions were obtained
when the precursor was oxidized at relatively low
temperature[119]. EXAFS measurements of stepwise
sulfided encaged Mo clusters provides an effective
method to analyze the evolution of the metal species
[119,123]. Fig. 9 presents the stepwise sulfidation
of zeolite-Y-encaged Mo(CO)6. The presence of a
Mo dimer in the precursor with a short Mo–Mo dis-
tance (2.80 Å) was noted (not shown). This dimer is
partly preserved during sulfidation as evidenced by a
Mo–Mo coordination number close to unity. Room
temperature exposure to the sulfiding mixture leads to
the adsorption of hydrogen sulfide. Mild sulfidation
results in molybdenum dimer species with bridging
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Fig. 8. TEM micrographs of Mo(CO)6/NaY after dry sulfidation (left) and wet sulfidation (right). The presence of water in the H2S/H2

sulfiding mixture clearly results in the formation of MoS2 slabs on the external zeolite surface.

S2
2− and/or S2− ligands. These species are thought to

be MoS3-like species which have been reported as in-
termediate species in the conversion of MoO3 to MoS2
[129,130]. Okamoto and Katsuyama[26] stressed that
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Fig. 9. k3-Weighted Fourier transform functions (absolute part) of MoNaY sulfided at 373, 473, 573, 673 and 773 K. Clearly, the short
Mo–Mo distance of around 2.8 Å is preserved after sulfidation at 673 K.

sulfidation at 673 K results in species with structural
parameters close to those of crystalline MoS2. This is
in contrast to the results inFig. 9which indicate that a
somewhat higher sulfidation temperature is necessary
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for the transformation to MoS2-like species. This
most probably derives from the stronger interaction
between the Mo-sulfide complex and the zeolite lat-
tice in our case compared to the zeolite used by the
group of Okamoto, and is caused by differences in
aluminum content of the zeolites[131]. Metal–metal
coordination numbers close to unity are often taken
as strong evidence for the prevailing presence of a
binuclear cluster[119,123]. Okamoto and Katsuyama
[119] rightfully raised doubts on such straightforward
conclusions, since the EXAFS coordination num-
bers are also strongly affected by the disorder of the
structure of the clusters. This initial suggestion[132]
was further substantiated by Shido and Prins[133]
for alumina-supported MoS2. Nevertheless, the de-
velopment of the coordination numbers in stepwise
sulfidation experiments is a strong indication of the
preservation of the highly dispersed nature of the
resulting molybdenum sulfide species. Interestingly,
Vissenberg[128] reported that very small Mo-sulfided
particles sulfided at lower temperature with a char-
acteristic Mo–Mo distance of 2.78 Å showed higher
activity than those present after high-temperature
sulfidation with a typical Mo–Mo distance of 3.16 Å.

The possibility to encage tungsten hexacar-
bonyl, W(CO)6, has been employed less frequently
[115,117,124,134–136]. Similar to Mo(CO)6, two
tungsten hexacarbonyl species can be deposited in the
supercages. These species are somewhat more stable
towards oxidation[124], but dimer W2O6 species
have been found after oxidation[117] analogous to
those in oxidized Mo(CO)6/NaY.

The success in the use of well-defined zeolite-Y-
encaged Mo(CO)6 precursors to highly dispersed
Mo-sulfide species has led to several investigations
into the incorporation of cobalt carbonyl compounds
[111,112,119,137]. The application of Ni(CO)4 has
been limited [138,139] for obvious toxicity rea-
sons. Incorporation of the binuclear cobalt cluster,
Co2(CO)8, in the zeolite Y pores results in its decom-
position into Co4(CO)12 and Co subcarbonyl species
[112] which are partly located on the external zeolite
surface [111,112]. A more defined system is pro-
vided by incorporation of cobalt tricarbonylnitrosyl,
Co(CO)3NO [67,111,119,137]. Thermal decompo-
sition leads to the formation of metallic and oxidic
Co species[111], while direct sulfidation results
in the formation of dispersed cobalt sulfide species

[67,117,137]. Recently, Kubota et al.[137] deposited
this complex on several Y-type zeolites with a widely
varying Si/Al ratio ranging from an almost silicious
faujasite to NaY. Strikingly, the amount of adsorbed
species relates to the amount of aluminum atoms in
substitution positions of the zeolite matrix. The fact
that all these zeolites were in their sodium form points
to an interaction of the complex with these ions as de-
scribed before for Mo(CO)6 [112]. Concomitant with
the increase in Co loading (with increasing Al con-
tent) the thiophene HDS activity of the sodium forms
of the zeolites strongly decreased. Especially, sulfi-
dation of Co(CO)3NO in the sodium form of USY
(Si/Al = 4.3) results in almost atomically dispersed
Co-sulfide particles with a very high intrinsic activity.

1.6. Mixed sulfides in zeolites

The genesis of highly active mixed Co(Ni)Mo(W)
sulfides in the zeolite micropore space is attractive,
since it may lead to the formation of a well-defined
‘Co–Mo–S’-type cluster. From preparative knowl-
edge of alumina-supported catalysts, it is well known
that the close proximity of the metals is a prereq-
uisite for the formation of ‘Co–Mo–S’-type phases.
This can be induced, for instance, by the presence of
chelating agents such as nitrilo triacetic acid[140].
However, the size of such complexes is too large to
pass through the zeolite entrances. Based on the ear-
lier observation that the Anderson aluminomolybdate
anion, AlMo6O24H6

3−, could be accommodated in
steamed zeolite Y[41] further work by the group
of Payen[141] has been focussed on the incorpo-
ration of the ammonium salt of cobaltomolybdate,
(NH4)3(CoMo6O24H6), in the secondary pores of ze-
olite Y with the advantage of a close proximity of Co
and Mo in the precursor. A detailed characterization
study revealed that the CoMo complex is preserved
during impregnation. Calcination of the intact encaged
cobaltomolybdate complex, however, results in its de-
composition. Rehydration does not restore the CoMo
complex, but rather the Anderson aluminomolybdate
anion. As such, this method is not suitable to cre-
ate a calcined CoMo precursor although it might be
interesting to check the HDS activity of a sulfided,
non-calcined precursor material. Recent attempts of
our group to incorporate this cobaltomolybdate com-
plex in the micropores of NaY were not successful
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suggesting that the complexes in Payen’s studies are
indeed located in the secondary pore system.

Most preparation routes follow the impregnation of
cobalt- or nickel-exchanged zeolite Y with AHM (or
ammonium metatungstate, AMT)[28,30,142]and suc-
cessive or co-impregnation of AHM (AMT) and Co- or
Ni-nitrate [17,28,31,32,35,142,143]. The first method
is preferred[28], because the Co precursor is more
dispersed. Mostly, these catalysts display higher activ-
ities than their non-promoted counterparts providing
an indication for the formation of some mixed sulfide
phases. However, in the precursor Mo(W) and Ni(Co)
are spatially separated making an efficient generation
of promoted phases less likely. Further complicating
factors are the difficulty in sulfiding the large MoO3
aggregates on the external surface, leading to a low ac-
tivity, the formation of�-NiMoO4 [17] or �-CoMoO4
phases, which also have a lower sulfidability and the
beneficial influence of acidity generated upon sulfida-
tion of cation-exchanged zeolites on the HDS activity.
It is clear, however, that the presence of mesopores
in ultrastabilized zeolites offers possibilities for the
formation and better dispersion of MoS2-type species
and the possible presence of promoted MoS2 phases
[17,35].

Incorporation of molybdenum hexacarbonyl in
well-dried Co-exchanged zeolite Y provides the
necessary close proximity of the ‘Co–Mo–S’ metal
constituents in the precursor material. This route was
extensively studied by a combination of MES, EXAFS
and TEM [144]. In line with the molybdenum-only
case, two Mo(CO)6 species can be incorporated in the
supercages of dried Co2+-exchanged NaY. In essence,
57Co MES results indicate that the sulfidation of the
Co2+ cations proceeds unperturbed by the presence
of the Mo species. Finally, one ends up with highly
dispersed Co-sulfide species which exhibit a strong
interaction with the zeolite lattice. Analysis of EX-
AFS data indicates that also the sulfidation of the Mo
dimer species is not hindered by the presence of Co,
essentially giving similar dimer Mo-sulfide species as
obtained after sulfidation of Mo(CO)6/NaY. TEM mi-
crographs stress the intrazeolite location of all metal
sulfide species.

The similarity in MES parameters for the Co-sulfide
species in sulfided CoMo/NaY and CoNaY is con-
sistent with the well-dispersed nature of the species.
This might explain the absence of a strong effect

of the presence of Mo on the QS of the Co-sulfide
species in the bimetallic catalyst. A more direct
probe to observe Co–Mo interaction is possible by
EXAFS. However, a detailed analysis of Co K-edge
and Mo K-edge spectra of sulfided CoMo/NaY did
not provide evidence for such interactions. Moreover,
analysis of thiophene hydrodesulfurization activity
data [128] shows that the catalytic activity of sul-
fided CoMo/NaY equals the sum of the activities of
sulfided CoNaY and Mo(CO)6/NaY. A possible ex-
planation relates to the protolysis reaction described
for sulfided CoNaY.Fig. 10 shows the MES spectra
of CoMo/NaY and the Co K-edge XANES region.
Although in first instance the MES spectra were fit-
ted using two doublets corresponding to a Co-sulfide
state (QS= 1.2 mm s−1, ca. 30–40%) and a high-spin
2+ state (QS = 1.9 mm s−1, ca. 60–70%), addi-
tion of a third one with a QS= 1.8 mm s−1 and
IS = 0.6 mm s−1 improves the fitting. This unknown
Co-doublet closely resembles the one observed for the
high-temperature sulfided CoNaY species observed
by Vissenberg et al.[64]. This resemblance is further
underpinned by the observation that a He treatment
at 673 K results in an increase of the contribution of
this doublet from 20 to 35% (Fig. 10). Moreover, the
XANES region clearly shows that after He treatment
part of Co is experiencing an increased interaction
with zeolite oxygen atoms. However, the intensity
increase is lower than for CoNaY[144] stressing the
protolysis is less extensive in the CoMo/NaY case.

The group of Okamoto reported the successful
preparation of intrazeolite CoMo-sulfide clusters
with a thiocubane structure[119,122,145,146]. In-
stead of Co2+ ion-exchange, gas-phase deposition of
Co(CO)3NO is used followed by a first sulfidation
step to produce small CoSx particles. Subsequently,
Mo(CO)6 is introduced followed by a second sulfi-
dation. Similar results were obtained by the reverse
loading procedure. In both cases, a loading of ap-
proximately two Mo and two Co atoms per supercage
was found. Most interestingly, a synergy in thio-
phene hydrodesulfurization was observed for such
prepared materials with an optimum Co/Mo ratio of
unity independent of the loading procedure. However,
we note that the synergy in thiophene hydrodesul-
furization [145] is much smaller than observed for
alumina-supported mixed metal sulfides. Another in-
dication of a Co–Mo interaction is provided by FTIR
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Fig. 10. MES spectra of CoMo/NaY sulfided at 673 K and treated in He at 673 K (left) and XANES region of the Co K-edge of CoMo/NaY
of the fresh sample, the sample sulfided at 673 and 773 K (right). A third doublet corresponding to the unknown Co species generated upon
protolysis of sulfided CoNaY is needed and grows upon helium treatment. This protolysis is also induced by high-temperature sulfidation
as derived from the increase of the white line.

spectroscopy of adsorbed NO species[122]. Bands
related to nitrosyl species on Co sites are identified,
while those observed for sulfided Mo(CO)6/NaY were
removed. These observations suggest the relevance of
Co sites in HDS catalysis. Although no quantitative
EXAFS analysis of Co–Mo interactions is given, it
is clear that a backscatterer is present at a distance
of about 2.83 Å, close to that predicted from theory
for Co–Mo distances[147]. A Co2Mo2S6 cluster was
proposed to be present in the zeolite pores[146].
The deviant conclusions of the work of de Bont et al.
[144] on the one and Okamoto[145] on the other
hand suggest that in CoSx species deriving from sulfi-
dation of Co2+ at cation-exchange positions are quite
strongly bonded to the zeolite lattice, possibly an
interaction with the generated acidic protons (vide in-
fra). Moreover, differences in the interaction strength
between the Mo species and the zeolite lattice may
be important in explaining this discrepancy.

Taniguchi et al.[55] suggested the successful in-
corporation of [Mo3NiS4Cl(H2O)9]3+, the bimetal-
lic analogon of [Mo3S4(H2O)9]4+ with a completed
cubane structure, in zeolite Y. These authors found
that NiMo/NaY were more active than Mo/NaY. The
synergy was more pronounced in a catalyst derived
from the bimetallic sulfide cluster than from a sample
in which [Mo3S4(H2O)9]4+ was ion-exchanged in a
Ni2+-exchanged zeolite. This again suggests that an
intimate interaction between Ni and Mo in the pre-

cursor is important for the formation of highly active
bimetallic phases.

1.7. Applications of models

Hydrodesulfurization of thiophenic compounds,
e.g. thiophene, benzothiophene and dibenzothio-
phene, has been applied extensively to obtain insight
into the catalytic properties of the sulfided precur-
sors. Additional test reactions include hydrocracking
and hydroisomerization. It is important to note here
that also the acidic zeolite support itself exhibits
an initially high activity in the desulfurization of
thiophene[148]. The strong decrease observed for
such metal-free zeolites is caused by extensive coke
formation. The interaction of thiophene with acidic
sites has been studied by quantum-chemical meth-
ods [149,150]. The deactivation is also observed
for those metal-containing catalysts prepared from
acidic zeolites or by sulfidation of transition metal
ion-exchanged starting materials. The effect is en-
hanced by operation at atmospheric pressure where
the imbalance between acidity and hydrogenation
results in extensive coking[24,75]. This presents dif-
ficulties when comparing various catalysts: beneficial
effects of acidic sites may be obscured when activity
data are compared at prolonged reaction times and
one should always check if a seemingly synergistic
effect is larger than a simple additive one.
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Fig. 11. Thiophene hydrodesulfurization activities of CoNaY(573 K), CoCaY(573 K), Co(CO)3NO/NaY(573 K) and Co/C(673 K) (left) and
CoNaY(573 K) after several treatments during (wet) and after (H2O/NH3) sulfidation (right) as a function of reaction time. The temperatures
between brackets indicate the final sulfidation temperature.

This brings us to the questions we set out to an-
swer in this report: what is the effect of the acidity
on the intrinsic activity of zeolite-occluded metal
sulfides and are there any special properties of very
small metal sulfide particles?Fig. 11 displays the
thiophene hydrodesulfurization activities for a series
of zeolite-supported and a carbon-supported Co cat-
alyst. The higher activity of the CoCaY compared to
CoNaY is explained by the fact that the protolysis
reaction is partly hindered due to the presence of
Ca2+ in the sodalite cages[67]. The higher stability
of the sample prepared by Co(CO)3NO deposition in
the zeolite pores is caused by the absence of protons.
Moreover, TEM results show that Co-sulfide particles
from the Co(CO)3NO precursor have migrated to the
external surface—in contrast to conclusions reached
by Okamoto et al.[119,137]. As outlined before, the
protolysis reaction for the sulfided cation-exchanged
samples and the observation that the sulfide particles
remain in the zeolite pores when carefully sulfided
suggest an interaction between the metal sulfides and
the zeolite protons. This was observed earlier for Pd
metallic particles in zeolite Y[151]. Evidence for such
an interaction is provided by treatment of the carefully
sulfided catalysts with a base (water or ammonia),
which results in a dramatic decrease of the activity
(Fig. 11). The effects are similar to those obtained for

wet sulfidation leading to the migration of Co-sulfide
particles to the external zeolite surface[62,71] and is
explained by the breaking of the interaction between
the proton and the metal sulfide. Similar effects are
noted for NiNaY[128]. It follows that for the prepa-
ration of well-defined, small Co-sulfide particles a
strong interaction with the zeolite lattice is important.
If absent—either due to the absence of protons (for
Co(CO)3NO in NaY) or due to preferential adsorp-
tion of water on the protons during wet sulfidation
[66,67]—metal sulfide aggregation occurs. Careful
sulfidation of Co-exchanged faujasite, however, does
result in anchoring of such species with a high initial
activity. This bond can be broken relatively easily
by a strong base. This poses a strong limitation for
industrial use of these materials, because the nitrogen
compounds and water present in crude oil will induce
sintering of Co- or Ni-sulfide species.

A comparison of the intrinsic HDS activities of
Co(CO)3NO in NaY, CaY and CoCaY[67] indicates
that, in addition to the effect of dispersion, there is
a positive effect of the acidity on the performance in
line with earlier reports[75,148]. The exact nature
of the synergistic effect is more difficult to ascertain.
As forwarded by Welters et al.[148] the acidic sites
may act as strong adsorption sites increasing the local
concentration of thiophene close to the metal sulfide.
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Alternatively, the acidity of the zeolite could fur-
ther tune the catalytic properties of the metal sulfide
through a direct interaction between the metal sulfide
and the acidic proton or through modification of the
strength of the bonding between metal-sulfide and
zeolite framework. This latter notion is in line with
the influence of protons on Ru-sulfide species[97]
and with the recently reported synergism between
CoMo-sulfide and an acidic ASA support[11,13,152].
An electronic influence of protons on the sulfide phase
is also stressed in the work of Maugé by following
the shift of the IR frequency of adsorbed CO[153].

A comparison of the activities of various cobalt-
containing catalysts allows to conclude on the activ-
ity of very small metal sulfide particles. The initial
activity of sulfided CoNaY is similar to that of sul-
fided Co/C. The former sample has a much higher
dispersion (from EXAFS[65]) than sulfided Co/C
(from MES [154,155]). Thus, the intrinsic activity
of the Co-sulfide particles in Co/C is higher than
that of ultra-dispersed particles in sulfided CoNaY.
Hydrogen–deuterium equilibration results[156] over
various Co-containing catalysts (Table 1) indicate
that there is a clear relation between the equilibration
activity and the quadrupole splitting of the sulfide
phase. This is consistent with a higher activity for
more dispersed Co-sulfide particles. This result and
the structure-insensitive nature of the equilibration
reaction further stress that the Co-sulfide dispersion
in sulfided CoNaY is higher than in Co/C sulfided at
673 K. We thus infer that there must be an optimum
cluster size for a high HDS activity. This positively

Table 1
Hydrogen–deuterium equilibration activities of a set of Co-contai-
ning carbon- and zeolite-supported catalysts and the quadrupole
splitting (QS) of the Co-sulfide doublet

Catalyst Rate (mol/mol h)a QS (mm s−1)

Co/C (373 K) 0.15 1.08
Co/C (673 K) 0.02 0.39
Mo/C (673 K) 2.80 –
CoMo/C (673 K) 30.3 1.1
CoNaY (573 K) 0.11 0.73
MoNaY (773 K) 1.16 –
CoMoNaY (573 K) 0.66 1.15
CoMoNaY (773 K) 1.31 n.d.b

a Rates expressed per mole of Co except for Mo/C and Mo/NaY
per mole of Mo.

b Not determined.

answers the question if there are any special proper-
ties of very small particles albeit that the consequence
for catalysis is a negative one. Additionally, one ob-
serves that the equilibration activity of a CoMo/C
catalyst is one order of magnitude higher than that
of an ultra-dispersed Co/C obtained after sulfidation
at 373 K (and of Mo/C), both Co-containing cata-
lysts exhibiting similar57Co Mössbauer parameters
[81]. This resulted in the notion that besides the high
dispersion of Co-sulfide particles on the edges of
MoS2 the creation of a new type of ‘Co–Mo–S’ site
is responsible for the high activity of CoMo-based
HDS catalysts[156]. Importantly, we observe that a
sulfided CoMo/NaY sample with a highly dispersed
Co-sulfide phase exhibits a relatively low equilibra-
tion activity compared to CoMo/C, further pointing to
the absence of a Co–Mo interaction in these samples.
In the zeolite case, sulfidation at 573 K does not pro-
duce MoS2-type species. An additional equilibration
experiment of a CoMo/NaY catalyst sulfided at 773 K
showed a similar performance to a MoNaY catalyst
sulfided at 773 K.

From the many detailed studies on sulfided
Mo(CO)6/NaY we can derive conclusions similar
to the Co case.Fig. 12 compares the HDS activi-
ties of MoSx species in Mo(CO)6/NaY sulfided at
various temperatures to those of titania- or alumina-
supported MoS2 species. The HDS activity of the
zeolite-supported catalysts decreases with increas-
ing sulfidation temperature. The decrease is most
pronounced when the MoSx species with a rela-
tively short Mo–Mo coordination distance (∼2.8 Å)
are transformed in MoS2-like species. Strikingly, a
sample sulfided at 773 K—with Mo–S and Mo–Mo
coordination distances close to those in MoS2, but
ultra-dispersed—exhibits a lower activity than MoS2
species supported on alumina and titania with con-
siderably lower MoS2 dispersion. Analogous to the
Co-sulfide case, this strongly suggests that there
exists an optimum size of the MoS2 clusters. Never-
theless, we observed that post-sulfidation treatment
with bases does not decrease the catalytic activity
of sulfided Mo(CO)6/NaY, whereas wet sulfidation
induces strong sintering[128]. Moreover, the low
HDS activity for a sample prepared by sulfidation of
Mo(CO)6/HY [128] and its low dispersion (TEM)
indicates that the interaction of MoSx species with
the basic framework oxygen atoms is more important
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Fig. 12. Initial thiophene hydrodesulfurization activities of a suite of Mo-containing catalysts: Mo/NaY catalysts prepared by sulfidation at
the indicated temperature of a Mo(CO)6/NaY precursor, Mo/TiO2 and Mo/Al2O3 prepared by pore-volume impregnation. The values below
are fit parameters for multiple-shell data analysis of the Mo K-edge EXAFS of the sulfided samples (taken from Ref.[124]): indicated are
the scatterer, the coordination number and coordination distance (in Å).

than the interaction with acidic protons. This re-
sult is in line with the difficulty in sulfiding low
amounts of Mo on an alumina support[157] due to
its strong interaction to the basic hydroxyl groups.
Interestingly, the intrinsic activity of such a sample
was shown to be higher than that of a fully sulfided
sample.

The relatively low activities of these encaged
monometallic sulfides cohere well with the absence of
or the at most very minor synergism between Co and
Mo occluded in the micropores. In that sense, we sur-
mise that the more pronounced synergism observed
in the [Mo3NiS4Cl(H2O)9]3+-derived catalysts is
related to the formation of ‘Ni–Mo–S’-type species—
induced by the intimate interaction of the two metals
in the precursor—on the external surface rather than a
high dispersion of an encaged NiMo-sulfide cluster. A
NiMo/NaY catalyst had a slightly better performance
than NiMo/Al2O3 [101].

Finally, an application test at Shell Research and
Technolcogy Centre Amsterdam on commercial
NiW/VUSY-Al 2O3 onto which Mo(CO)6 was de-
posited did not show any improvement against the
Mo-free catalyst. Post-reaction TEM analysis clearly
showed that the Mo-sulfide had been redistributed
evenly throughout the catalyst sample. This is most
probably caused by the presence of water during sul-
fidation and stresses the difficulties in keeping metal
sulfides dispersed as small particles in the zeolite
pores under industrial conditions. From an application
point of view, the difficulty in keeping the hydrogena-
tion function close to the acidic one is problematic.
This makes it extremely difficult to study the ‘proxim-
ity effect’ for hydrocracking in detail. Nevertheless,
some evidence, based in model NiNaY and NiMo/Y
model systems[158–160], that the amount of coke
formed is reduced with increased intimacy of mixing
of the functions on the submicron level is available.
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2. Conclusions

A suite of methods for the preparation of intrazeo-
lite Co, Ni, Mo and W sulfides is reviewed. Conven-
tional impregnation of Mo and W anions results in the
external location of the metal oxide precursors, a poor
dispersion of the resulting sulfide, incomplete sulfida-
tion and partial amorphization of the zeolite lattice. In
stabilized zeolites, part of the sulfide phase ends up in
the mesopores. The use of cationic Mo species such
as MoO2

2+ partly alleviates this problem, especially
in the case of stabilized faujasite that is more resis-
tant against acid attack. Sulfidation of carefully dried
Co- or Ni-exchanged faujasite yields a well-dispersed
metal sulfide phase concomitant with acidic protons.
There is a clear synergistic effect on the thiophene
HDS activity of such materials. The strong interac-
tion between the sulfide and the acidic protons hin-
ders agglomeration of the metal sulfide particles. Two
problems related to possible applications are: (i) the
loss of dispersion upon exposure to a base which dis-
places the metal sulfide from the proton and (ii) a
protolysis reaction, mainly for Co-sulfide, resulting in
a loss of catalytically active Co. The deposition of
organometallic precursors such as Mo(CO)6 also pro-
vides a route to well-dispersed metal sulfides upon
sulfidation. The very dispersed nature of the initial
dimeric Mo species in close interaction with the ze-
olite is retained up to quite high sulfidation temper-
atures. The transition from a dimeric species with a
short Mo–Mo coordination distance and a high HDS
activity to a species with structural parameters close
to MoS2 strongly decreases the activity. Attempts to
prepare CoMo-sulfide clusters in the micropores of
faujasite have not been too successful, although there
are some indications that a CoMo-sulfide cluster is
formed upon sulfidation of a sample prepared by in-
troduction of both metals via their carbonyl clusters.
However, the catalytic synergism is quite small.

Although the zeolite micropore space of faujasite
forms a well-defined environment and in some cases
allows the formation of occluded transition metal
sulfide clusters, the exact structure of those species
remains unclear. A pertinent conclusion, however, is
that these very dispersed species exhibit lower HDS
activities than larger ones supported on carbon, alu-
mina or titania. Tentatively, this indicates that there
is an optimum particle size for metal sulfides. Al-

though the retention of metal sulfide particles in the
zeolite cages is difficult—especially under industrial
conditions—there is a beneficial effect of the close
proximity of hydrogenation and acidic functions on
the coking deactivation.
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