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Abstract

Niobium-molybdenum disulfide solid solution (NbxMo1−xS2) has been prepared in a dispersed state on gamma alumina.
The existence of this solid solution supported on alumina carrier has been proven with the help of EXAFS technique. The
catalytic properties of these materials have been studied in hydrogenation and hydrodesulfurization reactions. Interestingly,
as already observed for niobium sulfide, the activity of the NbxMo1−xS2 solid solution (HDS of DBT,Ptot = 33 bar) is not
decreased in the presence of H2S up top(H2S) = 200 Torr, at least up tox = 0.4.
© 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction

Present and future regulations[1] concerning the
emission of SOx and NOx gas are animating the re-
search in both fields of formulation of hydrotreating
catalysts and design of new processes. In fact, con-
ventional alumina-supported CoMo, NiMo and NiW
sulfide hydrotreating catalysts are not sufficiently ef-
fective for an exhaustive heteroatom removal. New ac-
tive systems are now required and the interest for the
hydrotreating properties of noble metals, carbides or
nitrides, or new sulfide phases has considerably grown
during the last years[2].
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Systematic studies performed on unsupported cat-
alysts revealed that sulfides other than the conven-
tional CoMoS, NiMoS, and NiWS, such as noble
metal sulfides (RuS2, Rh2S3) or niobium sulfides
(Nb(1−x)S, NbS2, NbS3) are potentially good candi-
dates for new formulations of hydrotreating catalysts.
Moreover, niobium and tantalum sulfides present
unique acidic properties and therefore enhance the
formation of cracking and isomerisation products
[3,4].

Supported niobium sulfides were found to be more
active than molybdenum disulfide supported catalysts
with an equivalent active phase loading, despite their
poorer dispersion. Small amounts of Nb added to
a commercial NiMo catalysts provided a slight en-
hancement of catalytic activity and an improvement in
the acidic properties[5]. As for Mo-based catalysts,
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we can expect that addition of a dopant to niobium
sulfides could induce a synergetic effect or/and an
improvement of the active phase dispersion. However,
attempts to dope carbon-supported niobium sulfides
with Ni did not allow significant synergetic effect to
be observed[6]. Consequently, the present research
was orientated in a different way and aimed to prepare
a well-defined mixed Nb-containing disulfide in a
well-dispersed state. In addition to dispersion effects,
introduction of another cation in the niobium sublat-
tice of NbS2 could be expected to induce a modifica-
tion of the electronic properties of the solid (M–S bond
strength) and subsequent effects on the sulfidation and
activity. Similar approach was successful in the case of
the RuS2 pyrite structure: NixRu1−xS2 solid solution
particles could be dispersed on the surface of alumina
and an enhancement of the hydrogenation properties
of the catalysts was observed as compared to the cat-
alytic actitivities of the individual sulfides[7]. Due
to the well-known catalytic properties of molybde-
num, we thought it could be interesting to involve
this cation, along with niobium, in mixed disulfide
supported catalysts. The Nb–Mo system could be ex-
pected to allow formation of a NbxMo1−xS2 solid so-
lution since, in their simple disulfides MoS2 and NbS2,
molybdenum and niobium both sit in trigonal pris-
matic sulfur environment. Besides, comparison of the
cell parameters of the 2H varieties (aMoS2 = 3.161 Å
and aNbS2 = 3.32 Å; cMoS2 = 12, 298 Å and
cNbS2 = 11.94 Å) shows that the geometrical charac-
teristics of the [MS2] layers do not differ a lot, which
is another favorable feature for the obtention of the
alumina-supported NbxMo1−xS2 solid solution to be
possible.

2. Experimental

2.1. Catalyst preparation

A series of mixed Nb–Mo catalysts (Nb1−xMox ,
0 < x < 1) were prepared by impregnation of
�-alumina with successively ammonium heptamolyb-
date and niobium oxalate solutions. Total cation load-
ing was kept constant (Mo+ Nb = 10% with respect
to the support mass). Chemical analysis confirmed
the deposition of the expected amount of metals. The
sample was then allowed to dry at room temperature.

Higher drying temperatures (e.g. 373 K) cannot be
used because, after such a treatment, niobium can-
not be correctly sulfurized at moderate temperature.
Sulfurization was performed at 673 K for 4 h at high
pressure under batch conditions using CS2 as the sul-
furizing agent[8]. A commercial NiMo catalyst was
used as a reference catalyst (2 wt.% of Ni and 9 wt.%
of Mo).

2.2. Reaction test

The catalysts were tested by means of two reac-
tions: hydrodesulfurization of dibenzothiophene (HDS
of DBT) and hydrogenation of tetralin. Experiments
were carried out in vapour phase in microreactors run-
ning in dynamic mode. The operating conditions, de-
pending on the nature of the reacting molecule, are
listed inTable 1. For the study of the influence of H2S
on the activity in HDS of DBT,p(H2S) was varied
from 0 to 27 kPa.

According to the model of the integral reactor, the
rate constantk of a reaction can be expressed as fol-
lows:

k = F0

mC0
ln(1 − x) (l/s g−1)

wherex is the conversion,m the mass of catalyst (g),
F0 the molar flow of reactant (mol/s), andC0 the con-
centration of reactant (mol/l).

When the conversion is less than 15%, the above
formula can be simplified, giving the reaction rate:

r = F0

m
x (mol/s g−1)

The activities were measured when the steady state
of the catalyst was reached, i.e. after 15 h on-stream.
Activity measurement accuracy is within 10%.

Table 1
Operating conditions of the catalytic tests

Reaction Temperature
(K)

Total pressure
(Pa)

Reactant partial
pressure (Pa)

HDS of DBT 523 30× 105 a 577
Hydrogenation

of tetralin
623 43× 105 a 8886

a H2S was added to the H2 flow: from 0 to 0.8 vol.% in the
DBT HDS experiments, and 2 vol.% in the tetralin hydrogenation
ones.
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2.3. X-ray absorption

EXAFS spectra were recorded at LURE on the
EXAFS 1 and 2 spectrometers, using a Si(3 1 1) chan-
nel cut monochromator. During the experiments, the
storage ring (DCI) used 1.85 GeV positrons with an
average intensity of 250 mA. Samples were prepared
under inert atmosphere by sandwiching the powders
between two X-ray transparent adhesive tapes (Kap-
ton). Data were recorded in transmission mode and
measurements performed at the Mo K-edge from
19 850 to 20 800 eV and at the Nb K-edge from 18 850
to 19 800 eV. Data processing was performed with the
package developed by Michalowicz[9]. Amplitude
and phase of backscattering as well as mean-free-path
were taken from FEFF codes[10].

2.4. Electron microscopy

Catalyst grains were dispersed in pure ethanol, the
suspension stirred in an ultrasonic bath and one drop
deposited on a carbon coated copper grid. These grains
were examined in a JEOL 2010 device equipped with
a Link-Isis EDX detector. For statistical study of the
dispersion, length and stacking were determined for
more than 600 sulfide particles for each sample[11].
Various probe sizes (2.5 < φ < 10 nm) were used for
EDX analyses.

3. Results and discussion

3.1. Structural characterization

Due to the sulfide crystallite size X-ray diffraction
could not provide any valuable structural information
and it is the EXAFS technique which allowed the
alumina-supported sulfide nanoparticles to be iden-
tified as a NbxMo1−xS2 solid solution rather than
two-phase(MoS2 + NbS2) systems. It has first to
be noticed that, due to the presence of the van der
Waals gap, EXAFS is only sensitive to the intra-layer
neighboring of the absorbing atom[12]. Figs. 1 and
2 show the radial distribution functions obtained at
the Nb and Mo K-edges, respectively. Structural data
obtained from the fitting of the imaginary part of the
Fourier transforms are given inTables 2 and 3for the
Nb and Mo K-edges, respectively. The first peak cor-

Fig. 1. Radial distribution function at the Nb K-edge for various
NbxMo1−xS2/Al2O3 samples.

Fig. 2. Radial distribution function at the Mo K-edge for various
NbxMo1−xS2/Al2O3 samples.

Table 2
Nb K-edge EXAFS analysis: structural parameters of NbxMo1−x

S2/Al2O3 samples with various compositions

NbxMo1−xS2 x = 0.2 x = 0.3 x = 0.4

N1 6.0 4.5 4.0
R1 (Å) 2.45 2.45 2.48
σ 1 (Å) 5 × 10−2 5 × 10−2 6 × 10−2

�E1 (eV) 1 2 4

N2 4.2 3.2 2.9
R2 (Å) 3.18 3.21 3.25
σ 2 (Å) 7 × 10−2 7 × 10−2 6 × 10−2

�E2 (eV) −10 −5 −8
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Table 3
Mo K-edge EXAFS analysis: structural parameters of NbxMo1−x

S2/Al2O3 with various compositions

NbxMo1−xS2 x = 0.0 x = 0.3 x = 0.7

N1 6.0 5.1 3.9
R1 (Å) 2.42 2.42 2.44
σ 1 (Å) 4 × 10−2 5 × 10−2 5 × 10−2

�E1 (eV) 6 3 4

N2 6.0 2.5 2.0
R2 (Å) 3.16 3.19 3.23
σ 2 (Å) 3 × 10−2 4 × 10−2 6 × 10−2

�E2 (eV) 1 0 −3

responds to the six sulfur nearest neighbors expected
for a lamellar disulfide such as MoS2 or NbS2, even if
the refined neighbor numbers can be reduced by dis-
order, this effect being found to increase with the nio-
bium amount. The second peak reflects the in-plane
cationic neighborhood of the absorbing element. In
a two-phase system(MoS2 + NbS2), niobium would
have only niobium neighbors and molybdenum only
molybdenum ones. In a NbxMo1−xS2 solid solution,
both niobium and molybdenum absorbers would have
niobium and molybdenum neighbors. Unfortunately,
due to their relative positions in the periodic table,
niobium and molybdenum have very similar backscat-
tering amplitudes and phase shifts, and EXAFS can-
not thus allow these two backscatterers to be distin-
guished. However, fortunately, the M–M distances in
MoS2 and NbS2 are sufficiently different (Mo–Mo=
3.16 Å in MoS2 and Nb–Nb= 3.32 Å in NbS2) for
the intercationic distances in the mixed systems to be
informative. Effectively, it can be seen (Tables 2 and
3) that the distance between the absorbing atom (Mo
or Nb) and its cationic neighbors increases with the
niobium amount. It means that both Mo and Nb are
present in the in-plane cationic environment of the
probe cation and that, as it could be expected, the nio-
bium contribution increases withx, sinced(Nb–Nb) >

d(Mo–Mo). In other words, every [MS2] layer con-
tains both Nb and Mo cations and can thus be for-
mulated as [NbxMo1−xS2]. Kadijk [13] previously
prepared highly crystalline unsupported NbxMo1−xS2
solid solution and evidenced an evolution of the cell
parameters withx. Fig. 3 allows to compare the dis-
tances we refined to the value reported by Kadijk for
the a crystallographic parameter (which corresponds

Fig. 3. Comparison of our EXAFS refined Mo–(Nb,Mo) (�) and
Nb–(Nb,Mo) (�) distances to thea parameter (�) obtained from
XRD for highly crystalline unsupported NbxMo1−xS2 [13] (the
linear fitting of thesea values is approximate since the structure
shifts from 2H to 3R aroundx = 0.5).

to the cation–cation distance) of his solid solution.
The same trend is observed corresponding roughly to
a Vegard’s law. All these facts show that we obtained
an alumina-supported NbxMo1−xS2 intra-layer solid
solution.

3.2. Dispersion

A TEM picture of the sample withx = 0.4 is shown
in Fig. 4. The characteristic lamellar structure of MS2
layered sulfides is observed. Average length and stack-
ing are smaller (lav = 6.1 andnav = 4.3) as compared
to NbS2/Al2O3 samples for which particles withl up
to 80 nm andn up to 20 could be observed. EDX anal-
ysis evidences that the Nb and Mo elements are homo-
geneously distributed whatever the probe size used.

3.3. Catalytic properties

The catalytic properties of the series of catalysts
were evaluated at first in tetralin hydrogenation.Fig. 5
shows that the activity increases almost linearly with
the Nb content. No synergetic effect then occurs but
for thex = 0.4 sample the catalytic activity is slightly
better than expected on the basis of a linear evolu-
tion from MoS2 and NbS2, which can be related to
better dispersion of the nanoparticles. According to
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Fig. 4. TEM image of a NbxMo1−xS2/Al2O3 sample(x = 0.4).

the reaction scheme for the transformation of tetralin,
acidic sites might be involved in the formation of
methyl indan and decalin isomers[14,15]. Selectiv-
ity for formation of these products can thus be used
to estimate the acidic strength of a catalyst. In our
case, we observed an increase of these acidic prop-
erties, the NbS2 (x = 1) being seven times more
acidic than MoS2 (x = 0) and intermediate acidi-
ties for the mixed catalysts. Therefore, a tailoring of
the acidic properties is offered by the use of such
mixed system.Fig. 6 shows the influence of the H2S
pressure on the conversion of dibenzothiophene for a
NiMo industrial catalyst and two alumina-supported

Fig. 5. Activity of a series of alumina-supported NbxMo1−xS2

catalysts in tetralin conversion at 623 K.

niobium-containing catalysts: NbS2 and NbxMo1−xS2
(x = 0.4). As already observed for unsupported cat-
alysts[3,4], Nb sulfide-based catalysts are insensitive
to H2S pressure, whereas conventional catalysts are
strongly inhibited by small H2S amounts, their ac-
tivity remaining then stable if the H2S pressure is
increased. The NbxMo1−xS2 mixed sample presents
the same behavior as the Nb catalysts and, if at low
H2S pressure it is less active than a conventional
NiMo catalyst, it becomes more active at higher H2S
pressure. According to kinetic studies, the behavior
observed for conventional sulfide catalysts (two do-
mains: inhibition and then stabilization) either for
hydrogenation or HDS is attributed to two different
rate determining steps[16,17]. When the catalytic
activity does not depend on the H2S partial pressure,
it is assumed that the rate determining step corre-
sponds to the attack of the reactant by a base (S2−
species for instance). In the case of Nb-based sulfide
catalysts, this mechanism is apparently the only one
to be involved which evidences the specificity of the
catalytic sites present in these systems. Theoretical
calculations evidences that NbS2 belongs to the high
bond strength side of the well known volcano curve
which correlates bond strength with catalytic activity
[18]; sensitivity of MoS2 or Co doped MoS2 surfaces
to H2/H2S pressure were also computed[19,20]. Such
a theoretical approach will be helpful for the under-
standing of NbS2 and mixted Nb1−xMox system.
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Fig. 6. Effect of the H2S partial pressure on the activity of a commercial NiMo catalyst, NbS2/Al2O3, and NbxMo1−xS2/Al2O3 (x = 0.4)
in HDS of DBT.

4. Conclusion

The existence of the solid solution MoxNb1−xS2
in nanoparticles was for the first time evidenced
by EXAFS. As compared to NbS2, the solid solu-
tion provides a better dispersion of the particles but
does not show any synergetic effect. As the conse-
quence MoxNb1−xS2 with x = 0.4 was considered
as the best catalyst for the series studied. As com-
pared to conventional NiMo catalysts, supported
MoxNb1−xS2 (x = 0.4), like NbS2, are insensitive
to H2S partial pressure suggesting good capabili-
ties for the conversion of high sulfur loaded gas
oils.
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