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Abstract

Hydrotreating properties of unsupported and supported niobium sulfides are compared to those of molybdenum sulfide
catalysts. Niobium catalysts demonstrate higher activities than molybdenum sulfide ones and remarkable selectivity in

cracking and isomerisation reactions.
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1. Introduction

The present environmental problems open up
a challenge for the development of new hydro-
treating catalysts which would be more efficient
than the present ones for sulfur and nitrogen
elimination from various petroleum cuts. Until
now, research devoted to sulfide catalysts have
been mainly focused on the molybdenum and
tungsten systems and less attention has been
paid to other transition metal sulfides. However,
the comparison of the properties of the various
transition metal sulfides either unsupported or
supported on carbon for hydrodesulfurization
(HDS), hydrodenitrogenation (HDN) or hydro-
genation reactions has shown that some other
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systems present high catalytic properties. The
results obtained for the various reactions are not
similar and the selectivities for the different
functions, i.e., C-S, C-N, C-C bond cleavage
or hydrogenation vary in a wide range. Particu-
larly, the properties of niobium sulfides have
attracted our attention. For biphenyl conversion,
these catalysts were found more active than the
conventional molybdenum or tungsten sulfides
and, interestingly, they presented a particular
ability for cracking. For these reasons, a com-
prehensive study devoted to niobium sulfides
was undertaken in our laboratories (specialising
in catalysis and solid state chemistry). The ob-
jective of the present paper is to give an
overview of the studies carried out in the last
few years conceming, (i) the properties of un-
supported niobium sulfides, (ii) the transposi-
tion to the supported state and (iii) the doping
effect of nickel.
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2. Experimental
2.1. Catalysts preparation

Unsupported niobium sulfides were obtained
by direct combination of the elements in evacu-
ated silica tubes [1]. In order to improve the
surface area of NbS,, an intercalation—deinter-
calation treatment was used [2]. This method
resulted in a significant improvement of the
surface areas up to 20 m?/g. The niobium
trisulfide obtained in this way is designated as
NbS,-D.

Carbon and alumina supported catalysts were
prepared according to the method described in
[3,4). The supports used are a carbon ‘‘Norit’’,
with a surface area of 1200 m?/g and a pore
volume of 1 cm®/g and y-alumina (Sp: 250
m2/g and pore volume of 1 cm®/g). The nio-
bium amount introduced is 10 wt.-%. Excess
technique was chosen for the impregnation of
carbon and wetness impregnation method for
the alumina.

The nickel-doped catalysts were prepared us-
ing the co-impregnation method, adding nickel
nitrate to the niobium precursor salt [4]. The
total amount of metal was kept equal to 10
wt.-%. Several samples were prepared with dif-
ferent r (r = Ni/(Ni + Nb)), atomic ratios.

2.2. Catalysts characterisations

Unsupported niobium sulfides were charac-
terised by X-ray diffraction, using an INEL
curved detector and Cu K «, radiation. Their
textural properties were determined by the BET
method in a volumetric apparatus using N, as
physisorbant. DTA-TGA experiments were
performed under nitrogen with a Setaram TGA
92 16-18.

Attempts to obtain X-ray diffraction patterns
of carbon-supported samples were unsuccessful,
due to a poor crystalline organisation. Besides,
electron microscopy gave images with very bad
contrast. We could however characterise these
catalysts with the aid of EXAFS (extended X-ray

absorption fine structure) technique. EXAFS
spectra were recorded on the EXAFS 1 spec-
trometer, at LURE, the French synchrotron radi-
ation laboratory, using the DCI storage ring.

For some of the alumina-supported catalysts,
X-ray diffraction patterns could be obtained.
However, only one weak and broad line could
be observed. For that reason, EXAFS and elec-
tron microscopy (Philips CM30) were also used
for the characterisation of the alumina supported
samples.

2.3. Catalytic activity measurements

The reactions were carried out in the vapour
phase using dynamic flow microreactors under
atmospheric pressure or medium-high pressure
as described in [2]. Specific activities, A, (107*
mol /s g) were determined after 16 h on stream
at the pseudostationary state. In order to com-
pare the properties of catalysts, presenting vari-
ous surface areas, we calculated the intrinsic
rates A; (per m? of catalyst after test, 10°8
mol /s m?), using the surface area after test S;
(m?/g). The catalytic properties of MoS, were
measured as reference.

3. Results and discussion
3.1. Structural features

In the Mo-S system, several phases exists
but MoS, is the only phase observed in cataly-
sis. The Nb-S system is complex and different
phases may be observed. The structural features
of these phases are described below:

Hexagonal niobium disulfide NbS, exhibits
the same overall features as MoS,, i.e., a lamel-
lar arrangement of trigonal prisms [NbS,] (Nb-
Nb = 0.332 nm). A rhombohedral modification
can be stabilised by the presence of extra nio-
bium atoms located in the van der Waals space.
This structure may also accommodate a large
excess of metal atoms (Nb,, .S, with x nearly
equal to 1 also known as Nb,_,S). In this
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Table 1

Conditions of the laboratory tests

Reactant H, pressure H,S pressure Hydrocarbon pressure Temperature
(10° Pa) (10%Pa) (10? Pa) (K)

Biphenyl 235 4.5 8 530

Thiophene 1 - 24 623

Pyridine 30 665 266 573

n-Pentylamine 1 4 1.33 548

Isooctane 1 4 or 40 1.33 548

Toluene 27 73 or 733 40 573

structure, the niobium cations are associated in
triangular clusters with Nb—Nb in short dis-
tances (2.92 A). The structure of NbS, is com-
pletely different, even if built from the same
[NbS¢] prismatic units. In NbS,, these prisms
share their triangular faces to constitute infinite
fibres which are associated, due to inter fibre
Nb-S bonds, and form corrugated slabs. The
formula can be written as Nb'™*S"~(S,)!"",
with sulfur pairs (S,)"~ similar to those present
in pyrite structures. In NbS,, d'-d' Nb-Nb
bonds are established.

The stability of NbS, under hydrogen at at-
mospheric pressure was studied at 723 K. The
sample lost weight until a final state correspond-
ing to Nb, ,S, [1] was reached. This result
means that the structure of the niobium sulfide
catalyst could be modified under test conditions
depending on the experimental parameters, tem-
perature, and partial pressures of hydrogen and
hydrogen sulfide.

3.2. Unsupported niobium sulfides

In order to evaluate the catalytic properties of
niobium sulfides we used model molecules such

Table 2
Catalytic activities in bipheny! conversion, structures, surface
areas and stability under hydrogen pressure

Structure before Structure after Se A, A Sy
test test (m?/g)

NbS, NbS, + &Nb, ;S, 2.5 23 092 88
NbS;-D NbS; +Nb, |,S, 7 48 0.69 88
Nb, ,S, Nb, .S, 9 27 030 80
MoS, MoS, 38 65 0.16 19

as biphenyl and toluene for hydrogenation, pyri-
dine and n-pentylamine for HDN and isooctane
as a specific reaction for measuring acidity.

Under the conditions described in Table 1,
the conversion of biphenyl leads to cyclohexyl-
benzene (CHB), dicyclohexyl (DCH) and
cracked products: cyclohexane (C) and benzene
(B). The selectivity in cracked products was
defined by the following relation:

s H(B+C)
" CHB + DCH + X(B + C)

The results, given in Table 2, show that the
niobium sulfides present higher intrinsic activity
than MoS,. The selectivity for cracking prod-
ucts is very high for all the niobium sulfides and
much lower for molybdenum sulfide.

The low surface area NbS, sample is stable
under the conditions used whereas the higher
surface area sample NbS,-D is partially con-
verted into Nb, ,,S,. Experiments started with
the NbS, phase provide better catalytic activi-
ties.

Table 3 presents the results obtained in the
hydrogenation of toluene. Toluene is hydro-
genated in methylcyclohexane but a cracking

Table 3
Catalytic activities in toluene conversion, under different partial
pressures of H,§

Catalyst 73X 102 PaH,S 733X 102 PaH,S
Sf As Ai Aica Sf As Ai Aic

NbS,-D 15 19 127 13 14 122 87 24
MoS, 40 40 10 - 43 2716 64 0.1

* A, intrinsic activity for benzene production.
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Table 4

Catalytic activities in pyridine conversion

Catalyst Structure after test S¢ A A;
NbS, NbS; +Nb, |58, 2 24 9.2
NbS,-D Nb, 125, 15 113 7.5
MoS, MoS, 20 130 6.5

route also exists and forms benzene and
methane. Similarly to the previous reaction, the
rate of benzene appearance indicates a high
selectivity for cracked products.

Another important aspect is the role of H,S
in the selectivity of the products. A ten times
increase of the hydrogen sulfide partial pressure
reduces the global conversion (H,S is an in-
hibitor) but increases the selectivity in cracking.
This effect was already mentioned in the litera-
ture [5] and attributed to the formation of S—H
Bransted sites.

Pyridine is very often utilised as a test

Table 5
Catalytic activities in n-pentylamine conversion ?, structures and
surface areas

Catalyst ~ Surface after A Ay ALY ACSS
test (m* /g)

NbS,D 5.3 124 23 7 13

MosS, 28 45 1.6 6 0.21

* Measured at a global conversion of 15%.
® ACs: specific activity for C5 production.
¢ A;Cs: intrinsic activity for C4 production.

molecule for the HDN process. Its conversion
includes several consecutive steps correspond-
ing to hydrogenation (piperidine) and C~N bond
cleavage. Niobium trisulfide is slightly more
active than MoS, (Table 4). In order to get
more information, we studied the final step of
this reaction, i.e., n-pentylamine conversion
(Table 5). The reaction scheme of the conver-
sion of n-pentylamine can be written as follows:

dipentylamine, tripentylamine

n-pentylamine

valeronitrile

The Cs hydrocarbon rate formation is much
higher on niobium sulfide than on molybdenum
sulfide, or other sulfides [6] and does not vary
when the H, S partial pressure is 10 times higher.

In order to understand the acid basic proper-
ties of niobium sulfides, we used the model
isooctane conversion, which is indicative of the
presence of medium strength acid sites [7].
Isooctane is cracked in isobutene and isobutane.
Small quantities of propane, propene, and
neopentene and neopentane are also observed.

According to these data, it can be emphasised
that the acidity of niobium sulfide is two or
three times higher than that of molybdenum
sulfide.

Fig. 1 summarises the comparison between
intrinsic activities of MoS, and NbS; in several

C; hydrocarbons.

model reactions. Niobium sulfide catalysts is
always more active than molybdenum sulfide.

The most striking feature of these results
must be related to the acidic properties of nio-
bium catalysts evidenced in Fig. 2. In hydro-
genation reactions, the high selectivities in
cracking clearly indicates the acidic nature of
the surface of the catalyst. Results obtained with
n-pentylamine conversion also reinforce this re-
sult since the mechanisms of the C-N bond
cleavage involves Bronsted sites [8,9].

3.3. Supported niobium sulfides
Our first attempts to prepare niobium sup-

ported catalysts were performed on oxide sup-
ports: alumina and silica. On these supports, and
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Fig. 1. Comparison between intrinsic activities of MoS, and NbS,
in several model reactions.

using conventional sulfurising treatments
(H,S-based flows under atmospheric pressure),
significant sulfurisation can be obtained only at
high temperature (800°C) [10]. In these condi-
tions, sintering of the formed niobium sulfide
occurs which results in very low catalytic activi-
ties. Such difficulties for niobium to be sulfu-
rised on oxide supports can be attributed to
strong support—cation interactions. Fig. 3. shows
the radial distribution function of neighbours
around niobium (obtained from EXAFS data)
for an alumina supported sample calcined under
air atmosphere or treated at 673 K with a
H,/H,S mixture. The similarity of the two
radial distribution functions clearly demon-
strates that this sulfurisation procedure is ineffi-
cient. In fact, thermodynamical data show that
free energy of sulfurisation of niobium oxide is
positive and clearly indicate that this reaction
should not be easily compared to that of Mo
oxide. Besides, support effect has a crucial role
in the preparation of Nb catalysts. This will be
demonstrated with the following example: Nio-
bium oxalate was used as a precursor and im-
pregnated on carbon and alumina. TGA-DTA
experiments, presented in Fig. 4, show that on
carbon, water is first eliminated at 373 K, then
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Fig. 2. Comparison between selectivities or production rates of
cracked products of MoS, and NbS, in several model reactions.

the precursor salt decomposes at 513-523 K; on
alumina, a higher temperature (643 K) is needed
(see Fig. 5). This indicates that weak interac-
tions with active cations on carbon and strong
ones on alumina are established. Considering
these results, we used two different routes for
supported niobium sulfide to be obtained. First,
instead of oxides, we chose carbon as a support,
because of the weakness of the interactions it
establishes with metallic cations. Second, using
oxide supports, we carried out the sulfurisation
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Fig. 3. Radial distribution function (Nb K-edge) of Nb/Al,O,
sample calcined at 673 K (full line) or treated by N, /H,S (dotted
line).
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Fig. 4. DTA-TGA curves of Nb/C sample.

treatment in conditions more severe than the
conventional ones.

3.4. Carbon supported catalysts

Different precursor salts were used with a 10
wt.-% loading: niobium chloride, niobium ox-
alate and ammonium niobate, respectively, re-
ferred to as NbCl, NbOX and NbN. Sulfurisa-
tion of the carbon supported catalyst was opti-

mised [3]. Best conditions were found to be 4 h
at 400°C, using N,/H,S (15%) gas mixture.
Fig. 6 presents the HDS activities of Nb/C
catalysts prepared with the different precursor
salts. The optimised preparation provides an
activity higher than that of Mo /C catalyst. Fur-
thermore, Nb catalysts present an original selec-
tivity toward hydrogenation [4].

In the conversion of n-pentylamine, Nb/C
catalysts present a selectivity in C5 production

Nb/Al203

-0 199 150 200 250 00

HEAT FLOW ({microv)
T €xo

0.3 ]
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TEMPERATURE (C)
3s0 400 430 s00 550 _; 4

—

Fig. 5. DTA-TGA curves of Nb/Al, O, sample.
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Fig. 6. Comparison of HDS catalytic activities between Mo and
Nb sulfide catalysts.

twice higher than that of a Mo supported cata-
lyst [11]. This results indicates that the proper-
ties of supported niobium sulfides resemble
those observed on bulk niobium sulfide phases.

Evidence of sulfidation of niobium is given
in Fig. 7. It can be seen that the Nb-O distance,
observed after impregnation, is replaced by a
Nb-S distance after sulfidation. By using un-
supported NbS; and NbS, as references, it is
possible to characterise the supported species
with EXAFS and TPR techniques. The specific
Nb—Nb distances of each phase (in the case of
EXAFS) and characteristic reduction peaks in
the case of TPR allow to discriminate these two
phases in the supported state [3]. Depending on
the sulfidation procedure, NbS,; or NbS, species
may be obtained in the supported state. The

[F(R)| (A

Fig. 7. Radial distribution function (Nb K-edge) of Nb/C sample
after impregnation (full line) and after sulfidation with N, /H,S
gas mixture (dotted line).

highest catalytic activities are related to the
presence of NbS,-like entities.

Attempts to prepare mixed NiNb/C catalysts
were performed [4]. The Ni dopant gives a
two-fold increase of the catalytic activity (simi-
larly to unsupported systems) but does not allow
to reach the activity of a NiMo/C catalyst.
Moreover, the presence of Ni decreases the
selectivity for hydrogenation. As evidenced from
the EXAFS results, Ni does not form a ‘mixed
phase’ with niobium as it was observed in the
case of Ni-W-S [12] or Ni-Mo-S [13] cata-
lysts.

3.5. Alumina supported catalysts

Ellingham’s diagram [14] shows that carbon
disulfide CS, is, thermodynamically speaking, a
better sulfurising agent than H, S, up to 1573 K.
Besides, since CS, is liquid at room tempera-
ture, it can be easily introduced in a high-pres-
sure vessel in order to perform the treatment
under pressure. Such a method was used for the
sulfurisation of Nb/Al,O; catalysts and, again,
the conditions (temperature, duration) were op-
timised [3]. The highest activity was obtained
after treatment at 673 K for 10 h.

Radial distribution functions (Fig. 8) of the
neighbours of niobium (derived from EXAFS

1 2 e
[ A

Fig. 8. Radial distribution function (Nb K-edge) of Nb/Al,O,
after impregnation (full line) and after sulfidation under CS,
pressure (dotted line).
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data) demonstrate that under CS, atmosphere
Nb on alumina has been sulfurised, since Nb—-S
bonds appear. Depending on the sulfiding con-
ditions, different phases are identified by EX-
AFS: NbS, and Nb,__S.

In the first case, electron microscopy pro-
vides pictures of the lamellar NbS, phase.
Stacking and length of the slabs are, respec-
tively, 5 and 2 times higher than those observed
on alumina catalysts. Even with a worse disper-
sion, catalytic activity in HDS of thiophene is
1.5 times better for Nb than Mo alumina sup-
ported catalysts (with an equivalent loading).

4. Conclusion

The acidic properties of niobia-containing
materials have received much attention in the
past decade [15]. The present work evidenced
that not only niobium oxide but also niobium
sulfide present unique acidic properties related
to hydrotreating reactions. As compared to the
classical molybdenum sulfide catalysts, niobium
sulfides present higher activities and, moreover,
different and interesting selectivities. NbS, pre-
sents the highest activities as compared to the
other phases of Nb—S system, its stability to-
ward reduction under the conditions of catalytic
test depends on the H,S partial pressure. It is
difficult to define the origin of these properties.
Either concentration of SH groups, resulting
from adsorption of H,S on a Lewis site, or the
proton acidic properties of SH groups, play a
key role. For NbS,, the presence of sulfur pairs
and their reactivity towards hydrogen may also
be invoked. Based on our work, Topsd et al.
[16] recently proposed the use of a bond energy
model to account for the hydrotreating proper-
ties of transition metal sulfides. However, the
different structures existing in this system were

not considered and further theoretical support is
needed in order to describe the surface proper-
ties of niobium sulfides. The transition to the
supported state was performed but depends
largely on the nature of the support. However,
optimised preparations give activities higher
than those of supported MoS, and specific
properties of niobium catalysts remain in the
dispersed state. We failed in our intent to obtain
a mixed phase by nickel-doping, but numerous
perspectives exist in this field.

Acknowledgements

This work received support from ELF, IFP,
TOTAL and from the CNRS (ECOTECH).

References

[1] M. Vrinat, C. Guillard, M. Lacroix, M. Breysse, M. Kurdi
and M. Danot, Bull. Soc. Chim. Belg., 96 (1987) 1017.
2] M. Danot, J. Afonso, J.L. Portefaix, M. Breysse and T. des
Couritres, Catal. Today, 10 (1991) 629,
{3] N. Allali, A.M. Marie, M. Danot, C. Geantet and M. Breysse,
J. Catal, 156 (1995) 279.
[4] N. Allali, A. Leblanc, M. Danot, C. Geantet, M. Vrinat and
M. Breysse, Catal. Today, in press.
[5] C. Moreau, C. Aubert, R. Durand, N. Zmimita and P.
Geneste, Catal. Today, 4 (1988) 117.
[6] 1.C. Afonso, PhD thesis, Université de Lyon, 1990.
[7] G. Bourdillon, C. Gueguen and M. Guisnet, Appl. Catal., 61
(1990) 123.
{8] M. Breysse, J. Afonso, M. Lacroix, J.L. Portefaix and M.
Vrinat, Bull. Soc. Chim. Belg., 100 (1991) 923.
[9] N. Nelson and R.B. Levy, J. Catal., 58 (1979) 485.
[10] M. Kurdi, PhD thesis, Université de Nantes, 1988.
[11] M. Breysse, T. des Courieres, M. Danot, C. Geantet and J.L.
Portefaix, US patent 5157009, assigned to EIf France.
[12] Yu.l. Ermakov, Russ. Chem. Rev., 55(3) (1986) 247.
[13] S.P.A. Louwers and R. Prins, J. Catal., 133 (1992) 94.
[14} HJ.T. Ellingham, J. Soc. Chem. Ind., 63 (1944) 125.
[15] K. Tanabe (Editor), Catal. Today, 16(3~4) (1993).
[16] H. Tops6, B.S. Clausen, N.Y. Topsd, J.K. Norskov, C.V.
Ovesen and C.J.H. Jacobsen, Bull. Soc. Chim. Belg., 104
(1995) 283.



