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Niobium sulfide as a dopant for Mo/TiO2 catalysts
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Abstract

Mo/TiO2 catalysts were modified with Nb by two different methods, sol–gel and surface deposition, in order to study the
effect of Nb incorporation on the thiophene HDS activity. The results show that the formation of Nb–Ti mixed oxides leads
to catalysts with poor HDS activity while the deposition of Nb oxide species on the surface of TiO2 leads to catalysts with
activities larger than those of Mo/Al2O3 and Mo/TiO2. This increase in activity was attributed to the formation of a larger
population of Mo sulfur anionic vacancies when Nb was surface deposited on the TiO2.
© 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction

Hydrotreating catalysts are usually supported on
acidic supports such as alumina. However, the need
for more active and/or selective hydrotreating catalysts
has induced research on the use of not only new active
phases but of new catalytic supports with the purpose
of enhancing one or some of the catalyst functional-
ities, according to the petroleum cut to be processed.
For example, it has been established that Mo-based hy-
drodesulfurization (HDS) catalysts supported on TiO2
are several times more active than those supported on
alumina. This result has been associated to the redox
and semiconductor properties of TiO2 that help the
sulfidation and reduction of the Mo oxide precursors
[1].

Among the new catalytic phases proposed to ob-
tain more active HDS catalysts, the use of niobium
sulfide has attracted attention. Previous reports in-
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dicate that in the unsupported state, niobium sulfide
exhibits unique acidic properties[2], and when sup-
ported on carbon or alumina it is possible to obtain
catalytic activities in HDS higher than those of a
MoS2/Al2O3 catalyst with equivalent metal loading
[3,4]. It has been demonstrated that the nature of the
niobium precursor salt and the support also influ-
ence the HDS activity and the difficulty of sulfidation
of the catalyst. Moreover, the addition of niobia as
promoter to the typical hydroprocessing catalysts re-
sulted in an increase of the HDS and HDN activities
[5].

In the present work, we analyze the effect that the
incorporation of small amounts of Nb to MoS2/TiO2
catalysts by different methods causes on their HDS
activity. Two different routes were used to incorporate
niobium to the catalyst support in order to produce a
Ti–Nb mixed oxide, or a TiO2 covered with niobium
oxide. The catalysts were characterized by pyridine
adsorption analyzed by FT-IR and by temperature
programmed reduction of the oxide and sulfided sam-
ples, before and after catalytic test. The catalysts were
tested in the thiophene HDS reaction.
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2. Experimental

2.1. Supports and catalysts preparations

The Nb–TiO2 mixed oxides were prepared by the
simultaneous hydrolysis of Ti isopropoxide and Nb
ethoxide, followed by drying (373 K, 24 h) and cal-
cination (773 K, 4 h). The niobium-covered samples,
Nb/TiO2, were prepared by pore volume impregnation
of TiO2 (Degussa P-25, 74 m2/g) with niobium ethox-
ide followed by hydrolysis in wet air. The Nb–TiO2
and Nb/TiO2 samples were prepared with Nb contents
of 2, 4 and 6 wt.%.

The deposition of Mo on the calcined supports was
also achieved by pore volume impregnation using an
aqueous solution of ammonium heptamolybdate. The
catalysts were dried at 100◦C during 24 h and calcined
at 500◦C (4 h). As reference, two additional samples
were prepared by similar methods, molybdenum sup-
ported on alumina (Gilder, 180 m2/g), Mo/Al2O3, and
molybdenum supported on alumina covered with nio-
bium oxide (4 wt.% as Nb), Mo/Nb/Al2O3.

2.2. Characterization and catalytic test

The supports were characterized by several tech-
niques. X-ray diffraction (XRD) patterns were recor-
ded using a Siemens D500 powder diffractometer with
Cu K� radiation. Surface areas and N2 adsorption–
desorption isotherms of the samples were measured
with an ASAP 2000 Micromeritics apparatus. The
FT-Raman spectra of supports were taken in a Nicolet
FT-Raman 950. The samples were pretreated at 373 K
during 12 h in static air before taking the spectrum.

A conventional TPR apparatus with TCD and UV
detectors was used for the study of the reducibility of
calcined and sulfided (TPR-S) catalysts. The sulfided
catalysts were analyzed by TPR-S before and after
the reaction test, as described previously[1]. Before
the catalytic test, the samples were sulfided at 673 K
for 4 h using a stream of H2S–H2 (15% H2S (v/v)).
The catalytic activity tests for thiophene HDS, at 623
and 673 K, were carried out at atmospheric pressure
in a typical continuos differential micro-reactor ap-
paratus. All the activity tests were made with the
same total amount of catalyst (0.25 g). Reactant and
product analysis was performed with a gas chromato-
graph equipped with a FID detector and an Ultra-I

30 m. column. The thiophene HDS activity of sulfided
catalysts was determined at 623 and 673 K.

The acid properties of the samples were obtained
from the analysis of the IR spectra of adsorbed pyri-
dine. The adsorption of pyridine was performed using
a special IR cell connected to a high vacuum line and
a gas-manipulating manifold. Before pyridine adsorp-
tion at room temperature (RT), the catalysts were pre-
treated under a flow of oxygen at 673 K during 20 h,
followed by evacuation (2 h) and cooling to RT. The
IR spectra of the samples were taken, at RT, 423, 523
and 623 K, after evacuation during 30 min.

3. Results and discussion

3.1. Supports selection of the Mo catalysts

The results from the textural characterization, for
the Nb(wt.%)–TiO2 mixed oxides and titania covered
with niobium oxide (Nb(wt.%)/TiO2), are shown in
Table 1. All the samples exhibit textural properties
similar to those of the reference commercial and syn-
thesized titania. This indicates that the incorporation
of small amounts of niobium do not alter significantly
the textural properties of the original corresponding
titania support.

The structural characterization by XRD and FT-
Raman show only the presence of anatase phase, indi-
cating a reasonably good dispersion of the Nb phases
in all cases. Because of these minor differences only
the samples with 4 wt.% Nb prepared by the two
methods were evaluated in the activity tests and char-
acterized further to explain the observed differences
in HDS catalytic activity. Thus, the part of the work

Table 1
Results of N2 adsorption measurements

Surface
area (m2/g)

Pore volume
(cm3/g)

Average pore
diameter (Å)

Nb(6%)–TiO2 125 0.12 38
Nb(4%)–TiO2 132 0.13 40
Nb(2%)–TiO2 114 0.10 37
TiO2 (synthesized) 115 0.11 39
Nb(6%)/TiO2 78 0.28 145
Nb(4%)/TiO2 70 0.27 151
Nb(2%)/TiO2 71 0.28 155
TiO2 (commercial) 74 0.30 161
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that follows will be centered in the comparison of
the two methods of preparation using a fixed amount
of niobium (4 wt.%) incorporated to the catalysts.
This proposal is in line with the previous finding that
around 5 wt.% Nb incorporated to NiMo/Al2O3 cat-
alysts yielded the maximum activity in the HDS of
dibenzothiophene[5] and gasoil[6].

3.2. Surface acidity

It is well known that surface acidity plays a role in
hydrotreating reaction mechanisms. In fact, changes
in surface acidity are a consequence of the nature of
the surface species present in the catalyst. Regarding
hydrotreating reactions direct correlation between cat-
alyst acidity, in the sulfided, oxide or reduced state
of the catalyst, and the desulfurization and denitro-
genation activities has been observed[7,8]. Regarding
niobium-modified NiMo/Al2O3 catalysts, it has been
found that the maximum in HDS and HDN of gasoil,
corresponds with the highest acidity of the catalysts
[6].

Acidity results from the quantitative analysis of the
IR spectra of pyridine adsorbed in our samples, are
shown inTable 2. The concentration of the Lewis and
Brönsted acid sites, calculated from the intensity of the
1450 and 1540 cm−1 bands, respectively, are shown
in Table 2. Two important results were obtained:
(i) the incorporation of Mo promoted the formation of
Brönsted acid sites without altering in the same pro-
portion the total number of acid sites. This indicates
that part of the original Lewis sites present in the
support are suppressed by the deposition of Mo while
the Mo species provides additional Brönsted sites.
This is clearly evidenced in the case of Mo supported
on Nb/TiO2 since in this sample the Brönsted acid
sites were created only after the incorporation of Mo;

Table 2
Lewis (L) and Bronsted (B) acid sites concentration as function of desorption temperaturea

T (K) Mo/TiO2 (1) Mo/Nb/TiO2 Nb/TiO2 Mo/TiO2 (2) Mo/Nb–TiO2 Nb–TiO2

L B L B L B L B L B L B

300 246 60 129 141 305 0 85 144 150 160 210 76
423 140 51 64 129 191 0 71 116 115 147 170 72
523 127 31 62 122 170 0 51 68 64 142 155 55
623 120 28 58 99 155 0 43 38 48 85 134 46

a Mo on commercial (1) and synthesized (2) titania.

(ii) when Nb is incorporated to titania, the acidity
changes depend of the preparation method. For tita-
nia covered with Nb, no Brönsted sites are detected
while in the Nb–TiO2 mixed oxide the presence of
Brönsted sites is clearly evident.

3.3. Temperature programmed reduction

3.3.1. Oxide samples
Fig. 1 shows the TPR profiles of the oxide cat-

alysts. For comparison, the TPR of Mo/Al2O3
and Mo/Nb/Al2O3 are also included in the figure.
Mo/Nb/TiO2 and Mo/Nb–TiO2 samples show in gen-
eral the same reduction peaks than those observed in
the Mo/Al2O3 and Mo/Nb/Al2O3. A low temperature
peak (T ≈ 723 K) assigned to the presence of octahe-
dral well dispersed Mo species and a high temperature
peak, which contains contributions from the second
step reduction of octahedral Mo species and from the
reduction of tetrahedral Mo species, in strong inter-
action with the support. In between these two peaks
there is a reduction zone at intermediate temperatures
that contains contributions from the reduction of octa-
hedral Mo species with different degrees of polymer-
ization including segregated bulk MoO3. However,
there are clear differences between the two samples
under study (Mo/Nb/TiO2 and Mo/Nb–TiO2). It is
clear that in the Mo/Nb/TiO2 sample there is a higher
proportion of polymeric octahedral Mo species and
that there is only a small amount of tetrahedral Mo
species in strong interaction with the support, which
are known to be difficult to reduce and sulfide. In
contrast, the Mo/Nb–TiO2 sample presents a high
consumption of hydrogen and a very pronounced high
temperature peak which contains the contribution
from an apparently large population of tetrahedral Mo
species in strong interaction with the support. This
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Fig. 1. TPR patterns of the oxide catalysts: (a) Mo/Nb–TiO2; (b) Mo/Nb/TiO2; (c) Mo/Al2O3; (d) Mo/Nb/Al2O3 catalysts.

clearly indicates a high dispersion of the Mo species
on the Nb–TiO2 mixed oxide support. The shoulder
on the low temperature side of this high temperature
peak is related to the reduction second step of the oc-
tahedral well dispersed Mo species of which their first
reduction step is the low temperature peak that ap-
pears at around 723 K. Therefore, the manner in which
the Nb is incorporated to TiO2, affects drastically the
reducibility of the Mo supported species (higher H2
consumption for the Mo/Nb–TiO2 catalyst), and the
relative population of tetrahedral and octahedral Mo
species in the catalyst.

The formation of segregated MoO3 particles on
the Ti-containing supports, evidenced by a reduction
peak at 873 K[9,10], is clear from the comparison
of the different TPR traces. This does not occur for
the alumina-containing supports where the peak re-
lated to the reduction of MoO3 particles is very clear.
The TPR of the supports Nb/TiO2 and Nb–TiO2 (not
shown), put in evidence a small hydrogen consump-
tion at about 670 K, which would overlap with the
first reduction of octahedral Mo.

3.3.2. Sulfided samples
Fig. 2 presents the H2S evolution profiles obtained

during TPR of the sulfided catalysts before and af-
ter reaction. All the samples exhibit a more or less
sharp peak at low reduction temperature in the region
373–573 K, a broad small continuous H2 consumption

and H2S evolution over a broad temperature region,
in which small shoulders or a clear peak were devel-
oped in some cases. The high temperature peak, which
is easily observed in the Mo/Nb–TiO2, has been as-
signed in the past to the reduction of stoichiometric
sulfur from supported MoS2-like species[11–13].

The low temperature peak of H2S evolution, which
is related to a similar peak of hydrogen consumption,
has been ascribed to the reduction of nonstoichiomet-
ric sulfur species (Sx), adsorbed on coordinatively
unsaturated Mo sites. Our results indicate that the

Fig. 2. TPR patterns of the sulfided catalysts (TPR-S), UV signal:
(1) Mo/Nb–TiO2; (2) Mo/Nb/TiO2; (3) Mo/Al2O3 catalysts after
(a) and before (b) reaction test.
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hydrogen consumed in this region is larger than the
H2S evolution, indicating an extra hydrogen adsorp-
tion. A similar result has been already observed in
the TPR of sulfided Mo/Al2O3 catalysts[14,15].

The TPR traces before and after the catalytic test
for the Mo/Nb/TiO2 and Mo/Nb–TiO2 catalysts show
clearly that in the former catalyst more sulfur anionic
vacancies, which arise from nonstoichiometric sul-
fur adsorbed on Mo coordinatively unsaturated sites
(CUS), are created during TPR. This result that would
suggest a higher catalytic activity for the Mo/Nb/TiO2
catalyst, seems to be in contradiction with the TPR of
oxided samples, where it was observed a greater re-
duction degree for the Mo/Nb–TiO2 sample. In fact
this result can be rationalized by recalling that the
high population of tetrahedral Mo species in interac-
tion with the support, which are in high proportion in
the Mo/Nb–TiO2 catalyst, that can be reduced at the
conditions of TPR (473–1273 K) but cannot be com-
pletely sulfided at the catalyst activation conditions
(673 K).

3.4. Catalytic activity

The catalytic activities of the different catalyst
formulations in the thiophene HDS are presented in
Table 3. For comparison, the results from a Mo/Al2O3
and Mo/TiO2 catalysts have also been included.

As expected, the HDS activity of the Mo/TiO2
catalyst is greater than for Mo/Al2O3. Comparison
of the activities of the Mo/Nb/TiO2 and Mo/Nb–Ti
catalysts indicate clearly that the effect of adding Nb
to the titania support depends on the method of Nb
incorporation. The sample Mo/Nb–TiO2 in which the
Nb was incorporated trough a sol–gel method leading
to a Ti–Nb mixed oxide, and where Nb is present
as isolated species forming Ti–O–Nb–O–Ti bonds,

Table 3
Thiophene HDS activity (×1010 mole/m2 s) and TPR-S results

HDS activity H2S evolution in temperature
region 300–673 K
(mmole of H2S)673 K 623 K

Mo/Al2O3 24.72 15.51 2.00
Mo/TiO2 65.86 33.62 n.d.
Mo/Nb–TiO2 36.71 18.32 0.91
Mo/Nb/TiO2 103.64 55.80 2.50

exhibited an activity three times smaller than the
Mo/Nb/TiO2 sample, in which the Nb was deposited
on the surface of TiO2, leading to the formation of
more polymerized Nb oxide species. These results are
perfectly consistent with the quantification of the H2S
evolution in the 300–673 K temperature region of the
TPR of sulfided samples. As mentioned before, this
H2S evolution is directly related to the concentration
of anionic sulfur vacancies in the active MoS2 phase.
A comparison between promoted and unpromoted
catalysts is not straightforward and is not attempted
because Nb ant Ti species can be reduced and sulfided
and can form, under TPR conditions, some sulfur
vacancies with very different HDS activity.

No direct relationship was found between the acid-
ity of the catalysts and the catalytic activity. This could
well be due to the fact that the transformation of thio-
phene occurs by a direct desulfurization route and is
not affected by the level of acidity of the catalyst.
This, as the literature indicates[6], is not the case
for heavier feeds where the acidity enhances the HDS
activity.

4. Conclusions

From the above results the following conclusions
can be drawn: the way by which Nb is incorporated to
the Mo/TiO2 catalyst support affects significantly the
HDS catalytic activity; incorporation through a sol–gel
route leads to catalysts with poor HDS activity, while
the deposition of Nb on the surface of TiO2 seems to
promote the activity of the MoS2 active phase, possi-
bly by facilitating the creation of a larger population of
Mo sulfur anionic vacancies, believed to be the HDS
active sites.

The method of Nb incorporation also affects the
acid sites distribution in the catalyst support. Brönsted
sites are detected in the Nb–TiO2 support while they
are absent in the Nb/TiO2 case.
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