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Abstract
The acidity of catalytic systems based on tungsten oxide or niobium oxide supported on titania was compared. Two series with metal contents
up to 3.6 atom nm2 were prepared by incipient wetness impregnation of the titania support with ammonium metatungstate or niobium oxalate
solutions. Characterization of both systems by X-ray diffraction and Raman spectroscopy studies did not show evidence of bulk metal oxide
formation. The acidity was monitored by adsorption of 2,6-dimethylpyridine (2,6-lutidine) followed by infrared spectroscopy. The catalytic
activity was tested for the reaction of isopropanol dehydration.
At a reaction temperature of 403 K, WOx/TiO2 catalysts were inactive for a surface density of W  1.2 W atom nm2. Above this loading, the
activity increased progressively with increasing W content. Similar evolution was observed for the abundance of relatively strong Brønsted acid
sites (i.e. able to retain lutidine at 573 K). In contrast, NbOx/TiO2 catalysts were essentially inactive at this reaction temperature and a higher
reaction temperature (473 K) was required to reach a comparable catalytic activity. No threshold of Nb loading for the development of catalytic
activity was observed. Similar behavior was evidenced for the abundance of medium strength Brønsted acid sites (able to retain lutidine at 523 K).
For both systems, a direct correlation between the catalytic activity and the abundance of Brønsted acid sites was observed.
# 2005 Elsevier B.V. All rights reserved.
Keywords: Acidity; Titania-supported tungsten oxide; Titania-supported niobium oxide; Propanol dehydration; 2,6-Dimethyl pyridine adsorption

1. Introduction
Supported metal oxides of the groups 5 and 6 often show
acidic properties. To understand the genesis of the acidity, it is
of interest to investigate the role of the support and the
supported phase in determining the nature, force and abundance
of the acid sites. Supported W oxides have been widely studied
for acid-catalyzed reactions such as alkenes [1,2] or alkanes [3–
5] isomerization. Several acid-catalyzed reactions were also
reported for the corresponding Nb-based systems [6–11].
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In previous studies, we have shown that both tungsten
[12,13] and niobium [14,15] oxides supported on zirconia
induce the formation of Brønsted acid sites. For both systems
significant formation of Brønsted acid sites only occurs above a
threshold of W or Nb surface density of about 1.2 atom nm2.
Similar evolution was observed for the catalysts activity for
propanol dehydration. However, a large difference in the
catalytic performance was observed, which was attributed to
the presence of relatively stronger Brønsted acid sites for the W
system.
The purpose of the present paper is to examine how the
above noted characteristics of both systems (presence of a
threshold of W or Nb loading for the appearance of Brønsted
acid sites; evolution of the acidity with the surface density of
deposited metal oxide; correlation with activity for acid-

T. Onfroy et al. / Applied Catalysis A: General 298 (2006) 80–87

catalyzed reaction) are affected by the nature of the support.
Towards this objective, the surface structure and catalytic
properties of titania-supported W and Nb systems will be
examined. These systems have also been shown to exhibit
acidic properties [5,10,11,16–21]. Characterization of both
systems will be conducted by X-ray diffraction and Raman
spectroscopy studies. The acidity will be monitored by
adsorption of 2,6-dimethylpyridine (2,6-lutidine or DMP)
followed by infrared spectroscopy. The results will be
correlated with catalytic activity for the reaction of isopropanol
dehydration.
2. Experimental
2.1. Preparation of the solids
The titania support (Degussa; P-25) was previously calcined
at 823 K for the W system and at 673 K for the niobiumcontaining solids. Supported catalysts were prepared by
incipient wetness impregnation of the TiO2 support with a
solution of the metal precursor. For WOx/TiO2, the support was
impregnated with an aqueous solution of ammonium metatungstate ((NH4)6H2W12O40) then dried at 393 K for 16 h and
calcined in air at 773 K for 16 h. For NbOx/TiO2, the support
was impregnated with a mixture of 7 wt.% of niobium (V)
oxalate and 93 wt.% of oxalic acid diluted in the required
amount of water, dried at 393 K for 16 h and calcined in air at
723 K for 16 h.
Supported tungsten and niobium oxides will be designated
as Wx T and Nby T, respectively, where x and y represent the
metal (W or Nb) density in atom nm2
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2.4. Raman spectroscopy
Raman characterization was performed under ambient
conditions. The spectra (20 scans of 10 s; resolution 2 cm1)
were recorded with a dispersive Raman (Kaiser) equipped with
diode laser source (l = 532 nm) and a CCD camera.
2.5. Infrared spectroscopy
The samples, pressed into pellets (20 mg for a 2 cm2
pellet), were first heated under vacuum at 623 K for 30 min.
This first treatment was followed by a treatment in O2
(Pequilibrium = 13.3 kPa) for 1 h, and evacuation for 30 min at
623 K before cooling down to room temperature (295 K).
IR spectra were recorded with a Nicolet Magna 550 FT-IR
spectrometer (resolution: 4 cm1, 128 scans). All the spectra
shown in the present study were obtained after subtraction of the
spectra of evacuated sample and normalization for 100 mg of the
solid. 2,6-Dimethylpyridine was introduced at 295 K (Pequilibrium = 133 Pa), after activation. Spectra were then recorded after
desorption from 323 to 573 K. The cell was evacuated at the
desorption temperature until a residual pressure below
6.7  104 Pa. The abundance of Brønsted acid sites titrated
by 2,6-dimethyl pyridine was estimated from the sum of the
bands at 1643 and 1627 cm1 (respectively, v8a and v8b
vibrations) using a previously determined [23] value of the
integrated molar absorption coefficient (e) of the vibrations
(v8a þ v8b ) of protonated lutidine (DMPH+): e = 6.8 cm mmol1.
2.6. Catalytic activity

Nitrogen adsorption was measured at 77 K with an
automatic adsorptiometer (Micromeritics ASAP 2000). The
samples were pre-treated at 573 K for 2 h under vacuum. The
surface areas were determined from adsorption values at five
relative pressures (P/P0) ranging from 0.05 to 0.2 using the
BET method. The pore volumes were determined from the total
amount of N2 adsorbed between P/P0 = 0.05 and 0.98.

The catalytic conversion of propan-2-ol (isopropanol) was
measured in a fixed bed flow reactor. Hundred milligrams of
sample was pre-treated at 723 K in N2 for 2 h (ramp 5 K min1;
60 cm3 min1). The reaction was performed at atmospheric
pressure with N2 as carrier gas (Pisopropanol = 1.23 kPa;
WHSV = 17.3 mmol h1 g1; total flow rate = 60 cm3 min1)
at 403 K for WOx/TiO2 and 473 K for NbOx/TiO2. Reactants
and products were analyzed with an on line G.C. (HP 5890
Series II) equipped with a capillary column (CP WAX 52 CB)
and a FID detector.

2.3. X-ray diffraction

3. Results

X-ray powder diffraction spectra were recorded using a
Philips X’pert diffractometer with copper anode
(Ka1 = 0.15405 nm) and a scanning rate of 0.0258 s1. The
anatase/rutile composition of the support was determined from
the intensities of the peaks IA and IR characteristics of the
(1 0 1) plane of anatase and the (1 1 0) plane of rutile located,
respectively, at 2u = 25.48 and 27.58, using the following
formula [22]:

3.1. Preparation of the catalysts

2.2. BET surface area

A¼

1
1 þ 1:26 IIAR

where A designates the fraction of the support present as
anatase.

Both WOx/TiO2 and NbOx/TiO2 series were prepared by
incipient wetness impregnation of the titania support with a
solution of the metal salts deposited on titania. Two series of
solids containing up to 4.8 wt.% of metal (3.4 atom nm2) were
obtained. The characteristics of the solids are summarized in
Table 1 for the tungsten-containing solids and in Table 2 for the
niobium-containing system. TiO2 had a surface area of
46 m2 g1 and a pore volume equal to 0.24 cm3 g1. For all
the supported solids, the specific surface area of the support was
not modified significantly on metal addition. The surface
density was, thus, expressed as the number of atoms of Nb or W
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Table 1
Characteristics of WOx/TiO2 catalysts
Sample

W (wt.%)
WO3 (wt.%)
W (atom nm2)
% Monolayer
Surface area (m2 g1)
Pore volume (cm3 g1)
% Anatase

TiO2

W0.6 T

W1.1 T

W1.7 T

W2.3 T

W2.8 T

W3.4 T

0.00
0.00
0.0
0
46
0.24
58

0.80
1.01
0.6
12
47
0.25
60

1.60
2.02
1.1
22
47
0.24
58

2.40
3.03
1.7
35
47
0.25
59

3.20
4.04
2.3
47
47
0.24
61

4.00
5.05
2.8
57
47
0.23
63

4.80
6.06
3.4
69
46
0.24
57

Table 2
Characteristics of NbOx/TiO2 catalysts
Sample

Nb (wt.%)
Nb2O5 (wt.%)
Nb (atom nm2)
% Monolayer
Surface area (m2 g1)
Pore volume (cm3 g1)
% Anatase

TiO2

Nb0.6 T

Nb1.2 T

Nb2.4 T

Nb3.6 T

0.00
0.00
0.0
0
46
0.24
62

0.48
0.69
0.6
10
45
0.24
59

0.95
1.36
1.2
20
46
0.23
60

1.88
2.69
2.4
40
46
0.23
62

2.79
3.99
3.6
60
48
0.26
61

per nm2 of the titania support. For WOx/TiO2, the theoretical
coverage was calculated assuming that a full monolayer
corresponds to 4.9 W atom nm2 [24,25]. For NbOx/TiO2, the
theoretical coverage was estimated considering that each
Nb2O5 unit occupies 0.32 nm2 [26].
3.2. X-ray diffraction
The diffraction pattern of TiO2 showed two main peaks at
2u = 25.48 and 27.58, characteristic, respectively, of the (1 0 1)
plane of anatase and the (1 1 0) plane of rutile [22,27]. The
composition of the support was 60% anatase–40% rutile. The
percentage of anatase in the support reported in Tables 1 and 2
was estimated from the relative intensity of these peaks (see
Section 2). No significant change in the composition of the
titania support (anatase/rutile ratio) was observed on deposition
of W or Nb. In addition, no peaks, which can be attributed to
crystalline WO3 or Nb2O5, were evidenced.

that the composition of the support was not affected by the
deposition of the supported phase.
For W-containing solids (Fig. 1), Raman spectra show the
presence of a band between 950 and 975 cm1 characteristic of
surface W species [19,20,29–31] and attributed to the vibration
of W O bond in hydrated mono-oxotungstate species on titania
surface [18,31]. No bands indicative of the presence of bulk
WO3 (bands at 806 and 713 cm1) were detected.
As suggested by XRD results, Raman spectra of NbOx/TiO2
samples (Fig. 2) did not indicate the presence of Nb2O5 (a band at
ca. 675 cm1 [32] for hexagonal Nb2O5 and around 260 cm1 for
monoclinic Nb2O5 [32,33]). Niobic acid (Nb2O5nH2O) is
characterized by a wide band around 650 cm1 [26,32]. The
detection of this band in titania-supported catalysts is hindered by
the presence of a large band at 636 cm1 due to anatase.

3.3. Raman spectroscopy
Figs. 1 and 2 show the Raman spectra for the supported
WOx/TiO2 and NbOx/TiO2 systems, respectively. Also included
in these figures is the Raman spectrum of the titania support.
The bands located at 396, 515 and 636 cm1 are characteristic
of anatase (A); that observed at 447 cm1 and the shoulder at
ca. 605 cm1 are ascribed to rutile (R) [20,26]. The band at
794 cm1 is due to the first overtone vibration of the anatase
band at 396 cm1 [28]. In accord with XRD results, the addition
of metal oxide on the titania support did not modify
significantly the relative intensities of these bands, indicating

Fig. 1. Raman spectra of TiO2 and W1.7 T catalysts under ambient conditions,
normalized to the 636 cm1 band. Inset: Enlargement of the 1050–750 cm1
region for TiO2 and WOx/TiO2 solids.
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Fig. 2. Raman spectra of NbOx/TiO2 catalysts under ambient conditions,
normalized to the 636 cm1 band, between 1100 and 200 cm1. Inset: Enlargement of the 1000–750 cm1 region.

Subtracting the contribution of the titania support as proposed
by Pittman et al. [26] did not reveal the presence of the niobic
acid phase.
Analysis of the Raman spectra in the 750–1100 cm1 region
showed the presence of a weak and broad band located at ca.
920 cm1 for low Nb loadings which shifts towards 935 cm1
with increasing metal content. This band was attributed to a
hydrated niobate surface species [34].
3.4. Infrared spectroscopy
Fig. 3a shows the infrared spectra for the titania support
following adsorption of 2,6-lutidine (at 133 Pa) and desorption
at 423 K. In agreement with Lahousse et al. [35] and Travert
et al. [36], a doublet is observed at 1643 and 1627 cm1
characteristic of the v8a and v8b , vibrations of protonated
lutidine and due to Brønsted acid sites, and a band at
1614 cm1 characteristic of lutidine adsorbed on Lewis acid
sites. Also shown in Fig. 3a are the infrared spectra of WOx/
TiO2 under the same conditions. It can be readily seen that the
abundance of Lewis acid sites decreased with increasing W
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content. This trend is accompanied by a progressive increase in
the number of Brønsted acid sites. Fig. 3b shows the evolution
of these Brønsted acid sites after desorption at 423, 523 and
573 K. At 423 and 523 K, the concentration of these sites
increased linearly with increasing W surface density up to
3.4 W atom nm2. However, at the latter temperature, the
Brønsted acidity of the titania support was too weak to retain
the probe. Following desorption at 573 K, only the solids
containing more than 1.1 W atom nm2 showed Brønsted acid
sites sufficiently strong to retain lutidine. For higher loadings,
the abundance of these sites increased linearly with W content.
The infrared spectra of NbOx/TiO2 catalysts following
adsorption of lutidine and desorption at 423 K are shown on
Fig. 4a. As for the W system, Nb addition decreases the number
of Lewis acid sites and brings about a progressive increase in
the abundance of Brønsted acid sites. The evolution of the
Brønsted sites with Nb surface density following desorption at
423, 523 and 573 K is depicted in Fig. 4b. At 423 and 523 K, the
observed behavior was similar to that of the corresponding W
system. However, following desorption at 573 K, in contrast
with the W-based catalysts, no bands characteristic of
protonated lutidine were detected.
3.5. Catalytic activity
Both series of solids were tested for the dehydration of
propan-2-ol. In this reaction, the formation of propene is
correlated to the acidic character. Due to a large difference of
activity, W-containing solids were tested at 403 K, whereas the
activity of Nb-containing solids was measured at a higher
reaction temperature (473 K). The titania support was inactive
at 403 K and only slightly active at 473 K (propene formation
rate of 0.1 mmol h1 g1), which is coherent with previous
results by Lahousse et al. [35].
Propene and diisopropyl ether were the only products
obtained, acetone was not observed. Hence, both series show an
acidic character. For W-based system, at 403 K, the selectivity
to propene was about 90%. With Nb-containing solids, at

Fig. 3. Adsorption of lutidine on WOx/TiO2 catalysts: (a) IR spectra of TiO2 and WOx/TiO2 after desorption of lutidine at 423 K (spectra normalized for 100 mg); (b)
evolution of the abundance of Brønsted acid sites vs. W content, following desorption of lutidine at 423 K (&), 523 K (&) and 573 K (*).
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Fig. 4. Adsorption of lutidine on NbOx/TiO2: (a) IR spectra of TiO2 and NbOx/TiO2 after desorption of lutidine at 423 K (spectra normalized for 100 mg); (b)
evolution of the abundance of Brønsted acid sites vs. Nb content, after desorption of lutidine at 423 K (&), 523 K (&) and 573 K (*).

473 K, propene, which is thermodynamically favored at high
temperature, was the only product detected.
Fig. 5 presents the propene formation rate for both WOx/TiO2
and NbOx/TiO2 series. At 403 K, W-containing solids were
inactive below a W surface density of 1.1 W atom nm2. For
higher W loadings, the activity developed progressively to reach
4.5 mmol h1 g1 for W3.4 T (Fig. 5a). For NbOx/TiO2 catalysts
(Fig. 5b), as noted above, the titania support exhibited some
activity at 473 K. Nb deposition led to a steady increase in activity.
In variance with the WOx/TiO2 system, no apparent minimum of
Nb loading was required for the development of the activity.
4. Discussion
4.1. WOx/TiO2
Lutidine adsorption results monitored by infrared spectroscopy indicated that the abundance of Lewis acid sites initially

present on the titania support decreases on deposition of
tungsten. This trend is accompanied by the formation of
Brønsted acid sites. The detection of Brønsted acid sites in
WOx/TiO2 is in agreement with previous infrared studies of
ammonia [16–20], pyridine [18] and CO adsorption [5,16].
Brønsted acid sites were evidenced in all W-containing
solids following desorption of lutidine at 423 and 523 K. The
concentration of these sites appears to increase progressively
with increasing W content. However, after desorption at 573 K,
Brønsted acid sites that are sufficiently strong to retain lutidine
at this temperature were only detected for solids above a
threshold of W surface density equal to 1.1 W atom nm2.
Consistent with high temperature lutidine desorption data, a
minimum of W loading of 1.1 W atom nm2 was required for
the onset of catalytic activity for isopropanol dehydration at
403 K. Further, analysis of the activity results indicated that this
threshold of W coincides with that observed for the formation
of relatively strong Brønsted acid sites. The overall evolution of

Fig. 5. Propene formation rate vs. metal loading: (a) WOx/TiO2 catalysts (T = 403 K) and (b) NbOx/TiO2 catalysts (T = 473 K).
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Fig. 6. (a) Propene formation rate at 403 K (&) and abundance of strong Brønsted acid sites determined by desorption of lutidine at 573 K (&) vs. W density of WOx/
TiO2 catalysts; (b) propene formation rate vs. abundance of Brønsted acid sites for WOx/TiO2 catalysts.

the catalytic activity as a function of W surface density was
similar to that observed for Brønsted acidity detected by lutidine
desorption experiments at 573 K (Fig. 6a). Catalysts containing
less than 1.1 W atom nm2 were essentially inactive. Above this
loading, propene formation activity developed progressively
with W content. The presence of a threshold of W content for the
development of activity in an acid-catalyzed reaction (cumene
dealkylation) was reported for solids obtained by impregnation
of titanium oxyhydroxide and calcined at 773 K [37]. To the best
of our knowledge, no such behavior was reported for catalysts
obtained by impregnation of titania. It was, however, observed
for another type of reaction, i.e. the selective catalytic reduction
(SCR) of NO [20] where the Brønsted acidity of the solids has
been shown to be an important parameter in determining the
overall catalytic performance.
4.2. NbOx/TiO2
As observed in the case of W-based systems, Brønsted acid
sites were also evidenced in NbOx/TiO2 catalysts. For a given

Nb surface density, the drastic decrease in the abundance of
these sites on increasing the desorption temperature from 423
to 523 K indicates that most of the sites titrated at 423 K are
weak in nature. The absence of bands characteristic of
protonated lutidine following desorption at 573 K implies
that essentially moderate Brønsted acidities are measured
following desorption at 523 K. The weak and moderate
Brønsted acidity inferred from lutidine desorption results at
423 or 523 K, increased in abundance with Nb loading. The
detection of relatively large amounts of Brønsted acid sites is
in variance with previous reports by Datka et al. [21] relative
to pyridine adsorbed on supported Nb systems where no
significant Brønsted acid sites formation had been observed.
However, as in the case of zirconia [14,15], this apparent
discrepancy can be readily explained by the use in the
present study of lutidine which is inherently a more sensitive
probe molecule than pyridine for the detection of Brønsted
acid sites [23].
Fig. 7a shows the evolution of the number of Brønsted acid
sites measured by desorption of lutidine at 523 K, compared to

Fig. 7. (a) Propene formation rate at 473 K (&) and abundance of weak Brønsted acid sites determined by desorption of lutidine at 523 K (&) vs. Nb density of NbOx/
TiO2 catalysts; (b) propene formation rate vs. abundance of Brønsted acid sites for NbOx/TiO2 catalysts.
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that of propene formation rate. For these solids, catalytic
activity at 473 K appears to be related to the amount of
Brønsted acid sites of medium acidity (obtained after lutidine
desorption at 523 K). This relationship can be attributed to the
fact that since the reaction is carried out at higher temperature,
moderate acidity is probably sufficient to achieve propanol
dehydration.
4.3. Comparison of the two systems
4.3.1. Influence of the supported metal loading
The catalytic activity of WOx/TiO2 and NbOx/TiO2
catalysts was measured, respectively, at 403 and 473 K
(Fig. 5). The W-containing system exhibited a behavior
similar to that reported for the zirconia-supported WOx and
NbOx systems [12–15], namely, the presence of a threshold of
W surface density for the appearance and development of
activity, followed by a steady increase in activity with
increasing W surface density. In contrast, no such threshold
was observed for the NbOx/TiO2 system. Up to 3.4 Nb
atom nm2, the rate of propene formation increases progressively with increasing Nb content (Fig. 5b).
The study of the development of Brønsted acidity of both
systems with W or Nb surface density indicates a parallel
evolution to that of the rate of propene formation (Figs. 6a and
7a). This similarity is illustrated in Figs. 6b (WOx/TiO2) and 7b
(NbOx/TiO2), which show a direct relation between the
abundance of Brønsted acid sites determined by desorption
of lutidine and the rate of formation of propene. Thus, the
absence of threshold of Nb surface density for the development
of catalytic activity noted for the NbOx/TiO2 is reflected in a
similar development of Brønsted acid sites. The direct relation
between the abundance of Brønsted acid sites and the rate of
propene formation suggests that the catalytic activity at a given
temperature is associated with the abundance of Brønsted acid
sites. This observation is consistent with our previous study of
zirconia-supported W [13] and Nb [15] systems where a direct

relation between the evolution of these two parameters has been
evidenced.
4.3.2. Influence of the nature of the supported phase
As previously indicated, because of the drastic difference in
the catalytic performance of W and Nb systems, the activity
measurements were conducted, respectively, at 403 and 473 K.
At 403 K, the rate of propene formation for Nb-based catalysts
was essentially negligible (Fig. 8a). The important difference
in the activity of the two systems (ca. two orders of magnitude)
may be attributed, in part, to the difference in the strength of
Brønsted acid sites. In effect, lutidine desorption results at
573 K (Fig. 8b) indicate that only catalysts active at 403 K
(Fig. 8a) exhibited relatively strong Brønsted acidity (i.e.
capable of retaining lutidine at 573 K). In contrast, catalysts
inactive at this temperature do not exhibit such sites. Note that
these observations are consistent with previous results from
our group relative to the zirconia-supported W and Nb systems
[15].
4.3.3. Molecular structure of W and Nb species: origin of
the active site
The characterization of WOx/TiO2 and NbOx/TiO2 by XRD
and Raman spectroscopy indicates the absence of bulk WO3
and Nb2O5 phases. Only bands attributed to surface tungstates
and niobates were detected (Figs. 1 and 2). In a previous study
of WOx/ZrO2 [13] and NbOx/ZrO2 [15] systems, the creation
and development of Brønsted acid sites were associated with
the appearance and development of ‘‘extensively’’ polymerized
surface tungstates and niobates. In line with this interpretation,
one can propose that in the case of the corresponding titaniasupported systems, Brønsted acid sites active for the reaction of
isopropanol dehydration are equally associated with the
presence and development of these species. The difference
in the observed behavior of the NbOx/TiO2 (i.e, absence of
minimum loading for the appearance and development of the
catalytic activity and Brønsted acidity) can, thus, be attributed

Fig. 8. (a) Propene formation rate measured at 403 K vs. W (&) or Nb (&) surface density; (b) evolution of the abundance of Brønsted acid sites, measured by
lutidine desorption at 573 K, as a function of W (&) or Nb (&) surface density.
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to the formation of ‘‘extensively’’ polymerized niobates species
for low Nb surface density.
5. Conclusions
The development of acidity and catalytic activity for propan2-ol dehydration with increasing the surface density of the
deposited phase was studied for two series of catalysts, WOx/
TiO2 and NbOx/TiO2.
Characterization of both systems by X-ray diffraction and
Raman spectroscopy studies did not show evidence of bulk
metal oxide formation.
The acidity was monitored by adsorption of 2,6-dimethylpyridine (2,6-lutidine) followed by infrared spectroscopy.
Relatively strong Brønsted acid sites were detected for WOx/
TiO2 catalysts. These sites only developed above a threshold of
1.1 W atom nm2. For NbOx/TiO2 catalysts, only moderate
Brønsted acidity developed with Nb addition.
The catalytic activity was tested for the reaction of
isopropanol dehydration. At a reaction temperature of 403 K,
WOx/TiO2 catalysts were inactive for a surface density of
W  1.1 W atom nm2. Above this loading, the activity
increased progressively with increasing W content. Similar
evolution was observed for the abundance of relatively strong
Brønsted acid sites (i.e, able to retain 2,6-lutidine at 573 K).
In contrast, NbOx/TiO2 catalysts were essentially inactive at
this reaction temperature and a higher reaction temperature
(473 K) was required to reach a comparable catalytic activity.
No threshold of Nb loading for the development of catalytic
activity was observed. Similar behavior was evidenced for the
abundance of medium strength Brønsted acid sites (able to
retain 2,6-lutidine at 523 K). For both systems, a direct
correlation between the catalytic activity and the abundance of
Brønsted acid sites was observed.
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