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The relationship between acidity, surface structure and catalytic activity for a series of WOx/Al2O3 cata-
lysts was investigated. The catalysts, containing up to 4.1 atom W/nm2, were prepared by incipient wet-
ness impregnation and studied by N2 physisorption, XRD, in situ Raman and infrared spectroscopy. The W
phase was essentially present as surface species. Polymeric W surface species appeared above
1.4 atom W/nm2; their abundance increased with W surface density. Lutidine and CO adsorption mea-
surements, followed by infrared spectroscopy, evidenced the presence of relatively strong Brønsted acid
sites. The development of these acid sites was similar to that of the abundance of polymeric W surface
species. Similar evolution with W surface density was also observed for the activity for 2-propanol dehy-
dration, an acid-catalyzed reaction, indicating a direct relationship between the abundance of polymeric
W surface species, that of relatively strong Brønsted acid sites and the catalytic activity of WOx/Al2O3

catalysts.
� 2010 Elsevier Inc. All rights reserved.
1. Introduction

A large number of industrially important reactions are cata-
lyzed by bifunctional metal acid catalysts [1–3]. Optimizing the
catalytic performance for a given application often requires a judi-
cious control of the metal to acid ratio. We have recently shown
that using the tungstated zirconia as supports, after Ir deposition,
high-performance bifunctional Ir–W catalysts for selective ring
opening of methylcyclohexane can be developed [4,5]. Interest-
ingly, a nearly identical performance was obtained when Ir was
deposited on tungstated alumina [6]. This suggests that similar
metal–acid balance is in play in both systems and that metal–acid
balance (and not the nature of the support) is the key parameter
for optimum performance. The study highlights the need for a sys-
tematic study of the development of acid sites on alumina and zir-
conia as a function of W surface density prior to the deposition of
Ir.

Since the preliminary work of Hino and Arata [7], the WOx/ZrO2

system has been extensively studied [8–22]. Tungstated zirconia
catalysts are typically prepared by impregnation of zirconium oxy-
hydroxide and calcination at high temperature. The characteriza-
tion of this system, its acidity and the catalytic behavior, in
ll rights reserved.
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reactions such as alkane and alkene isomerization, alcohol partial
oxidation, have been widely explored.

As for the WOx/Al2O3 system, the structure, acidity and catalytic
properties of these solids have been the topic of several investiga-
tions [15,23–37]. However, few studies have attempted to quanti-
tatively analyze W speciation and abundance of acid sites and to
relate the results to catalytic activity. Macht et al. [38] have exam-
ined in detail WOx/Al2O3 and WOx/ZrO2 systems. They found that
‘‘temporary” Brønsted acid sites, active for butanol dehydration,
were formed on reduction of WOx precursors during reaction.
Interestingly, our previous studies of tungstated zirconia [20,22]
and titania systems [39,40] have indicated that isopropanol dehy-
dration activity was directly correlated with the abundance of rel-
atively strong Brønsted acid sites already present prior to the
reaction and to the presence of polymeric surface species. In view
of these results, it is of interest to extend the study to the corre-
sponding alumina system.

The present study will investigate the relationship between
Brønsted acidity present before reaction, catalytic activity for iso-
propanol dehydration and W surface species on WOx/Al2O3 cata-
lysts. The strength and abundance of Brønsted acid sites were
monitored by adsorption of two different probe molecules 2,6-di-
methyl pyridine (lutidine) and CO, followed by infrared spectros-
copy. CO being a weak base allows a more ‘‘absolute” evaluation
of the strength of acid sites [41–45].
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In the present paper, we report a systematic study of a series of
WOx/Al2O3 catalysts with different W surface densities. A detailed
characterization (elementary analysis, nitrogen physisorption,
XRD, Raman) of their textures and structures was performed. The
acidity was determined by lutidine adsorption at room-tempera-
ture and low-temperature CO adsorption followed by infrared
spectroscopy. The catalytic performance of the WOx/Al2O3 cata-
lysts for an acid-catalyzed reaction, 2-propanol dehydration, was
finally correlated with the abundance of their Brønsted acid sites
and the surface structure of the WOx/Al2O3 catalysts.
2. Experimental

2.1. Catalyst preparation

A series of WOx/Al2O3 catalysts was prepared by incipient wet-
ness impregnation of c-Al2O3 (AX300, Criterion, treated at 773 K
for 3 h before use, 245 m2 g�1, 0.64 cm3 g�1) with aqueous solution
of ammonium metatungstate (Aldrich). After impregnation, the
samples were dried for 16 h at 393 K and then calcined at 1023 K
in air for 3 h. The catalysts thus prepared were designated as AlWx,
where x refers to the W surface density in atom W/nm2. AlW0 re-
fers to the Al2O3 support impregnated with deionized water and
subjected to the same treatment used to prepare WOx/Al2O3

catalysts.
2.2. Characterization

The compositions of the as-prepared catalysts were determined
by ICP-AES at the Service Central d’Analyse (USR-59/CNRS).

The Brunauer–Emmett–Teller surface areas (SBET) were mea-
sured by N2 physisorption at 77 K using an automatic adsorptiom-
eter (Micromeritics ASAP 2000). Prior to the measurements,
samples were degassed at 573 K for 2 h under vacuum. The SBET

were determined from adsorption values for five relative pressures
(P/P0) ranging from 0.05 to 0.2 using the BET method. The pore vol-
umes were determined from the total amount of N2 adsorbed be-
tween P/P0 = 0.05 and P/P0 = 0.98.

The corrected surface area was calculated assuming that the
surface area of the catalyst is only due to the alumina. It is obtained
by determining the amount of alumina per g catalyst from chemi-
cal composition and normalizing the surface area to that amount.

The XRD patterns were collected on a Philips X’pert diffractom-
eter (PW1750) with a Cu anode (Ka1, k = 0.15405 nm) using a
scanning rate of 0.0167�/s. The contribution of Ka2 was eliminated
during the data analysis.

Raman spectroscopy was performed using a Jobin Yvon Labram
300 Raman spectrometer equipped with a confocal microscope, an
Nd-YAG laser (frequency doubled, 532 nm) and a CCD detector.
The samples were in powder form, and the power was about
13 mW. Generally, spectra were recorded at ambient temperature
in the 30–1500 cm�1 region. Raman spectra were also recorded
with an in situ cell (Linkam CCR-1000), which allowed the control
of both the temperature and the gas phase composition. In situ Ra-
man spectra were collected after dehydration at 723 K for 2 h in
10% O2/He flow (30 ml/min). Similar spectra were obtained after
cooling to ambient conditions.

The Raman spectra of the dehydrated catalysts were curve-fit-
ted in the 960–1100 cm�1 region. Gaussian peaks were used at
1022.5 ± 0.5 and 1012.5 ± 0.5 cm�1, keeping the FWHM nearly con-
stant (19.2 ± 0.3 cm�1).

Infrared spectra were recorded with a Nicolet Avatar FT-IR spec-
trometer equipped with a DTGS or MCT detector (resolution:
4 cm�1, 128 scans). The DTGS and MCT detectors were used,
respectively, for the lutidine adsorption experiments at room-
temperature and for CO adsorption at low temperature (77 K).
The samples were pressed into pellets (ca. 20 mg for a 2-cm2 pel-
let) and activated at 723 K. All the spectra were recorded in situ,
following activation and normalized, in the figures, to 20 mg of
the solid.

For room-temperature lutidine adsorption experiments, the
activation process was as follows. First, the samples were treated
under vacuum at 723 K for 1 h. Then, 13.3 kPa of O2 was introduced
into the cell, and the samples were treated in O2 at 723 K for 1 h.
Finally, the samples were evacuated under vacuum for another
1 h at 723 K. After activation, the samples were cooled down to
room-temperature (298 K). The infrared spectra were acquired
after introduction of small increments (1.65 cm3) of lutidine (2,6-
dimethylpyridine) with increasing pressure into the cell. The sam-
ples were finally exposed to 133-Pa equilibrium pressure of luti-
dine. Thereafter, the infrared spectra were recorded following
desorption at various temperatures from 323 to 573 K. These spec-
tra were curve-fitted in the 1680–1560 cm�1 region using six
Gaussian bands located at ca. 1643, 1628, 1618, 1605, 1582 and
1572 cm�1. The bands at ca. 1643, 1628 and 1618 cm�1 only were
used for quantification. Their FWHM were kept constant and,
respectively, equal to 16, 13 and 11. The abundance of Brønsted
acid sites titrated by lutidine was estimated using an integrated
molar absorption coefficient value of 6.8 cm lmol�1 for the sum
of the (m8a + m8b) vibrations of protonated lutidine (DMPH+) at ca.
1643 and 1628 cm�1 [46]. The abundance of Lewis acid sites was
calculated using the vibration of coordinated lutidine (DMPL) at
ca. 1618 cm�1 and an integrated molar absorption coefficient value
of 4.4 cm lmol�1 [46].

For the low-temperature CO adsorption studies, the samples,
pressed as pellets, were activated in situ in the infrared cell under
flowing dry air of 50 ml/min at 723 K for 2 h. The pellet was, then,
cooled down in N2 flow (50 ml/min) to 573 K, and the cell was
evacuated for 1 h and cooled to 77 K. The infrared spectra were ac-
quired following introduction of small doses of CO (2.15 cm3) with
increasing pressure and finally in the presence of 133 Pa of CO at
equilibrium. These latter spectra were curve-fitted with Gaussian
bands between 2140 and 2215 cm�1. The bands were identified
either directly from the spectra following introduction of small
CO increments or by subtracting two spectra obtained after con-
secutive CO increments. For each solid, the spectra were first
curve-fitted before the intense bands due to physisorbed CO were
detected and after introduction of 133 Pa at equilibrium (i.e., satu-
ration of all the acid sites). Two bands at 2172 cm�1 (fixed) and at
2155–2162 cm�1 were attributed to Brønsted acid sites; the bands
at 2197–2212, 2189–2202 and 2177–2189 cm�1 were ascribed to
Lewis acid sites. The spectra following introduction of large doses
of CO evidenced the appearance of a strong band at 2141–
2143 cm�1 and a shoulder at 2130–2132 cm�1 characteristic of
physisorbed species. For curve-fittings, FWHM of each band was
kept constant. For quantification, the bands at 2172 and 2155–
2162 cm�1 were used, respectively, for monitoring relatively
strong and weak Brønsted acid sites. The sum of the three bands
between 2200 and 2180 cm�1 was used for the quantification of
Lewis acid sites.

2.3. Activity test and product analysis

2-Propanol dehydration was carried out in a fixed-bed flow
reactor. The catalyst was mixed with a-Al2O3 that was proved to
be inactive for this reaction. In a typical reaction, 20 mg of catalyst
mixed with 80 mg a-Al2O3 was pretreated at 723 K in air for 2 h
(ramp 5 K min�1; 60 mL min�1). The reaction was performed at
atmospheric pressure with N2 as carrier gas (P2-propanol = 1.55 kPa)
at 403 and 413 K. Reactants and products were analyzed with an
online gas chromatograph (GC) (Varian CP-3380) equipped with
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a capillary column (CP WAX 52 CB) and a flame ionization detector
(FID).

3. Results and discussion

3.1. Catalyst texture

The BET surface area, corrected surface area of the Al2O3 sup-
port (assuming that the surface area is only due to the alumina
support), W loading (determined by ICP) and the corresponding
W surface density (atom W/nm2) over the WOx/Al2O3 catalysts
are listed in Table 1. The W surface density of the supported
WOx/Al2O3 catalysts was estimated from the corrected surface area
of the c-Al2O3 support (see experimental section for details). As
shown in Table 1, this area remains essentially constant.

3.2. Catalyst structure

The XRD patterns of the series of WOx/Al2O3 catalysts for vari-
ous W surface densities and for the alumina support are shown
in Fig. 1. It can be clearly seen that for catalysts containing up to
3.4 atom W/nm2, only the diffraction lines characteristic of Al2O3

(2h = 37.4, 46.0 and 67.0�) are detected. This is consistent with
the presence of a surface W phase in these catalysts. For W surface
density of 4.1 atom W/nm2, a very broad peak at 2h = 23.6� was de-
tected indicating incipient WO3 formation. A hint for the presence
of this peak can also be found in the XRD pattern of the solid
AlW3.8.

The Raman spectra for WOx/Al2O3 catalysts are shown in Fig. 2.
Under ambient conditions, evidences for a minor formation of WO3

(Fig. 2a: bands at 805, 715 and 270 cm�1) were found for a W sur-
face density of 3.8 and 4.1 atom W/nm2. This is consistent with
XRD results. It must be noted, however, that taking into consider-
ation the high Raman scattering cross sections of crystalline WO3

when compared to that of the surface phase (two orders of magni-
tude according to Chan et al. [47]), the amount of WO3 detected in
these catalysts must be very low.

The spectra of in situ calcined tungstated catalysts (Fig. 2b)
showed the bands characteristic of the dehydrated surface WOx

species. The Raman bands at 1012–1022 cm�1 region were attrib-
uted to the symmetric stretching vibrations of the terminal W@O
bonds of surface WOx species [14,48]. A progressive shift of the po-
sition of this band from 1012 cm�1 for AlW1.0 to 1022 cm�1 for
AlW3.8 and AlW4.1 is observed. This was ascribed to an increased
degree of polymerization of W species with increasing W surface
density [12,14,15,20].

To assess the evolution of the abundance of the polymeric W
surface species, the Raman spectra of the dehydrated catalysts
were curve-fitted in the 960–1100 cm�1 region. Decomposition of
the envelope characteristic of m(W@O) vibration indicates the pres-
ence of two bands at ca. 1022 and 1012 cm�1. Based on previous
results [20,22], these bands were ascribed to the presence of two
Table 1
Physicochemical properties of WOx/Al2O3 catalysts.

Sample W loading
(wt.%)

SBET

(m2 g�1)
Scorrected

(m2 g�1)
W surface density
(atom W/nm2)

AlW0 – 217.2 – –
AlW1.0 6.64 223.2 243.6 0.96
AlW1.4 9.24 216.0 244.5 1.36
AlW2.0 13.05 208.1 249.1 1.97
AlW3.1 19.00 190.8 250.9 3.06
AlW3.4 20.48 182.5 246.0 3.43
AlW3.8 22.24 175.8 244.3 3.84
AlW4.1 23.17 169.2 239.0 4.13
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Fig. 2. Raman spectra for the series of WOx/Al2O3 catalysts at ambient (a) and
dehydrated (b) conditions.
types of W surface species with different degrees of condensation
(respectively polymeric W and either monomeric or in a low-con-
densed form of W species). Similar behavior has also been shown
for the NbOx/ZrO2 [49] and NbOx/TiO2 [50] systems. Fig. 3 shows
the evolution of the abundance of polymeric W surface species
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(fraction of polymeric W �W loading) as a function of W surface
density. The fraction of polymeric W surface species was calculated
from the area ratio of the curve-fitted band at ca. 1022 cm�1 and
the whole envelope (Fraction = A1022/Aenvelope). This calculation
should be considered as a first approximation since it implies that
both polymeric and monomeric W species exhibit similar Raman
scattering cross sections. However, calculations carried out by
assuming different cross sections for both species yielded similar
trend.

The results show that for W surface density 61.4 atom W/nm2,
the abundance of polymeric W surface species was very low or
negligible. Significant formation of polymeric W surface species
was observed for a W surface density of 2.0 atom W/nm2, followed
by a steady increase in their abundance with increasing W surface
density up to 3.8 atom W/nm2 and leveling off above. This is con-
sistent with UV–Vis spectroscopy results reported by Ross-Medga-
arden and Wachs [51] which indicate the presence of monomeric
W species or a mixture of monomeric and polymeric species in
WOx/alumina catalysts containing, respectively, 0.5 and
4.5 atom W/nm2.
3.3. Catalytic dehydration of 2-propanol

2-propanol dehydration is a well-established probe reaction for
monitoring the acidity of solid acids [52]. Under our experimental
conditions, the c-Al2O3 support was not active. Over WOx/Al2O3

catalysts, propene and diisopropyl ether were the only products
observed. The selectivity to propene was generally higher than
80%.

The propene formation rate at 403 K and the TOF values (de-
fined as propene formation rate per W atom) over the WOx/Al2O3

catalysts are plotted in Fig. 4 as a function of W surface density.
Similar trend was observed at 413 and 423 K. It can be clearly seen
that a minimum of W surface density is required for the develop-
ment of the activity. Catalysts containing W surface densities
61.4 atom W/nm2 exhibit little or no activity. For W surface den-
sity >1.4 atom W/nm2, the propene formation rate drastically in-
creased with increasing W surface densities up to 4.1 atom W/
nm2 (Fig. 4a). Similar evolution was observed for the TOF
(Fig. 4b). The observed behavior can be explained as follows: For
low W surface densities, WOx species are essentially in a mono-
meric (or a low degree of condensation) form, which is considered
to be less susceptible of generating relatively strong Brønsted acid
sites and thus less active [22]. The observed increase in the TOF
with increasing W surface density can be attributed to an increased
formation of polymeric WOx species, which are, reportedly, associ-
ated with the development of Brønsted acidity and activity in the
case of tungstated zirconia [22].

3.4. Acidity

3.4.1. Lutidine adsorption
Several probe molecules including carbon monoxide, pyridine

and lutidine can be used to characterize the acidity of oxide sur-
faces. Lutidine was preferred over pyridine in the present study be-
cause it is a more sensitive probe of Brønsted acid sites due to its
higher basicity [53,54]. Fig. 5 displays the infrared spectra of cata-
lysts (after subtraction of the spectrum of the activated catalysts)
following equilibrium adsorption of 133 Pa of lutidine and desorp-
tion under vacuum at 573 K. For comparison, the infrared spectrum
for the AlW0 support is also shown.

The infrared spectrum for lutidine adsorption over the AlW0
support, following desorption at 573 K, exhibits two main bands
at ca. 1618 and 1583 cm�1, attributed to m8a and m8b vibrations of
lutidine coordinated to the Lewis acid sites [55]. In addition, a
weak shoulder is observed at 1653 cm�1, which is attributed to
m8a vibration of lutidine protonated on weak Brønsted acid sites
of the Al2O3 [56]. The position of the shoulder appears to shift to
lower wavenumbers with increasing W surface density (from
1645 cm�1 for AlW1.0 and AlW1.4 solids to 1640 cm�1 for
AlW3.8 and AlW4.1). The shift was accompanied with a drastic in-
crease in intensity of the corresponding band. The m8a band of luti-
dine is reportedly sensitive to the strength of the Brønsted acid
sites [56]. Thus, it is reasonable to assume that the strength of
the Brønsted acidity increased with increasing W surface density.

To assess the evolution of the abundance of Brønsted and Lewis
acid sites with W surface density, the spectra of the catalysts were
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curve-fitted in the 1680–1560 cm�1 region using six Gaussian
bands located at ca. 1643, 1628, 1618, 1605, 1582 and
1572 cm�1 as depicted in the inset in Fig. 5. These bands are as-
cribed to the m8a and m8b vibrations of lutidine bound to Brønsted
acid sites (1643 and 1628 cm�1), Lewis acid sites (1618 and 1582
(or 1572) cm�1) and H-bound lutidine (1605 and 1572 (or 1582)
cm�1) [46,55,56]. Fig. 6 shows the evolution of the abundance of
Brønsted (sum of the bands at ca. 1643 and 1628 cm�1) and Lewis
(band at ca. 1618 cm�1) acid sites after lutidine desorption at 573 K
for the series of WOx/Al2O3 catalysts with different W surface den-
sities. The results clearly show that the abundance of Brønsted acid
sites was negligible for the alumina support and low for W surface
density 61.4 atom W/nm2. For higher W surface densities, a signif-
icant and a steady increase in the abundance of Brønsted acid sites
was observed until 3.8 atom W/nm2. This increase appears to level
off for higher W surface density. The abundance of Lewis acid sites
determined from the intensity of the band at 1618 cm�1 (Fig. 6b)
decreased with increasing W surface density. This can be ascribed
to an increased coverage of the alumina support on W deposition
[27].

It must be noted, however, that the abundance of Brønsted acid
sites obtained following lutidine desorption at 573 K only reflects
the number of Brønsted acid sites that are able to retain lutidine
after such treatment. Thus, it cannot be considered as a measure
of a specific acid strength. In order to gain additional insight into
the strength of Brønsted acid sites, low-temperature CO adsorption
studies were performed.

3.4.2. Low-temperature CO adsorption
CO is an efficient probe molecule for the evaluation of the acid

strength of the Brønsted sites. At low temperature (77 K), it can
form coordination bonds with Lewis acid sites and hydrogen bonds
with Brønsted acid sites with ensuing perturbation of the vibration
of surface hydroxyl group. The formation of the OH� � �CO com-
plexes gives rise to a downward frequency shift of the OAH
stretching mode and simultaneously an upward shift of the CAO
stretching mode when compared to that recorded in the gas phase
at ca. 2143 cm�1. The extent of the shift provides useful informa-
tion on the strength of the Brønsted acid sites of the solids [44,45].

After activation at 723 K, the most noticeable changes in the
infrared spectra of different catalysts were observed in the OH re-
gion (Fig. 7). For the alumina support (AlW0), five main m(OH)
bands at ca. 3795, 3775, 3762, 3734 and 3680 cm�1 are observed,
in agreement with the results of Knözinger and Ratnasamy [57].
On W deposition, the intensity of the area associated with the
OH stretching region decreased gradually with increasing W sur-
face density. This can be ascribed to the progressive replacement
of the OH groups by the W species, as it has been observed for sev-
eral metal oxides supported on alumina [58,59] or zirconia [60].
For W surface density P2.0 atom W/nm2, the various m (OH) fre-
quencies that were easily resolved for Al2O3 become ill-defined.

Infrared spectra for representative solids were obtained follow-
ing addition of small increments of CO. This approach permits the
detection of the strongest acid sites since these sites will react first.
It has also the added advantage of acquiring the spectra under con-
ditions that minimize CO physisorption, thus facilitating curve-fit-
ting. Fig. 8 shows the infrared spectra for representative solids
following the introduction of a small dose of CO (2.3 lmol). Two
bands are observed: a broad band above 2180 cm�1 characteristic
of Lewis acid sites and a band at 2166–2173 cm�1 characteristic
of the strongest Bronsted acid sites. For W surface density
P2.0 atom W/nm2, the band is centered at ca. 2172 cm�1. The
emergence of this band coincides with the development in the
hydroxyls region, of a prominent band at ca. 3455 cm�1 which cor-
responds to Dm(OH) shift, for the hydroxyls perturbed by the inter-
action with the CO molecule, of 252 cm�1. The magnitude of this
shift is indicative of the presence of relatively strong Brønsted acid
sites [44]. One can also estimate from the correlation reported by
Cairon et al. [44], between Dm(OH) of the hydroxyls perturbed by
the interaction with the CO molecule and the position of the corre-
sponding m(CO) stretching vibration, that such a shift is associated
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with m(CO) stretching vibration at 2171 cm�1. This confirms that
the band at 2172 cm�1 originates from CO interaction with the
above-mentioned Brønsted acid sites. With increasing amounts
of CO introduced, the average position of the m(CO) progressively
shifted to lower wavenumbers as larger amounts of weaker sites
were detected. The band at 2172 cm�1 becomes progressively hid-
den by that of CO adsorbed on weaker acid sites.
Fig. 9a presents the infrared spectra in the m (OH) region ob-
tained after equilibrium adsorption of 133-Pa CO and subtraction
of the spectrum of the activated catalysts. For the AlW0 support,
the band at 3734 cm�1 was shifted to ca. 3616 cm�1 (Dm(OH) =
118 cm�1). For low W surface density (61.4 atom W/nm2) cata-
lysts, only this hydroxyl group seems to be perturbed by CO but
the Dm(OH) shift increased gradually with W surface density indi-
cating an increase in the strength of the Brønsted acid sites present
in AlW0, AlW1.0 and AlW1.4. With further increase in the W sur-
face density (P2.0 atom W/nm2), in addition to the previous OH
perturbation at 3734 cm�1, another OH band at ca. 3707 cm�1

was perturbed and shifted to lower wavenumbers. The band, broad
and ill-defined, is centered around 3515–3460 cm�1 (Dm(OH) �
192–247 cm�1) indicating the presence of Brønsted acid sites that
are significantly stronger than those observed for lower W surface
density.

In the m(CO) region (Fig. 9b), for the alumina support, CO
adsorption at 77 K gives rise to a strong band at 2155 cm�1 and a
shoulder at 2143 cm�1. As reported in the literature [43], the band
at ca. 2155 cm�1 can been assigned to CO hydrogen weakly bonded
to OH groups on the alumina support, whereas that at ca. 2141–
2144 cm�1 (a frequency very close to that of the free CO molecule)
can be ascribed to CO physisorbed on the alumina surface. A broad
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shoulder, in the 2215–2180 cm�1 region, attributed to CO coordi-
nated to Al3+ sites [45,61], is also observed. For WOx/Al2O3 solids,
the m(CO) frequency is shifted upward from 2155 cm�1 for the alu-
mina support to 2160 cm�1 for AlW3.1. This was accompanied
with a strong decrease in intensity. This upward shift of the
m(CO) frequency at 2155 cm�1 is consistent with the reported pref-
erential consumption of the most basic OH groups on initial W
deposition in the case of WOx/ZrO2 or with initial addition of Mo
for the related MoOx/Al2O3 system [60,62]. With further increases
in the W surface density to 3.1 atom W/nm2 and higher, the
m(CO) band shifted to 2162 cm�1. Simultaneously, a new band at
higher frequency appears to develop.

To monitor the evolution of the abundance of Brønsted and Le-
wis acid sites with W surface density following equilibrium
adsorption, the infrared spectra of the catalysts after 133-Pa
adsorption of CO at equilibrium were thus curve-fitted in the
2240–2140 cm�1 region. As depicted in the inset in Fig. 9b, the
envelope can be curve-fitted using six Gaussian bands: The three
bands located at ca. 2180–2205 cm�1 assigned to Lewis acid sites;
the band at 2172 cm�1 assigned to relatively strong Brønsted acid
sites, that at 2155–2162 cm�1 originating from weak Brønsted acid
sites and the band at 2143 cm�1 corresponding to physisorbed CO.
Fig. 10 shows the evolution of the abundance of the acid sites as a
function of W surface density. The abundance of weak Brønsted
acid sites and Lewis acid sites decreased with increasing W surface
density (Fig. 10). This can be ascribed to an increased coverage of
the alumina support on W deposition [27].

In contrast, as depicted in Fig. 10a, a different evolution of rel-
atively strong Brønsted acid sites (band at 2172 cm�1) was ob-
served. These acid sites were not detected for W surface density
lower than 1.4 atom W/nm2. For W surface density
P2.0 atom W/nm2, the abundance of these acid sites increased al-
most linearly with increasing W surface density.

3.4.3. Comparison between lutidine and CO adsorptions
Fig. 11 compares the development of Brønsted acidity as mon-

itored by lutidine and low-temperature CO adsorption. Overall,
similar evolution is observed with both probe molecules. In both
instances, a minimum of W surface density appears to be required
for the development of Brønsted acidity. Above this threshold, the
abundance of these acid sites increased almost linearly with
increasing W surface density. However, while Brønsted acid sites
titrated by lutidine after desorption at 573 K were detected at a
W surface density of ca. 1.0 atom W/nm2, those monitored by CO
adsorption (band at 2172 cm�1) were only observed at
2.0 atom W/nm2. This can be attributed to the fact that the band
at 2172 cm�1 observed for CO adsorption measurements is associ-
ated with Brønsted acid sites of a specific strength, whereas luti-
dine desorption measurements titrate all the Brønsted acid sites
that are sufficiently strong to retain lutidine following desorption
at 573 K. The latter may comprise weaker Brønsted acid sites than
those monitored by low-temperature CO adsorption.

3.5. Correlation between Brønsted acidity and catalytic activity

Fig. 12 depicts the evolution of the propene formation rate as a
function of the abundance of Brønsted acid sites determined by lu-
tidine desorption at 573 K and low-temperature CO adsorption
over the WOx/Al2O3 catalysts. A direct relationship is clearly ob-
served between the catalytic activity and the abundance of
Brønsted acid sites present on the catalyst, prior to the reaction,
monitored by both probe molecules. Similar results were previ-
ously reported by Lebarbier et al. on tungstated zirconia catalysts
using lutidine desorption at 573 K [22]. However, a close inspec-
tion of the data shows that unlike the results for tungstated zirco-
nia, the activity of WOx/Al2O3 catalysts for low W surface density
AlW1.0 and AlW1.4 is negligible despite evidence of the presence
of Brønsted acid sites. This might indicate that some of the acid
sites measured by lutidine are not sufficiently strong to catalyze
efficiently isopropanol dehydration. This is consistent with the
high wavenumber of the m8a band observed for these solids (i.e.,
low strength of Brønsted acid sites) as compared to other catalysts
(Section 3.4.1). In contrast, examination of CO adsorption results
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shows that propene formation activity develops before the detec-
tion of the band at 2172 cm�1 characteristic of relatively strong
Brønsted acid sites. This indicates that Brønsted acid sites moni-
tored by the CO band at 2172 cm�1 are stronger than those re-
quired for the onset of activity for 2-propanol dehydration.

3.6. Correlation between catalyst structure, Brønsted acidity and
catalytic activity

Fig. 13 depicts the evolution of the abundance of polymeric W
surface species, Brønsted acid sites measured by lutidine desorp-
tion at 573 K and the catalytic activity for 2-propanol dehydration
as a function of the W surface density. Clearly, a similar trend is ob-
served below the monolayer, indicating a direct relationship be-
tween polymeric W surface species, relatively strong Brønsted
acidity and catalytic performance. These findings are consistent
with previous results, albeit qualitative, obtained with the same
catalytic system [31,32,63]. Ponec and coll. [31,32] reported for
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Fig. 13. Evolution of the propene formation rate (�), abundance of the strong
Brønsted acid sites measured by lutidine adsorption (h) and abundance of
polymeric W surface species (N) as a function of W surface density of WOx/Al2O3

catalysts.
skeletal isomerization of 1-butene, a Brønsted acid-catalyzed reac-
tion, an increase in conversion to isobutene with W loading. This
was attributed to an increased formation of dimeric WO2�

4 at the
detriment of monomeric WO2�

4 species and concomitant develop-
ment of Brønsted acidity.

3.7. Comparison with others supported W systems

In our previous studies of WOx/zirconia [20,22] and WOx/titania
[39,40,64] systems, a direct relationship between the abundance of
Brønsted acid sites or polymeric W surface species and the cata-
lytic activity for 2-propanol dehydration was established. The re-
sults presented here indicate that a similar correlation is
observed in the case of WOx/Al2O3 catalysts. For all these tungstat-
ed catalysts, a similar threshold of the W surface density of ca. 1.2–
1.4 atom W/nm2 was observed for the development of relatively
strong Brønsted acidity and significant dehydration activity. Above
this threshold and below monolayer coverage (4–5 atom W/nm2

[16]), the abundance of relatively strong Brønsted acid sites, poly-
meric W surface species and propanol dehydration activity in-
creased almost linearly with further increases in the W surface
density. It is worth noting that these correlations were obtained
for systems using as a support a crystallized oxide (tetragonal
[22] or monoclinic [20] zirconia, anatase [39] or mixed anatase/ru-
tile [40,64] for TiO2) or amorphous oxyhydroxides (Zr or Ti oxyhy-
droxides) [22,39].

These results can be compared with previously reported find-
ings for butanol dehydration [38]. This reaction was reported to
be catalyzed by Brønsted acid sites [10,38]. Macht et al. [38] found
that butanol dehydration activity on tungstated alumina and zirco-
nia evolved in the same manner with W surface density. For both
systems, a maximum in the TOF was observed for W surface den-
sities of ca. 9–10 atom W/nm2. The evolution of the activity with
increasing W surface density was associated with the increase in
WOx domain size. For the purpose of comparison with the present
study, additional solids containing higher W surface densities (5.5
and 9.1 atom W/nm2) were synthesized and tested for isopropanol
decomposition under the same conditions used for solids in the
submonolayer range (Fig. 4). TOF’s of 14.2 and 7.9 h�1 were,
respectively, obtained vs. 14.6 h�1 for the solid containing
4.1 atom W/nm2. This indicates a maximum in the TOF for W sur-
face densities between 4.1 and 5.5 atom W/nm2. The decline in the
TOF for W surface density significantly higher than those reported
for monolayer coverage (4–5 atom W/nm2) can be ascribed to the
formation of poorly dispersed crystalline WO3 evidenced by XRD
and Raman Spectroscopy. Overall, the evolution of the TOF with
W surface density is, thus, similar to that reported by Iglesia and
coworkers [38], although the maximum in the present study was
reached at a lower W surface density. This may be attributed to a
more significant formation of poorly dispersed WO3 in the present
study above nominal monolayer coverage. The main difference be-
tween the two studies is that the activity was correlated with tem-
porary Brønsted acid sites formed on reduction in these WOx domains
with butanol [38]. Our results with both CO and lutidine probe mol-
ecules show that the catalytic performance can be correlated with
the abundance of relatively strong Brønsted acid sites that are
present prior to the reaction and with the abundance of W poly-
meric surface species.

Recently, Kim et al. have investigated the structure–surface
acidity relationships for supported WOx catalysts [15]. Methanol
dehydration was used as a probe reaction. Various supports were
examined including alumina. The authors proposed that the influ-
ence of W surface density on the TOF depends on the relative acid-
ity of the W surface species when compared to that of WO3

nanoparticles. Their results indicate that the TOF for zirconia, tita-
nia and niobia supports increases with W surface density whereas
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that of alumina-supported catalysts decreases. This was attributed
to the fact that only in the latter case, the acidity of W surface spe-
cies is higher than that of WO3 nanoparticles. However, for the lat-
ter system, only the results obtained for W surfaces densities above
monolayer coverage were reported. This was due to the high activ-
ity of exposed alumina sites in the submonolayer region when
compared to that of surface tungstate species present in this re-
gion. Above monolayer coverage, their results for the WOx/Al2O3

system indicate a decrease in the TOF with increasing W surface
density, which is consistent with the results obtained in the pres-
ent work. More detailed study of the zirconia-supported catalysts
by the authors shows an increase in TOF with increasing W surface
density in the submonolayer region which was attributed to a great-
er ‘‘catalytic acidity” of surface polytungstate species compared to
surface monotungstate species. This is consistent with the results
reported in the present study for alumina-supported systems.

4. Conclusions

The study of the structure, acidity and catalytic activity of a ser-
ies of WOx/Al2O3 catalysts prepared by incipient wetness impreg-
nation and containing a submonolayer W coverage was
performed. The results indicated the following:

A minimum of W surface density (1.4 atom W/nm2) is required
for the appearance of relatively strong Brønsted acid sites. For
higher W surfaces densities, a steady increase in the abundance
of these acid sites with W surface density was observed.

Analysis of the structures of the solids by XRD and Raman spec-
troscopy reveals the presence of a threshold for the formation of
polymeric W species (1.4 atom W/nm2) that is similar to that ob-
served for the development of Brønsted acidity.

The abundance of relatively strong Brønsted acid sites detected
before reaction and that of polymeric W surface species were
found to correlate with 2-propanol dehydration activity.

The structure/acidity/activity relationship evidenced in the
present study extends those previously reported for other zirconia-
and titania-supported systems [20,22,39,40,49,50]. For a given
support and in the submonolayer region, these relationships are
indicative of a general pattern for the development of Brønsted
acid sites with increasing surface density of W and other related
supported phases.
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