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Hypothetical monolayer loadings of niobium and tungsten oxide supported on alumina, silica, and titania
were investigated as catalysts for the dehydration of glycerol to produce acrolein. Besides activity mea-
surements, to have information about the supported structures, the catalysts were characterized by XRD,
Raman spectroscopy, XPS, XANES, and FTIR combined with adsorption of pyridine and CO2. Compared
with silica showing the presence of crystalline Nb2O5 and WO3, alumina and titania gave better disper-
sion and formation of hydrated niobate and tungstate species. Deactivation of the catalysts occurred with
time on stream. However, the stability was improved considerably by adding oxygen to the feed. A
dependence of the selectivity to acrolein on the Brønsted acidity of the catalyst was observed. Under
anaerobic conditions, an alumina-supported mixed Nb–W-oxide catalyst gave a selectivity of more than
70% for glycerol conversions above 40%. Even better selectivity was obtained using a catalyst with tung-
sten oxide supported on titania, which gave 80% selectivity under aerobic conditions at high conversion.

� 2013 Elsevier Inc. All rights reserved.
1. Introduction

During the last decades, the hike in the petroleum price and the
increasing awareness that the oil reservoirs are limited have led to
worldwide focus on the use of renewable resources for producing
fuels and chemicals [1–3]. For example, cooking oil, tallow, yellow
grease, poultry grease, cottonseed oil, rapeseed oil, and soybean oil
are extensively converted through transesterification into fatty
acid methyl esters (biodiesel). Pure or blended biodiesel can be
run in conventional compression-ignition engines, and moreover,
the use of biodiesel significantly reduces the emissions to the
atmosphere of unburned hydrocarbons, carbon monoxide, particu-
late matter, sulfur, and carcinogenic compounds [4,5]. It has been
reported that the production capacity in the world of biodiesel
has increased tremendously from 117 to 1577 million gallons per
year during the period from 2009 to 2012 and is thought to rise
up to 4.4 billion gallons per year by 2015 [6].

The major challenge in biodiesel production is to find markets
for the crude glycerol being formed in large quantity as a major
by-product during the transesterification process [7]. Refined glyc-
erol is currently employed in the food and tobacco industries as
well as in the manufacture of cosmetics, pharmaceuticals, and
other personal care products [1,8]. The increased production of
biodiesel has created a surplus of glycerol on the market. Conse-
quently, the prices of crude and refined glycerol have declined,
making glycerol a possible raw material for the manufacture of
added-value chemicals via sustainable routes comprising oxida-
tion, reduction, or reaction with other species to form new prod-
ucts [9–12].

One interesting product from glycerol is acrolein, which cur-
rently is produced by oxidation of propylene over bismuth molyb-
date-based catalysts [13,14]. Acrolein is an important intermediate
for making acrylic acid, from which acrylates are produced [15].
The double intramolecular dehydration of glycerol into acrolein
has widely been investigated in the gas phase over solid acid cata-
lysts. Particularly, zeolites [16–21], heteropolyacids (HPAs) [1,22–
31], bulk as well as supported phosphates [32–36], sulfonic-func-
tionalized SBA-15 [37], supported tungsten oxide [38–42], pure
Nb2O5 [43], and supported niobia [41,44–46] have shown promis-
ing results. In general, the investigations outline that the activity is
strongly dependent on the density of acid sites, whereas the selec-
tivity to acrolein is related to the presence of Brønsted acid sites.
Although the activity and the selectivity to acrolein can be opti-
mized by finding the best combination of space velocity, reaction
temperature and glycerol/water ratio in the feed, catalyst

http://crossmark.dyndns.org/dialog/?doi=10.1016/j.jcat.2013.07.022&domain=pdf
http://dx.doi.org/10.1016/j.jcat.2013.07.022
mailto:Arne.Andersson@chemeng.lth.se
http://dx.doi.org/10.1016/j.jcat.2013.07.022
http://www.sciencedirect.com/science/journal/00219517
http://www.elsevier.com/locate/jcat


Table 1
Textural properties of the catalysts before and after use in glycerol dehydration.a

Catalyst Specific surface area
(m2/g)

Pore size
(Å)

Pore volume
(cm3/g)

Freshb Usedb Freshc Usedc Fresh Used Fresh Used

Al2O3 100 – 100 – 178 – 0.48 –
Al2O3600 100 93 100 93 180 177 0.45 0.41
1NbAl 97 77 113 89 150 129 0.36 0.25
1WAl 81 69 104 88 170 143 0.34 0.25
0.25Nb0.75WAl 79 73 100 93 178 149 0.35 0.27
0.5Nb0.5WAl 81 82 101 102 170 136 0.34 0.28
0.75Nb0.25WAl 101 81 121 97 148 129 0.37 0.26

SiO2 95 – 95 – 500 – 0.94 –
SiO2600 99 91 99 91 415 429 1.02 0.98
1NbSi 82 66 94 76 387 411 0.79 0.68
1WSi 81 73 102 92 415 416 0.84 0.76
0.25Nb0.75WSi 84 73 106 91 395 425 0.83 0.77
0.5Nb0.5WSi 77 79 95 97 427 390 0.82 0.77
0.75Nb0.25WSi 83 76 99 91 393 379 0.81 0.72

TiO2 150 – 150 – 105 – 0.39 –
TiO2450 100 64 100 64 140 154 0.34 0.25
1NbTi 110 36 136 45 86 118 0.23 0.11
1WTi 114 56 161 79 103 107 0.29 0.15
0.25Nb0.75WTi 96 48 136 68 101 109 0.24 0.13
0.5Nb0.5WTi 92 38 128 53 93 111 0.21 0.11
0.75Nb0.25WTi 108 37 144 50 93 122 0.25 0.11
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deactivation is a major issue irrespectively of the catalyst system
being used [1,2,14]. In fact, a loss of activity is noticeable already
after a few hours on stream (4–12 h) unless excess catalyst (low
space velocity) is used. The deactivation has mostly been ascribed
to coking and formation of high-boiling compounds. Attempts to
regenerate the catalyst have successfully been made by treating
the catalyst in air at a temperature between 300 and 550 �C
[16,24,26,30,32,41,43,44,47]. Alternatively, it has been found that
the deactivation process can be slowed down by having oxygen
in the feed [40,41,48–51]. Furthermore, Alhanash et al. [25] report
that Cs2.5H0.5PW12O40 doped with 0.5 wt% Pd gives good catalytic
stability and performance when co-feeding glycerol together with
hydrogen.

In our previous work, we reported a comprehensive study of
Nb-, W-, and NbW-oxides on monoclinic zirconia as catalysts for
the dehydration of glycerol to give acrolein [41]. In the present
work, we have prepared alumina-, silica-, and titania-supported
catalysts containing W-oxide and Nb-oxide separately and in syn-
ergy, and tested them in glycerol dehydration under different
space velocities. Moreover, the catalysts have been characterized
by X-ray diffraction (XRD), Fourier transform Raman spectroscopy
(FT-Raman), X-ray photoelectron spectroscopy (XPS), X-ray
absorption spectroscopy (XANES), and Fourier transform infrared
spectroscopy (FTIR) combined with pyridine and CO2 adsorption.
a After 4-h glycerol dehydration at 305 �C. Amount catalyst: 0.8 g. Feed: 3.6 ml/h
20 wt% aqueous glycerol vaporized in 15 ml/min Ar. Glycerol WHSV: 0.94 h�1.

b Specific surface area expressed per mass of catalyst.
c Specific surface area expressed per mass of support.
2. Experimental

2.1. Catalyst preparation

The catalysts to be investigated were prepared by incipient wet-
ness impregnation of Al2O3 (Alfa Aesar), SiO2 (Grace GmbH), and
TiO2 (Alfa Aesar) with solutions containing the desired amount of
the active metal precursor. Briefly, a homogeneous water solution
of either ammonium paratungstate (NH4)10(W12O41)�7H2O (Riedel-
de Haën), niobium oxalate C10H5NbO20 (ABCR), or both salts was
added dropwise onto the support particles with diameters in the
range 0.250–0.450 mm, which were obtained by pressing, crush-
ing, and sieving pellets. After impregnation, the support was al-
lowed to dry at 90 �C for 30 min. The impregnation and drying
procedure were repeated a few times to obtain the desired total
loading. Before use of the samples in glycerol dehydration, calcina-
tion of the catalyst precursors on Al2O3 and SiO2 was performed
during 6 h at 600 �C. The TiO2-supported precursors, on the other
hand, were calcined at 450 �C to avoid the anatase–rutile phase
transition [52]. The calcination temperature was reached ramping
from room temperature with a heating rate of 5 �C/min. The tex-
tural properties of the preparations are given in Table 1, where
the number preceding Nb and W is the loading in theoretical mon-
olayers of the specific element in the form of oxide, e.g., the nota-
tion 1WTi denotes a TiO2-supported catalyst with a WOx loading of
one theoretical monolayer. By a monolayer is meant a hypothetical
layer of oxide covering the surface of the support and is defined as
11.6 lmol cations/m2 of support surface [53]. The catalyst contents
of Nb and W in wt% sample and atoms/nm2 are given in Table S1
(supplement). It should be noted that a theoretical layer does not
necessarily have to correspond to a true monolayer and complete
dispersion of the supported phase.

The calcined supports are denoted Al2O3600, SiO2600 and
TiO2450, where the number refers to the calcination temperature.
2.2. Catalyst characterization

Multipoint BET measurements were performed on a Micromer-
itics ASAP 2400 instrument to determine the specific surface area,
the pore volume, and the average pore size of both freshly
prepared and used catalysts. The samples were degassed for 24 h
at 100 �C under vacuum before the measurement.

Powder X-ray diffraction analysis was performed on a Seifert
XRD 3000 TT diffractometer using Cu Ka radiation and a rotating
sample holder. The tube voltage and the current were set to
40 kV and 40 mA, respectively. The instrument was calibrated
using a Si standard. Diffraction patterns were recorded between
5� and 80� 2h with a step width of 0.05� (10 s/step).

Raman spectra were recorded on a Bruker IFS 66 FTIR spectrom-
eter equipped with a Bruker FRA 106 FT-Raman device, an Nd:YAG
laser, and a germanium diode detector. The spectra were taken un-
der ambient conditions at 180� backscattering. In each measure-
ment, 1000 scans were averaged with the resolution 4 cm�1.

Infrared measurements (100 scans, 4 cm�1 resolution) were
made in transmission mode under static conditions using a Nicolet
Magna 750 Fourier transform instrument and a conventional IR cell
connected to a gas manipulation apparatus. The samples to be ana-
lyzed were pressed into discs (30–40 mg, 2 cm2 disc size). After
treating the sample at 500 �C or 450 �C for the samples with TiO2

for 30 min under vacuum (10�5 torr), a spectrum of the sample
was recorded. Then, adsorption of CO2 (50 torr) and pyridine
(10 torr) was performed at room temperature in order to deter-
mine the occurrence of basic and acidic sites, respectively. IR spec-
tra of adsorbed CO2 and pyridine were recorded both immediately
after evacuation and again after outgassing for 30 min. For quanti-
fication of Brønsted (BAS) and Lewis (LAS) acidic sites, additional
spectra were recorded again after heating the sample at 110 �C.
The concentrations of BAS and LAS acidic sites were determined
using the method proposed by Emeis [54].

XANES measurements were carried out at the I811 station in
Maxlab at Lund University. The beamline is equipped with three
ionization chambers and a Si (311) crystal monochromator. W L1

and Nb K-edge spectra were recorded in fluorescence mode using
W (12099.88 eV) and Nb (18982.97 eV) metal foils, respectively,
as energy references and a passivated implanted planar silicon
(PIPS) detector positioned perpendicular to the incoming beam.
The reference foils were placed before the third ionization
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Fig. 1. Normalized XRD patterns of the calcined alumina support (Al2O3600) and
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chamber, whereas the sample to be analyzed was in between the
first and the second ionization chambers. Zr and Ge metal foils were
used for the recording of the Nb- and W-edge, respectively, to filter
off the fluorescence contribution from the support and other ele-
ments. For the measurements, the samples were ground and di-
luted with boron nitride to obtain an optimal absorption signal.

XPS analysis was made on a PHI 5500 instrument with MgKa
radiation (1253.6 eV). For the measurements, powder samples,
which were obtained by grinding the catalysts, were placed on a
sticky and conducting tape. Charging effects were reduced using
a flood gun, submitting low-energy electrons from a W-filament
to the sample. The electron flow was adjusted until the C 1s peak
position was at 285.0 eV, which binding energy was used as energy
reference. Quantifications were made using a Shirley function for
the background.

2.3. Activity measurements

The dehydration of glycerol was studied at atmospheric pressure
in a vertical stainless steel reactor of 25 cm length and 0.4 cm inter-
nal diameter, where the catalyst sample was placed in the middle
on glass wool support. To obtain isothermal conditions, the reactor
was closely fixed in an aluminum block, which was surrounded by
glass wool and a shield of aluminum foil. Moreover, the aluminum
block was equipped with two cartridge heaters and a thermocouple
positioned nearby the catalytic bed to control the temperature.

Ar was used as carrier gas for glycerol. The Ar flow was con-
trolled by a Bronkhorst mass flow controller set to 15 ml/min. After
passing a first pre-heating section held at 330 �C, the carrier gas
was directed to a vaporization section where 3.6 ml/h of 20 wt%
aqueous glycerol solution (0.0082 mol glycerol/h and 0.167 mol
H2O/h) was injected by a Kd Scientific pump and became quickly
vaporized at 280 �C. The resulting gas mixture with the molar ra-
tios Ar/glycerol/H2O = 5:1:21 then passed a second pre-heater kept
at 310 �C before entering the reactor. Unless otherwise specified,
the reactor was loaded with 0.8 g catalyst and the reaction temper-
ature was 305 �C.

After 3 h reaction, reaction products and unconverted glycerol
were collected during 1 h in an ice trap with three condensers in
series. To the condensed products, n-butanol was added as internal
standard, and the obtained solution was analyzed on a Varian Star
3400 gas chromatograph equipped with a 10 wt% FFAP/Chromo-
sorb W-AW column (2 mm i.d., 2.5 m long) and an FID detector.
To obtain effective product separation, the column was held at
50 �C during 4 min before raising the temperature 14 �C/min from
50 up to 250 �C, where it was kept for 20 min. CO and CO2 were
analyzed online on a Hiden HPR 20 mass spectrometer. For the lat-
ter purpose, the outlet flow from the condensers was mixed with
20 ml/min Ar. Blank tests without catalyst showed negligible con-
version (<1%) of glycerol.

Glycerol conversion, product selectivity, and the carbon balance
were calculated as follows using calibration curves with n-butanol
as internal standard for glycerol and each product:

Glycerol conversion ð%Þ
¼ ðmole glycerol pumped
�mole unconverted glycerolÞ=mole glycerol pumped� 100
Product selectivity ð%Þ
¼mole carbon in the product=mole carbon in converted glycerol
� 100
Carbon balance ð%Þ
¼ sum of the selectivities to identified products

Selectivity to unidentified products ð%Þ
¼ 100� Carbon balance
3. Results

3.1. BET

The textural properties of the freshly prepared and the used cat-
alysts and supports are listed in Table 1. Clearly, the pure Al2O3 and
SiO2 supports show practically unchanged specific surface area
after being calcined at 600 �C, whereas the TiO2 sinters at the cal-
cination temperature 450 �C. Compared with the pure Al2O3 and
SiO2 supports, the corresponding samples with Nb and W generally
show lower specific surface areas expressed per g catalyst but
rather unchanged or higher values when expressed per g support.
Regarding the preparations on TiO2, the presence of Nb and W
turns out to stabilize the support toward sintering during the cal-
cination, as indicated by the fact that the supported samples have
surface area values in m2/g support that are in-between the values
for the as-received and the calcined TiO2. After being subjected to
glycerol dehydration for 4 h, the specific surface areas and the pore
volumes of the catalysts are noticeably reduced in most cases.

3.2. XRD

Figs. 1–3 show the diffraction patterns of freshly prepared cat-
alysts and calcined supports. The powder patterns recorded after
use of the catalysts in glycerol dehydration were very similar to
those for the unused samples and are therefore not shown.

The XRD patterns of the calcined Al2O3 and the Al2O3-supported
catalysts are presented in Fig. 1. The calcined Al2O3 exhibits the
freshly prepared Al2O3-supported catalysts.
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Fig. 2. Normalized XRD patterns of the calcined silica support (SiO2600) and freshly
prepared SiO2-supported catalysts.
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Fig. 4. The Raman spectrum for 1WAl is shown after subtraction of the contribution
from alumina. Both spectra were recorded at ambient conditions.
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typical peaks from h-Al2O3 (JCPDS file no. 01-1304) [55], which was
also the case for the as-received support. For the 1WAl sample with
a tungsten oxide loading of one theoretical monolayer, diffraction
peaks from monoclinic WO3 are observed (JCPDS file no. 43-
1035) [55] in addition to the peaks from the support. On the other
hand, in the diffractogram of the corresponding niobia sample
1NbAl, only peaks from h-Al2O3 appear, indicating better disper-
sion on the alumina of niobia as compared to tungsten oxide. How-
ever, the formation of some X-ray amorphous niobia cannot be
excluded. Considering the samples with both Nb and W, besides
the peaks from the support, a peak is seen at 23.2� 2h, whose inten-
sity decreases with increasing Nb/W ratio and is almost absent in
the diffractogram of 0.75Nb0.25WAl. This peak, as will be ex-
plained in the Discussion in Section 4.1, possibly can be assigned
to the strongest peak of monoclinic WO2.92 (JCPDS file no. 30-
1387) [55].

Fig. 2 displays the XRD patterns of the SiO2-supported catalysts
and the calcined support. Both the diffractogram of the SiO2 as-re-
ceived (not shown) and that of the calcined sample show a very
broad peak at 22� 2h. For 1WSi and 0.25Nb0.75WSi, the XRDs show
the formation of monoclinic WO3 (JCPDS file no. 1-75-2072) [55]
on the support, whereas XRD analysis of 1NbSi, 0.75Nb0.25WSi,
and 0.5Nb0.5WSi reveals the presence orthorhombic Nb2O5 (JCPDS
file no. 30-873) [55].

The diffractograms of the TiO2-supported samples display no
peaks from Nb- and W-oxides. Only peaks from the anatase poly-
morph of TiO2 (JCPDS file no. 1-75-2552) [55] are observed, as
exemplified in Fig. 3 by the XRD for the 0.5Nb0.5WTi catalyst.

3.3. Raman spectroscopy

The Raman spectra of the freshly prepared Al2O3-, SiO2-, and
TiO2-supported catalysts are displayed in Figs. 4–6, respectively.
All spectra were recorded at room temperature under ambient
conditions. Regarding the preparations on Al2O3, the Raman spec-
tra were characterized by a broad feature typical of the support,
which consequently prevented us from discerning additional fea-
tures. Only in case of the 1WAl sample, some spectral features
not belonging to the alumina were observed. The spectrum in
Fig. 4 for 1WAl shows two bands at 805 and 715 cm�1, which are
from monoclinic WO3 as a comparison with the spectrum in
Fig. 5 for the latter phase shows. Additionally, there is a band at
�973 cm�1 from a hydrated polytungstate species interacting with
the support [56,57].

Fig. 5 depicts the Raman spectra of the pure calcined silica sup-
port (SiO2600), pure orthorhombic Nb2O5, pure monoclinic WO3,
and the silica-supported catalysts with NbOx and WOx. The
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Fig. 5. Raman spectra recorded at ambient conditions of the calcined silica support
(SiO2600) and the freshly prepared SiO2-supported catalysts. The spectra of pure
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calcined silica is featureless in the region displayed, whereas the
deposition of NbOx and WOx gives rise to a number of bands, some
of which being rather weak as revealed by the relatively high
noise/signal ratio. In the spectrum for 1NbSi, a weak band charac-
teristic of orthorhombic Nb2O5 [41,58] is noticeable at 690 cm�1.
However, the band is obscured by another band at higher wave-
number, which position shifts from 720 cm�1 to 760 cm�1 with
decreasing Nb-content from 1NbSi to 0.25Nb0.75WSi. Concur-
rently, the intensity of the band increases significantly and is the
highest for 0.5Nb0.5WSi. In the spectrum for 1WSi, there are two
strong bands at 805 and 715 cm�1 from monoclinic WO3 [41,56],
which bands also appear in the spectrum for 0.25Nb0.75WSi.
Moreover, all NbWOx/SiO2 catalysts as well as 1WSi exhibit a weak
and broad band around 960 cm�1, whose intensity increases with
increasing tungsten content from 0.75Nb0.25WSi up to
0.25Nb0.75WSi. The same band has been observed also in previous
investigations of silica-supported WOx [56,59–61] and has been as-
signed to a hydrated polytungstate structure [56,62].

In agreement with the XRD results (Fig. 3), the Raman spectrum
of the calcined titania support (TiO2450) exhibited distinct Raman
modes characteristic of anatase at 145, 200, 395, 515, and
639 cm�1 (not shown) [63,64]. Additionally, as seen in Fig. 6, there
is a broad and poorly visible band located at about 798 cm�1,
which is the first overtone of the anatase band at 395 cm�1 [65–
67]. Although the anatase feature is maintained after deposition
of W- and Nb-oxides, new spectral components arise owing to sur-
face oxide species. In fact, in the spectrum of 1NbTi in Fig. 6, there
is a weak broadband around 910 cm�1 from hydrated NbOx surface
species [66,68,69]. Besides the contribution from the support, the
Raman spectrum of 1WTi in Fig. 6 shows a distinct band at
980 cm�1, which can be assigned to a hydrated polytungstate sur-
face structure [70,71]. The Raman spectra of the NbWOx catalysts
combine in correspondence with their Nb/W ratios the features
of the 1NbTi and 1WTi spectra, showing a broadband from a nio-
bium oxide species around 900 cm�1 and a distinct peak in the
975–980 cm�1 region from surface polytungstate. It is worth not-
ing that the latter band increases in intensity and shifts from
971 cm�1 for 0.75Nb0.25WTi to 980 cm�1 for 0.25Nb0.75WTi and
1WTi in agreement with previous observations [70,71].
3.4. XPS surface analysis

In order to investigate the composition and the oxidation states
of W and Nb at the support surface, XPS measurements were per-
formed. In Table 2 are the binding energies reported that were
determined for the W 4f7/2 and Nb 3d5/2 peaks in the fresh samples.
The fact that the binding energies fall in the ranges 35.8–36.6 eV
and 207.2–207.8 eV indicates the presence of W6+ and Nb5+ spe-
cies, respectively, at the surface of the supports. In fact, the corre-
sponding values for reduced W- and Nb-oxide species fall well
below 35.0 and 206.5 eV, respectively [72].

For the samples with either Nb or W, the quantitative data in
Table 3 show for all supports better dispersion of Nb than of W.
Moreover, the dispersion decreases in the order TiO2 > Al2O3 >
SiO2. For the samples with both Nb and W, the behavior is different
in that the co-presence of these elements considerably improves
the dispersion of both. As indicated by the data in Table 3, the
mixed Nb–W-oxide samples on TiO2 and Al2O3 have better total
dispersion of W and Nb than is the case on SiO2.



Table 3
Surface compositions (at.%) for the Al2O3-, SiO2-, and TiO2-supported Nb- and W-
oxide catalysts as determined by XPS.

Catalyst Nb Wa Al Si Ti O

1NbAl 6.6 0.0 30.5 62.9
1WAl 0.0 3.3 32.8 63.9
0.25Nb0.75WAl 4.7 10.4 17.9 67.1
0.5Nb0.5WAl 10.3 10.2 10.6 68.8
0.75Nb0.25WAl 10.0 3.9 20.5 65.6

1NbSi 1.0 0.0 32.0 67.0
1WSi 0.0 0.4 32.6 67.0
0.25Nb0.75WSi 1.7 4.3 26.1 67.9
0.5Nb0.5WSi 2.0 3.1 27.7 67.2
0.75Nb0.25WSi 2.1 1.4 29.3 67.2

1NbTi 11.3 0.0 16.2 72.4
1WTi 0.0 5.0 22.5 72.5
0.25Nb0.75WTi 5.1 12.1 8.5 74.3
0.5Nb0.5WTi 7.5 8.5 10.3 73.7
0.75Nb0.25WTi 4.2 2.5 21.2 72.2

a Calculated using the W 4f7/2 peak for the Al2O3- and SiO2-supported catalyst,
whereas the W 4d5/2 peak was used in case of the TiO2-supported samples due to
the overlap between the W 4f and the Ti 2p signals.
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Nb2O5, and (b) W L1 for the freshly prepared catalysts with one theoretical layer of
WOx and monoclinic WO3.
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3.5. XANES

To have more information about the coordination environment
and the valence of tungsten and niobium at the surface of the sup-
ports, XANES spectra were recorded. The normalized Nb K and W
L1 absorption edges for the freshly prepared samples with one the-
oretical layer of Nb- and W-oxides are shown in Fig. 7 along with
reference spectra for orthorhombic Nb2O5, monoclinic Nb2O5, and
monoclinic WO3. Spectra for the remaining fresh samples and
those for the used ones are not shown as they were nearly identical
to the spectra in Fig. 7.

In the Nb K-edge XANES spectra in Fig. 7a, two features are dis-
tinguishable, namely an edge and a pre-edge. The position of the
main-edge absorption, which is due to 1s ? 5p electron transi-
tions, is strictly related to the formal valence of the element [73].
The spectra in Fig. 7a clearly show that the main-edge position
(E0), corresponding to the first inflection point of the absorption,
is very similar for the supported catalysts 1NbAl, 1NbSi, and 1NbTi.
Moreover, the position (E0 = 18,998 eV) agrees with that for mono-
clinic and orthorhombic Nb2O5, indicating that the supported nio-
bium is pentavalent on all supports. Concerning the pre-edge
feature, originating from the 1s ? 4d electron transition, it is sen-
sitive to the coordination around niobium [73]. In fact, for perfect
octahedral symmetry, the pre-edge feature is missing, and the area
of the pre-peak increases with increased displacement from the
center [74]. Considering the pre-peak intensities for the samples
in Fig. 7a, it is seen that the supported catalysts give pre-peak
intensities inbetween those for the orthorhombic and monoclinic
Nb2O5 phases. In the former structure, the Nb atoms are in both
octahedral and pentagonal bipyramidal coordination with Nb–O
distances in the range 1.77–2.19 Å [75], whereas in the latter
phase, they have octahedral coordination with bond distances
varying between 1.73 and 2.31 Å [76]. Thus, based on the pre-edge
intensity values, it can be proposed that the supported niobia have
essentially distorted octahedral coordination.

Similar to Nb in niobia, the valence and the coordination of W in
tungsten oxides are determined by the position of the W L1-edge
(threshold energy) and by the intensity of the pre-peak absorption,
respectively [77]. The latter absorption is due to the 2s ? 5d tran-
sition, which is dipole-forbidden in the case W being in perfect
octahedral symmetry (absence of pre-edge). However, the transi-
tion is allowed for the distorted octahedral (shoulder-like pre-
edge) and tetrahedral (intense pre-edge peak) symmetries due to
the mixing of tungsten d orbitals with oxygen p orbitals [77–80].
The spectra in Fig. 7b show that the W L1-edge position for the
supported samples with monolayer loading of WOx is fairly close
to that for the monoclinic WO3 reference (E0 = 12,105 eV), suggest-
ing that tungsten is hexavalent on the supports. Furthermore, the
fact that the pre-peak appears as a shoulder at the low energy side
of the W L1-edge indicates that tungsten on the supports is in a dis-
torted octahedral coordination likewise in the reference compound
monoclinic WO3 [81]. Tungsten in tetrahedral coordination, e.g.,
BaWO4 [78], Na2WO4 [77,79] and Al2WO4 [80], gives a much more
intense and well resolved pre-peak.
Table 2
Binding energy of W 4f7/2 and Nb 3d5/2 as determined by XPS for the Al2O3-, SiO2- and Ti

Catalyst Binding energy (eV) Catalyst Bin

W Nb W

1NbAl – 207.5 1NbSi –
1WAl 36.6 – 1WSi 36.
0.25Nb0.75WAl 36.0 207.4 0.25Nb0.75WSi 35.
0.5Nb0.5WAl 35.9 207.4 0.5Nb0.5WSi 35.
0.75Nb0.25WAl 35.9 207.4 0.75Nb0.25WSi 35.
3.6. Activity measurements

The catalytic performances of the catalysts in the dehydration
of glycerol are given in Table 4. It is seen that the Al2O3 support
although active is not very selective to acrolein (38%). However,
O2-supported catalysts.

ding energy (eV) Catalyst Binding energy (eV)

Nb W Nb

207.8 1NbTi – 207.3
0 – 1WTi 35.9 –
8 207.2 0.25Nb0.75WTi 35.8 207.3
9 207.4 0.5Nb0.5WTi 35.8 207.4
9 207.4 0.75Nb0.25WTi 35.9 207.5



Table 4
Catalytic performance of Nb-, W-, and NbW-oxide supported on Al2O3, SiO2, and TiO2 in the dehydration of glycerol.a

Catalyst Glycerol
conversion (%)

Selectivity to products (%) Carbon
balance (%)

Acetaldehyde Propionaldehyde Acetone Acrolein Allyl
Alcohol

Hydroxyacetone 1,2-
Propanediol

CO2 CO

Al2O3600 98.4 1.4 – – 38.0 2.0 17.9 0.6 – 0.1 60.1
1NbAl 97.1 2.1 1.6 0.7 59.9 0.7 13.4 – – 1.1 80.1
1WAl 98.6 1.3 1.3 0.3 67.0 0.3 8.0 – – 1.7 80.4
0.25Nb0.75WAl 100 2.4 1.6 0.3 70.4 0.6 8.9 – – 0.2 84.4
0.5Nb0.5WAl 100 2.7 1.8 0.7 71.9 0.7 11.9 – – 0.2 89.9
0.75Nb0.25WAl 100 2.9 1.9 0.9 69.3 0.6 10.3 – – 0.2 86.1

SiO2600 1.3 – – – – – – – 23.1 69.2 92.3
1NbSi 82.0 – 2.4 1.3 57.2 1.1 4.2 – – 1.8 68.1
1WSi 28.2 1.1 0.7 – 49.3 2.5 4.6 – – 4.6 64.5
0.25Nb0.75WSi 98.7 1.2 0.5 0.3 38.7 1.6 6.0 0.2 – 0.1 48.6
0.5Nb0.5WSi 99 1.6 0.7 0.5 46.8 1.7 8.0 0.2 – 0.1 59.6
0.75Nb0.25WSi 98.7 1.2 0.5 0.3 38.7 1.6 6.0 0.2 – 0.1 48.6

TiO2450 98.9 5.5 5.7 9.4 14.0 1.7 0.9 9.9 – 5.1 53.7
1NbTi 98.9 2.4 5.7 6.4 55.4 0.5 0.3 0.8 – 3.3 75.5
1WTi 100 2.5 4.8 4.8 66.2 0.2 – – – 2.9 81.9
0.25Nb0.75WTi 98.8 1.3 3.1 2.6 65.2 0.4 0.2 – – 2.5 75.8
0.5Nb0.5WTi 99.3 1.6 3.7 3.5 59.5 0.3 0.1 – – 2.9 72.6
0.75Nb0.25WTi 99.3 1.7 4.3 4.4 55.3 0.4 – – – 3.3 70.1

a Reaction temperature: 305 �C. Amount catalyst: 0.8 g. Feed: 3.6 ml/h 20 wt% aqueous glycerol vaporized in 15 ml/min Ar. Glycerol WHSV (g glycerol/hr)/(g catalyst):
0.94 h�1. Products were collected for 1 h after 3-h operation.
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deposition of Nb- and W-oxides on the surface noticeably increases
the selectivity to acrolein. Particularly, the catalysts with W give a
selectivity to acrolein around 70% at almost complete conversion,
whereas 1NbAl with NbOx only is less selective (�60%). Except
acrolein, hydroxyacetone and small amounts of acetaldehyde, pro-
pionaldehyde, acetone, allyl alcohol, 1,2-propanediol, and COx are
formed. However, the carbon balance is incomplete and amounts
to 60% for the pure Al2O3 and 80–90% for the Al2O3-supported
catalysts.

Concerning silica, the data in Table 4 show that the pure cal-
cined support has almost no activity, producing mainly COx. On sil-
ica, the most active samples are those containing both W and Nb.
In fact, the activity increases in the following order 1WSi < 1Nb-
Si < 0.25Nb0.75WSi � 0.5Nb0.5WSi � 0.75Nb0.25WSi. It is worth
pointing out that the selectivity to acrolein does not follow the
same trend. Here, the data are somewhat scattered but are in the
range 39–49% except for 1NbSi, giving about 57% selectivity to
acrolein. Generally, the carbon balance for the SiO2-supported
samples is poor and is in the range 49–68%.

All preparations with TiO2 are active for glycerol dehydration
(Table 4). The pure calcined TiO2 is scarcely selective to acrolein,
whereas the best selectivity values are obtained for the catalysts
containing tungsten with 1WTi and 0.25Nb0.75WTi being the best
giving a selectivity to acrolein of about 65%. Compared with the
Al2O3- and SiO2-supported samples, the TiO2-supported samples
give less hydroxyacetone and more of acetone and propionalde-
hyde. The carbon balance, however, is incomplete and is in the
range 70–82% for the samples with Nb- and W-oxides.

To gain information about catalyst stability, activity testing was
performed during 20-h operation of the catalyst. Compared with
the results in Table 4 for the space velocity (WHSV) 0.94 h�1, the
stability tests were performed at the space velocity 2.54 h�1, which
was obtained by reducing the amount of catalyst from 0.8 g to
0.3 g. The best performing catalyst compositions 0.5Nb0.5WAl
and 1WTi on alumina and titania, respectively, were selected for
testing. No SiO2-supported catalyst was chosen for further testing
due to the poor performance to acrolein. Plots of the conversion
and the selectivities to acrolein, by-products, and unidentified
compounds are displayed in Fig. 8 as a function of time on stream.
Fig. 8a shows that the conversion of glycerol on 0.5Nb0.5WAl
decreases from 98% to 41% during 20 h on stream and does not af-
fect the selectivity to acrolein, which remains nearly constant
around 74%. Also, the selectivities to other products do not change
much with time. Compared with 0.5Nb0.5WAl, the 1WTi catalyst
(Fig. 8b) deactivates more severely. During 20-h operation, the
conversion drops from 97% to 6%. Simultaneously, the selectivity
to acrolein decreases from 72% to 55%, while that to unidentified
compounds increases from 16% to �30%.

To study the effect of oxygen addition to the feed of glycerol, the
0.5Nb0.5WAl and 1WTi catalysts were tested for 20 h under aero-
bic conditions and at a glycerol WHSV of 2.54 h�1. The results are
depicted in Fig. 9a and b for 0.5Nb0.5WAl and 1WTi, respectively.
Clearly, the addition of oxygen to the feed noticeably improves the
stability of the catalyst. For 0.5Nb0.5WAl, the conversion of glyc-
erol slowly decreases from 99% to 96% during 20 h on stream. Con-
currently, the selectivity to acrolein decreases from about 70%
down to 65%. For 1WTi at the same space velocity, the glycerol
conversion remains at about 99% for 20 h on stream, and the selec-
tivity to acrolein increases from 74% to 80%. With oxygen in the
feed, acetaldehyde instead of hydroxyacetone turns out to be one
of the main by-products together with COx and unidentified
products.

To further investigate the stability of the catalysts under aerobic
conditions, the glycerol WHSV was increased to 7.55 h�1 by simply
reducing the catalyst amount to 0.1 g. Fig. 10 depicts the changes
in glycerol conversion and selectivities to products as a function
of time on stream. For 0.5Nb0.5WAl, the decrease in conversion
from 81% to 42% is accompanied by a drop in the selectivity to
acrolein from 56% to 43% and an increase in the selectivity to
unidentified products and COx. In case of 1WTi, the conversion de-
creases from 96% to 79%, whereas the product distribution remains
rather constant with a selectivity to acrolein of about 80%.

3.7. Infrared spectroscopy

3.7.1. Investigation of the OH stretching region
Fig. 11 displays FTIR spectra of the calcined supports and the

0.5Nb0.5W catalysts after outgassing. The spectrum of the TiO2

support shows in the OH stretching region two comparatively
weak main bands at 3710 and 3668 cm�1 with minor components
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Fig. 8. Glycerol conversion (j) and selectivities to acrolein (d), hydroxyacetone
(N), COx (h) and unknowns (s) as a function of time on stream (TOS) for (a)
0.5Nb0.5WAl and (b) 1WTi at 305 �C. Amount catalyst: 0.3 g. Feed: 3.6 ml/h 20 wt%
aqueous glycerol vaporized in 15 ml/min Ar. Glycerol WHSV: 2.54 h�1. Small
amounts of acetaldehyde, propionaldehyde, acetone, allyl alcohol, and 1,2-popane-
diol were also formed.
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Fig. 9. Glycerol conversion (j) and selectivities to acrolein (d), acetaldehyde (N),
COx (h) and unknowns (s) as a function of time on stream (TOS) for (a)
0.5Nb0.5WAl and (b) 1WTi at 305 �C. Amount catalyst: 0.3 g. Feed: 3.6 ml/h 20
wt% aqueous glycerol vaporized in 12 ml/min Ar and 3 ml/min O2. Glycerol WHSV:
2.54 h�1. Small amounts of propionaldehyde and acetone were also formed.
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at 3732 and 3685 cm�1, which all are typical of the anatase phase
and attributed to Ti–OH groups in different coordination [82,83].
Surface modification with Nb- and W-oxides was observed to lead
to the almost complete disappearance of the OH bands of TiO2.

The spectrum in Fig. 11 of the Al2O3 support exhibits the typical
band pattern of transitional alumina. The two peaks at 3790
(shoulder) and 3770 cm�1 have been assigned to terminal OHs
linked to one tetrahedrally coordinated Al ion in either a non-va-
cant environment or near a cation vacancy, respectively [84]. A
strong band appears at 3723 cm�1, which is from terminal OHs
bonded to octahedrally coordinated Al ions, and the bands at
3675 and 3570 cm�1 have been assigned to bridging and residual
triply-bridging hydroxyl groups, respectively [84]. Similar to the
TiO2-supported catalysts, deposition of W- and Nb-oxide on the
Al2O3 surface strongly reduce the intensity of the hydroxyl bands
as illustrated in Fig. 11 by the spectrum for 0.5Nb0.5WAl, showing
that the OH features from Al2O3 have almost completely disap-
peared and are masked by a broad and weak absorption. Also,
deposition of niobia was found to give a similar spectrum.
The spectra of the SiO2-supported catalysts, which are exempli-
fied in Fig. 11 by the spectrum for 0.5Nb0.5WSi, show a main band
at 3750 cm�1 due to free silanol groups together with a broad
absorption at lower frequencies from OH groups interacting with
H-bonds [85]. Although more intense, the spectrum of the pure
support has identical spectral features.

3.7.2. Pyridine as a probe molecule for acidic sites
Infrared spectra recorded after adsorption of pyridine and sub-

sequent outgassing at 110 �C are displayed in Fig. 12 for the sup-
ports and some selected catalysts. The spectrum for the TiO2

support shows bands at 1605, 1574, 1490, and 1445 cm�1 from
pyridine adsorbed on Lewis acidic Ti ions [86]. On Al2O3, the
adsorption of pyridine gives rise to sharp bands at 1620–1614,
1577, 1492 and 1449 cm�1 from pyridine interacting with Lewis
acidic coordinatively unsaturated Al ions [84]. In case of SiO2, only
very weak bands appear, originating from adsorbed pyridine inter-
acting with the surface through H-bonds [85].

Deposition of W- and Nb-oxide on the supports generates
Brønsted acid sites, which fact is demonstrated by pyridine
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Fig. 10. Glycerol conversion (j) and selectivities to acrolein (d), acetaldehyde (N),
COx (h) and unknowns (s) as a function of time on stream (TOS) for (a)
0.5Nb0.5WAl and (b) 1WTi at 305 �C. Amount catalyst: 0.1 g. Feed: 3.6 ml/h 20
wt% aqueous glycerol vaporized in 12 ml/min Ar and 3 ml/min O2. Glycerol WHSV:
7.55 h�1. Small amounts of propionaldehyde and acetone were also formed.
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Fig. 11. FTIR spectra of the OH stretching region of the pure powder supports and
the supported 0.5Nb0.5W catalysts after outgassing for 30 min. The alumina and
silica samples were outgassed at 500 �C and the titania samples at 450 �C.
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recorded after adsorption of pyridine and subsequent outgassing at 110 �C. The
figure displays the spectra after subtraction of the spectrum for the heat-treated
sample.
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adsorption giving a typical band at 1540 cm�1. That band, which is
due to the 19-a ring vibrational mode of the pyridinium ion [87], is
clearly seen in the spectra for 0.5Nb0.5WTi and 0.5Nb0.5WAl in
Fig. 12. Although very weak, the same band can be distinguished
in the spectrum for 0.5Nb0.5WSi together with stronger bands
from adsorption at Lewis acidic sites, i.e., coordinatively unsatu-
rated W and Nb ions as well as residual support ions.

The concentrations of Lewis (LAS) and Brønsted (BAS) acidic
centers, which are given in Table 5, were calculated from the inten-
sities of the bands at �1450 and �1540 cm�1, respectively, follow-
ing the method reported by Emeis [54]. The data show that Al2O3

and TiO2 have rather similar concentrations of LAS, whereas SiO2

has no Lewis acidity. For the Al2O3- and TiO2-supported samples,
the concentration of LAS varies in a complex manner with the com-
position. Conversely, on SiO2, the deposition of NbOx and WOx

leads to the concentration of LAS increases. Moreover, besides Le-
wis acidity, the data in Table 5 show that the catalysts with Nb
and/or W, opposed to the bare supports, have Brønsted acid sites.
For all compositions, the concentration of BAS is higher for the
TiO2-supported catalysts than for the corresponding Al2O3-sup-



Table 5
Acidity of catalysts and supports.

Catalyst Concentration of LASa

(lmol/m2)
Concentration of BASb

(lmol/m2)

Al2O3600 2.56 0.00
1NbAl 2.69 0.23
1WAl 2.95 0.58
0.25Nb0.75WAl 2.16 0.22
0.5Nb0.5WAl 1.77 0.27
0.75Nb0.25WAl 2.11 0.29

SiO2600 0.00 0.00
1NbSi 0.43 0.14
1WSi 0.35 0.06
0.25Nb0.75WSi 0.41 0.08
0.5Nb0.5WSi 0.50 0.10
0.75Nb0.25WSi 0.65 0.16

TiO2450 2.92 0.00
1NbTi 2.27 0.33
1WTi 1.19 0.60
0.25Nb0.75WTi 1.62 1.01
0.5Nb0.5WTi 4.02 0.75
0.75Nb0.25WTi 2.07 0.53

a The concentration of Lewis acidic sites (LAS) as determined from the area of the
infrared band at �1450 cm�1 from adsorbed pyridine by using Emeis’ method [54].

b The concentration of Brønsted acid sites (BAS) as determined from the area of
the infrared band at �1540 cm�1 from adsorbed pyridine by using Emeis’ method
[54].
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Fig. 13. FTIR spectra of calcined TiO2, calcined Al2O3, and the 1WAl catalyst
recorded after adsorption of CO2 at room temperature and subsequent evacuation
for 30 min. The spectrum for the pure heat-treated solid and the contribution from
gaseous CO2 have been subtracted.
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ported samples and is the lowest for the SiO2-supported catalysts.
Compared with a monolayer loading of NbOx, the corresponding
loading of WOx has higher concentration of BAS when supported
on Al2O3 and TiO2, but lower concentration on SiO2. On Al2O3,
the compositions with both Nb and W have similar concentration
of BAS as 1NbAl. For the SiO2-supported samples, the concentration
of BAS increases with the Nb/W ratio of the sample. A symbiosis ef-
fect is observed for the TiO2-supported catalysts in that the prepa-
rations with both Nb and W have higher concentration of BAS than
that of a linear combination of the values for 1WTi and 1NbTi.
3.7.3. CO2 as a probe molecule for basic sites
CO2 can be used as a spectroscopic probe molecule for basic

sites, to which CO2 is chemisorbed in the form of carbonate and
bicarbonate species due to interaction with nucleophilic O2� and
hydroxyl centers, respectively, whereas the adsorption on non-ba-
sic surfaces is almost absent [88–90].

On the Al2O3 support, the adsorption of CO2 at room tempera-
ture yields the spectrum shown in Fig. 13. The main sharp bands
at 1652, 1448, and 1228 cm�1 are due to the vibrational modes
of HCO�3 species at the surface, while the weaker and broader
shoulder components above 1700 cm�1 and at 1600–1595 and
1477 cm�1 are assigned to carboxylate and carbonate species in
different coordinations [91]. The minor components at 1611,
1579, and 1334 cm�1 are also from adsorbed carbonate and car-
boxylate species. Nb- and W-oxide deposition dramatically re-
duces the intensity of the bicarbonate and carbonate bands,
which almost disappear as exemplified by the spectrum in
Fig. 13 for 1WAl. Thus, the deposition and interaction of NbOx

and WOx species with the support surface yield by far less basic
character to the surface. Moreover, CO2 on the Al2O3 support gives
also a sharp and strong band at 2356 cm�1, which is due to the
end-on linear form of CO2 coordinating to a Lewis acidic site
through an oxygen lone pair of electrons [92]. Also, that band is
slightly asymmetric, pointing to the existence of different types
of Lewis acid sites at the alumina surface. In the spectrum in
Fig. 13 for 1WAl, the band is clearly split, in which the appearance
is a further evidence for the deposition of WOx on the surface cre-
ating new Lewis acid sites of different strength.
Concerning the spectrum in Fig. 13 for the TiO2 support, it
shows a band at 1584 cm�1 from carbonate species and weak
bands from bicarbonate species at 1660, 1428, and 1222 cm�1

[91]. The TiO2-supported catalysts with Nb and W showed the
same bands, although strongly reduced in intensity, indicating that
the deposition of these elements decreases the basic character of
the surface. Similar to the Al2O3 support, the TiO2 support gives a
strong band (�2360 cm�1) from molecularly adsorbed CO2 coordi-
nating to Lewis acidic sites.

No evidence was observed of CO2 chemisorption on the SiO2

support and the SiO2-supported catalysts, confirming the covalent
nature of the Si–O, Nb–O, and W–O bonds.

4. Discussion

4.1. Nature, structure, and dispersion of the surface species

According to the XPS surface analysis data in Table 3, the dis-
persion of WOx and NbOx depends on the type of oxide support.
As indicated by the support metal contents, the coverage of the
support generally decreases in the order TiO2 > Al2O3 > SiO2. This
trend is also confirmed by the XRD patterns of the freshly prepared
catalysts in Figs. 1–3. In fact, as exemplified in Fig. 3, the samples
supported on TiO2 show the presence of neither crystalline
Nb2O5 nor WO3. The good dispersion on TiO2 is also supported
by the fact that the surface of titania appears to be highly dehydr-
oxylated after metal oxide deposition, as exemplified by the spec-
trum for 0.5Nb0.5WTi in Fig. 11. Moreover, in agreement with
previous observations for WOx/TiO2 [93,94], the data in Table 1
on the surface areas in m2/g support show that the deposition of
W- and Nb-oxide on the TiO2 surface reduces the tendency during
calcination toward sintering compared to the pure support, an
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observation that is an indirect support for the dispersion of the ac-
tive species being good on titania. On alumina, monoclinic WO3 is
detected by XRD only at the highest W loading, whereas no crystal-
line Nb2O5 polymorph is detected even at high Nb-loadings (see
Fig. 1). Also, the Al2O3 surface seems to be almost completely dehy-
droxylated after metal oxide deposition as emphasized in Fig. 11.
However, the XPS data in Table 3 for the 1W- and 1Nb-samples
indicate that NbOx and WOx are slightly less dispersed on Al2O3

than on TiO2, whereas rather the opposite trend is noticed for
the mixed samples. Regarding the preparations on Al2O3, the XRDs
in Fig. 1 possibly indicate the formation of some WO2.92 in the
mixed Nb–W-oxide samples. WO2.92 or W25O73 is a structure with
crystallographic shear planes and tungsten in octahedral coordina-
tion [95]. The presence of tungsten in a reduced oxidation state in
our catalysts can be ruled out, because the samples have been cal-
cined in air at relatively high temperature (600 �C). Therefore, con-
sidering that the ionic radii of W6+ and Nb5+ in octahedral
coordination are 0.74 and 0.78 Å, respectively, it can be suggested
that the WO2.92 phase in the catalysts has some Nb substituted for
W, giving the composition W(VI)0.84Nb(V)0.16O2.92. For the prepara-
tions on SiO2, the XRDs in Fig. 2 show extensive formation of
monoclinic WO3 and orthorhombic Nb2O5 in agreement with the
XPS results in Table 3, showing for Nb- and W-oxide lower degree
of dispersion on SiO2 than on TiO2 and Al2O3. These results agree
with the infrared spectra of the OH region in Fig. 11, displaying
identical spectral features for calcined SiO2 and the 0.5Nb0.5WSi
catalyst, although somewhat less intense for the latter. The small
difference in intensity indicates that only a part of the silanol
groups has been involved in grafting of surface oxide species.

In agreement with the XRD and XPS results, showing that niobia
and tungsten oxide are effectively dispersed over the Al2O3 and
TiO2 surfaces, are the results on CO2 adsorption. These data show
that the bands from carbonate and bicarbonate species on the bare
Al2O3 and TiO2 surfaces are almost absent after deposition of
monolayer loadings of Nb- and W-oxides at the surfaces (see Sec-
tion 3.7.3. and Fig. 13). This observation indicates that nucleophilic
oxide and hydroxide species at the surface are involved in the
bonding to Nb- and W-oxide species, thus losing their basicity. A
direct evidence for the existence of surface WOx and NbOx species
on Al2O3 and TiO2 interacting with the support are the Raman
spectra in Figs. 4 and 6, respectively, showing bands from hydrated
polytungstate (970–980 cm�1) [56,62,70,71] and hydrated niobia
(910 cm�1) [66,68,69] surface species. Although the XRDs in
Fig. 2 and the XPS quantifications in Table 3 confirm extensive for-
mation of bulk WO3 and Nb2O5 phases on SiO2, the Raman spectra
in Fig. 5 show some formation of hydrated polytungstate species
(957 cm�1). Additionally, in the spectra for 1NbSi and the NbWOx/
SiO2 samples, there is a band showing a continuous shift from
720 cm�1 to 760 cm�1 with decreasing Nb-content from 1NbSi to
0.25Nb0.75WSi. Moreover, the band is most intense for the compo-
sition for 0.5Nb0.5WSi. Consulting the literature on silica-sup-
ported niobia [96,97], no clear assignment of the band can be
made. As the band is complex and the intensity is dependent on
the W-content of the sample, the band can be proposed to origi-
nate from niobia surface species interacting with adjacent WOx

moieties in different configurations.
Comparing with reference compounds, the pre-edge features of

the Nb K- and W L1-edge XANES spectra in Fig. 7 indicate that both
Nb and W on the catalysts are in distorted octahedral environ-
ments. However, since the spectra give the average coordination
of the atoms, it cannot be excluded that the additional coordina-
tion can prevail. In particular, the spectra for 1WAl and 1WTi show
a slightly more distinct pre-peak compared to 1WSi and the WO3

reference, indicating the possible presence of some WO4 tetrahe-
dral and WO5 square pyramidal units in addition to the hydrated
octahedral units [79,80,98]. Both the main-edge position in XANES
and the XPS data in Table 2 clearly agree with Nb and W being in
their highest oxidation states.

The total loading of W- and Nb-oxide on the supported catalysts
was 11.6 lmol/m2 surface area of support, corresponding to
7.0 atoms/nm2 (Table S1). In case of titania, we found the forma-
tion of neither WO3 nor Nb2O5, indicating complete dispersion on
the support. Our finding here is in agreement with the values given
in the literature on the monolayer capacities for WOx/TiO2 and
NbOx/TiO2, which have been reported to be in the range 4.1–
7.5 W atoms/nm2 [71,94,99,100] and 6.8 Nb atoms/nm2 [69],
respectively. For the Al2O3-supported samples, the XRDs in Fig. 1
show some formation of crystalline WO3 in 1WAl, whereas for
1NbAl, there are no peaks from crystalline niobia. This difference
between the elements agrees with previous findings that the
monolayer capacities on Al2O3 are 5.9 and 5 atoms/nm2 for niobia
[69] and tungsten oxide [101], respectively. For the silica-sup-
ported catalysts, the XRDs in Fig. 2 and the XPS data in Table 3
show that the dispersion of niobia and tungsten oxide is low on
this support, which is in correspondence with the monolayer
capacities being reported to be about 0.5 atoms/nm2 for both tung-
sten oxide [56] and niobia [69] on silica.

Our results showing that the dispersion and the monolayer
capacity for niobia and tungsten oxide differ on the three supports
can be explained on the basis of the isoelectric point of the support,
the pH of the aqueous solution containing the salt of the active me-
tal, and the charge of the ion to be adsorbed [102]. The supports in
the present study h-Al2O3, SiO2, and TiO2-anatase have isoelectric
points of about 8, 2 and 6, respectively [103], and the aqueous solu-
tions being used for impregnation of the supports with dissolved
W and/or Nb salts were measured to be slightly acidic (pH �4–
5). Thus, one can expect in these solutions that the surfaces of
Al2O3 and TiO2 are positively charged, whereas the SiO2 surface
is negatively charged. In acidic aqueous solutions, the tungsten
[104] and niobium [105] species are in the form of polyoxo anions.
Thus, it can be expected that the Al2O3 and TiO2 surfaces interact
far better than the SiO2 surface with the anionic W- and Nb-spe-
cies, resulting in better dispersion and coverage on the former
two supports. Besides the electrostatic effects in solution, also
the nature of the OH surface groups of the oxide support has to
be considered. In fact, OH groups may act as anchoring sites for ac-
tive metal oxide species during the impregnation procedure. In this
context, the behavior of Al2O3 and TiO2 is quite different from that
of SiO2. Due to the highly ionic character of the first two supports
[106], the OH groups here are located in close proximity to Lewis
acid cations and active O2� anions. These structures may act syner-
getically as grafting sites for surface oxide species. In this regard,
the behavior of SiO2 is different due to its covalent character, which
gives rise to mostly isolated or few clustered silanol groups on an
essentially inert surface, resulting in poor dispersion of the sup-
ported oxide phases.

4.2. Catalytic performance and role of acidity

Of the investigated catalysts, the Al2O3-supported ones are gen-
erally the best (Table 4), where the samples with tungsten give
selectivities and yields to acrolein of about 67–72% at high glycerol
conversion. For these samples, the carbon balance is around 80–
90%. The corresponding compositions supported on TiO2 generally
are the second best, giving selectivities and yields to acrolein in the
range 55–66%. Irrespective of the support, all samples with mono-
layer loading of niobia show similar selectivity to acrolein (55–
60%). Our catalytic results are in general agreement with previ-
ously reported data for similar systems, of which there are only a
few studies in the literature. Shiju et al. [45] studied the effect of
loading and calcination temperature on the catalytic performance
of silica-supported niobia catalysts and report a selectivity to
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acrolein of �65% at high conversion of glycerol. In another study,
Ulgen and Hoelderich [40] screened different types of titania as
catalyst support for WO3 in glycerol dehydration. Under anaerobic
conditions, the samples gave selectivities to acrolein around 75% at
glycerol conversions in the range 76–89%. To the best of our knowl-
edge, so far no studies have been reported dealing with Al2O3-sup-
ported Nb- and W-oxides for glycerol dehydration to produce
acrolein. In a previous study, we used monoclinic ZrO2 as a support
for niobia and tungsten oxide [41]. Compared with the present
Al2O3- and TiO2-supported samples, the corresponding composi-
tions on monoclinic ZrO2 in most cases show slightly better perfor-
mance with selectivities and yields to acrolein close to 75% and a
carbon balance in the range 85–90%.

As can be seen in Table 4, all catalysts that were screened for
glycerol dehydration exhibit nearly full conversion apart from
SiO2600, 1WSi, and 1NbSi. In particular, SiO2 shows almost no
activity yielding mainly COx. According to the XPS data in Table 3,
1WSi and 1NbSi exhibit the lowest dispersion of active metal
among the supported catalysts, explaining their reduced activity.
In previous studies [24,33,41,107–109], a dependence of the cata-
lytic activity on the total number of acidic sites has been pointed
out. In this respect, our data in Tables 4 and 5 give no clear support.
Although the total concentration of acidic sites (LAS + BAS) is the
lowest for silica and the silica-supported samples, the data in Ta-
ble 5 show no significant difference between the less active 1NbSi
and 1WSi and the more active NbWOx/SiO2 samples. Obviously, be-
sides acidity, also structure and interaction of niobia and tungsten
oxide with the support are important.

All the supported catalysts give acrolein as a main reaction
product, whose selectivity depends on the type of support
(Table 4). In the literature, there is general agreement that
Brønsted acid sites (BAS) are involved in the reaction pathway
leading to acrolein formation from glycerol on acidic catalysts
[16,25,30,37,41,43,46,109,110]. In Fig. 14, the acrolein selectivities
for the supported catalysts and the silica support are plotted
against the concentration of Brønsted acid sites (Table 5). Clearly,
the sigmoidal trend indicates that the selectivity to acrolein in-
creases with the increasing amount of BAS until leveling off. It is
worth emphasizing that the values for the calcined alumina and
titania supports are not included in Fig. 14. In fact, in agreement
with previous reports [27,28], these supports show appreciable
selectivity to acrolein (Table 4) even without exhibiting any
Brønsted acidity (Table 5 and Fig. 12). This observation can be ex-
plained by a certain amount of the Lewis acid sites (LAS) on these
supports (Table 5) being converted into BASs at the reaction condi-
tions by interacting with the steam present in the system [25,35].
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Fig. 14. Plot of the selectivity to acrolein vs. the concentration of Brønsted acid sites
for the Al2O3-, SiO2-, and TiO2-supported catalysts and the SiO2 support. The values
plotted are from Tables 4 and 5 but do not include the data for the Al2O3 and TiO2

supports as explained in Section 4.2.
Under anaerobic conditions, the major by-product detected
over the Al2O3- and SiO2-supported catalysts is hydroxyacetone
with selectivities in the range 8–18% and 4–8%, respectively (Ta-
ble 4). Over the TiO2-supported catalysts, on the contrary, only
traces of hydroxyacetone are formed. Several works suggest that
the undesired conversion of glycerol into hydroxyacetone occurs
over basic sites [39,40,46,107,111,112]. This assumption, however,
is in disagreement with our results since hydroxyacetone is de-
tected over all Al2O3- and SiO2-supported catalysts as the data in
Table 4 show. Among these samples, only Al2O3600 and TiO2450
exhibit basic sites, as exemplified in Fig. 13 (see Section 3.7.3.).
Hence, we have reasons to believe that the monodehydration of
glycerol leading to the formation of hydroxyacetone is catalyzed
by Lewis acid sites, as has been proposed in earlier investigations
[25,113]. In fact, as shown in Fig. 15, the selectivity to hydroxyac-
etone correlates quite well with the concentration of LAS, although
some values are slightly scattered. Also, the same correlation is
true for the corresponding yield, considering that the selectivity
values in Table 4 are for the almost complete conversion of glyc-
erol. It is worth mentioning that the values for the TiO2-supported
catalysts are not included in Fig. 15. The reason is that these sam-
ples, although exhibiting appreciable concentrations of LAS (Ta-
ble 5), they give very low selectivities to hydroxyacetone
(Table 4). This seemingly anomalous behavior can be related to
the by-product distribution being different on the various sup-
ports. The data in Table 4 show that the TiO2-supported samples,
compared with the Al2O3- and SiO2-supported samples, give more
propionaldehyde, acetone, CO and in a few cases acetaldehyde.
Apparently, the difference in product distribution suggests that
the niobia and tungsten oxide species on titania are more active
than the corresponding species on Al2O3 and SiO2 for the further
transformation of hydroxyacetone to acetone and CO. In fact, it
has been demonstrated that hydroxyacetone may produce not only
acetone and CO but also acetaldehyde, propionaldehyde, and acetic
acid [46]. In the present study, however, we did not detect any for-
mation of acetic acid. Thus, our results infer that TiO2, compared
with Al2O3 and SiO2, give enhanced redox capability to supported
tungsten and niobium oxide species. In fact, it has been observed
in TPR experiments that supported WOx is reduced at lower tem-
perature on TiO2 (>380 �C) [114] than on Al2O3 (>600 �C) [115]
and SiO2 (>630 �C) [116].
4.3. Catalyst deactivation

It is well known that deactivation of the catalyst takes place in
glycerol dehydration over essentially all types of catalysts [1,2,16–
18,20–26,28,30–32,34,37–41,43–50,108,109,117], which is in
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sites for the Al2O3- and SiO2-supported catalysts. The values are from Tables 4 and
5.
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agreement with the present results in Figs. 8–10. In the literature,
the deactivation has been ascribed to the adsorption of heavy com-
pounds and the formation of coke at the catalyst surface
[2,14,17,20,21,27,28,41,43,44]. Elemental analysis of the deposit
formed on niobia gave the H/C ratio 0.50–0.53 [43], and dissolution
in dimethyl sulfoxide of the deposit from a vanadium phosphate
catalyst gave mass fragments in the range 200–500 amu on a mass
spectrometer [50]. These results confirm that a substantial amount
of the deposit is in the form of carbonaceous species. In the present
study, the formation of deactivating species is further confirmed by
the change in the pore properties for all the catalysts, as shown in
Table 1 comparing the data for freshly prepared with used samples.
Another support is the fact that the carbon balances listed in Ta-
ble 4 are incomplete. In particular, for the bare Al2O3 and TiO2 sup-
ports, the poor mass balances may to some extent be attributed to
the formation of condensation products. As shown in Fig. 13, the
Al2O3 and TiO2 supports exhibit basic sites, which may catalyze
the formation of polyglycerols [24,44,118] and other high-boiling
compounds responsible for deactivation [119]. The improved car-
bon balance for the Al2O3- and TiO2-supported catalysts may be as-
cribed to the suppression of basic sites, as exemplified in Fig. 13
(see Section 3.7.3.), and to the formation of Brønsted acid sites (Ta-
ble 5 and Fig. 12), being selective for acrolein formation (Fig. 14).
For these catalysts, and also the SiO2-supported ones, it is reason-
able to assume that the missing carbon belongs to compounds,
which may derive from side-reactions of acrolein [25,27,37]. How-
ever, a contribution from consecutive reactions of other products,
such as hydroxyacetone, cannot be ruled out [19,25,32].

The deactivation behaviors for 0.5Nb0.5WAl and 1WTi under
anaerobic conditions are depicted in Fig. 8. These catalysts were se-
lected for stability testing since they according to the data in Ta-
ble 4 gave the best performance to acrolein among the Al2O3-
and TiO2-supported catalysts, respectively. Comparing the data in
Table 1 for the supported catalysts before and after use in glycerol
dehydration, it is seen for the preparations on Al2O3 that the sur-
face area, the pore size, and the pore volume all show a relatively
modest decrease. For the TiO2-supported catalysts, on the other
hand, the data show that both the surface area and the pore vol-
ume have decreased considerably, whereas the pore size has in-
creased somewhat. The different behaviors of the catalysts on the
two supports indicate two different types of deactivation. For the
Al2O3-supported samples, the changes in textural properties
including the decreasing pore size imply that heavy compounds
and coke molecules are deposited on the pore walls (site blocking).
On the contrary, the changes occurring for the titania-supported
samples showing some increase in the measured pore size is a
clear signal that smaller pores are totally blocked (pore blocking).
The corresponding changes for the SiO2-supported catalysts sug-
gest that deactivation occurs by both mechanisms.

The performances of 0.5Nb0.5WAl and 1WTi with time on
stream under aerobic conditions are displayed in Figs. 9 and 10. Ex-
cept for the oxygen pressure, the data in Fig. 9 are for the same
reaction conditions and space velocity (WHSV = 2.54 h�1) as the
corresponding data in Fig. 8 for anaerobic conditions. A comparison
of the time on stream behaviors clearly reveals that the catalysts
are more stable when co-feeding oxygen with glycerol. Moreover,
the selectivity to acrolein over 0.5Nb0.5WAl is slightly lower
�68% under aerobic conditions compared to the value �74% for
anaerobic conditions, whereas 1WTi shows an opposite behavior.
In the absence of oxygen, the selectivity decreases during use in
the reaction (20 h) from 72% to 55%, whereas under aerobic condi-
tions, the selectivity and the yield to acrolein increase up to 80%.
Also, in our previous study of zirconia-supported NbOx and WOx,
we observed that oxygen addition gives improved stability to the
catalyst; however, in that case, oxygen did not affect much the
selectivity to acrolein [41]. Opposed to the present results, in a
previous study of WO3 on TiO2, addition of oxygen was observed
to give a minor decrease in the selectivity to acrolein [40], whereas
the opposite effect was observed for WO3 on ZrO2 [39]. The reason
for the catalyst being more stable in the presence of oxygen is that
oxygen improves the regeneration of active sites by reacting with
coke precursors and heavy compounds to give COx [41]. In fact,
comparing Figs. 8 and 9, it is seen that an oxidative atmosphere
produces more COx and reduces the formation of heavy com-
pounds. The latter species possibly account for most of the uniden-
tified products.

To judge the stability of the catalysts under aerobic conditions,
the data in Fig. 9 cannot be used since they are for almost full con-
version (low space velocity). In this regard, the performances in
Fig. 10 for a higher space velocity are more appropriate. Here, we
can see that some deactivation of the catalysts occurs also under
aerobic conditions. The stability of the two catalysts 0.5Nb0.5WAl
and 1WTi under anaerobic and aerobic conditions cannot be com-
pared simply by considering the conversion changes in Figs. 8 and
10, respectively, since the data are for different space velocities and
conversion levels. Therefore, rate constants were calculated
assuming a first order rate dependence on glycerol since water is
present in excess, which also gives approximately equimolar con-
ditions. The ratio k20/k4 between the rate constant after 20 h reac-
tion (k20) and the corresponding constant for 4 h reaction (k4) is
0.135 and 0.0176 for 0.5Nb0.5WAl and 1WTi, respectively, as cal-
culated from the data in Fig. 8a and b, respectively. For aerobic con-
ditions, the data in Fig. 10 give the k20/k4 ratios 0.328 and 0.485 for
0.5Nb0.5WAl and 1WTi, respectively. Thus, comparing the k20/k4

ratios and the catalytic performances in Figs. 8–10 shows in the ab-
sence of oxygen that 0.5Nb0.5WAl is both the most stable and the
best performing catalyst with selectivity to acrolein of about 74%.
Conversely, under aerobic conditions, 1WTi is the most stable
and best performing catalyst giving selectivity to acrolein in the
range 75–80%. The better stability in the presence of oxygen of
1WTi (Fig. 10b) compared to 0.5Nb0.5WAl (Fig. 10a) agrees with
the amount of unidentified products including coke and coke pre-
cursors being the lowest over the former catalyst, giving improved
selectivity to acrolein.
5. Conclusions

Catalysts with theoretical monolayer loadings of niobium and
tungsten oxides on Al2O3 and TiO2 are active and selective for
the dehydration of glycerol to form acrolein, whereas the corre-
sponding SiO2-supported compositions are less selective.

The Al2O3 and TiO2 catalyst surfaces exhibit dispersed niobate
and tungstate structures. Conversely, predominantly crystalline
bulk WO3 and Nb2O5 phases form on the SiO2 surface.

All catalysts deactivate with time on stream. However, the
deactivation process is considerably reduced when adding oxygen
to the feed, mainly because the formation of coke precursors and
heavy compounds is reduced.

The selectivities to acrolein and hydroxyacetone correlate with
the presence of Brønsted and Lewis acidic sites, respectively.

Under anaerobic conditions, an Al2O3-supported catalyst with
equimolar amounts of niobia and tungsten oxide is the best per-
forming with a selectivity to acrolein above 70% at full conversion
of glycerol. When there is oxygen in the feed, a TiO2-supported
tungsten oxide shows excellent performance, giving a selectivity
to acrolein around 80% at high glycerol conversion.
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