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ABSTRACT
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One-step non-hydrolytic sol-gel (NHSG) route is presented as a powerful method to prepare highly effec-
tive alkene metathesis catalysts. Tungsten-based catalysts are the industrially relevant system and are
prepared for the first time using NHSG. The catalysts were characterized by N,-physisorption, XRD,
NH;-TPD, NH3-chemisorption, XPS, TPR, ICP-AES and evaluated in the cross-metathesis of ethene and
trans-2-butene to propene. These new catalysts are systematically compared with reference catalysts
prepared by impregnation methods on 2 commercial supports (silica and silica-alumina). NHSG catalysts
markedly outcompete reference impregnated catalysts in terms of conversion, selectivity and stability.
Characterization results show that the texture, tungsten dispersion, reducibility and surface acidity of the
NHSG catalysts depend strongly on their composition. This in turn can be correlated with the catalytic
performance.

Non-aqueous sol-gel
Mesoporous mixed oxides

© 2014 Elsevier B.V. All rights reserved.

1. Introduction

Propene is a major bulk chemical for the industry, as it is used
as raw material for a wide variety of products such as polypro-
pylene, acrylonitrile, propene oxide, etc. The majority of propene
is obtained from steam crackers and fluid catalytic cracking units
as a co-product and it is also produced marginally via propane
dehydrogenation and methanol to olefin conversion [1]. Because
propene demand is forecasted to increase faster than the supply,
alternative production routes are sought for. Metathesis of ethene
and 2-butene is an attractive alternative route to produce propene
because it uses relatively cheap and abundant olefins to produce
another more valuable olefin. First exploited by Phillips in the
so-called “Phillips Triolefin Process” [2], the metathesis of light
alkenes is now an important industrial process for the production
of propene [3].

The most successful heterogeneous catalysts are based on sup-
ported W [4-7], Mo [8-10] and Re [11-14] oxides. Among them,
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tungsten-based catalysts are attractive because they are toler-
ant towards the impurities found in the industrial feed streams
(thus affording long lifetime) [15,16]. Various supports have
been studied, including alumina [17,18], silica [7,19,20], silica-
alumina [4,19], silica-titania [21,22] and mesoporous molecular
sieves [23]. It must be noticed that excellent performance was
recently demonstrated with alumina supported tungsten hydride
catalysts [24,25].

The molecular structure of supported tungsten oxide is obvi-
ously dependent on the nature of the support [26]. It has been
confirmed that crystalline W03 is not active for metathesis [27-29].
Only amorphous tungsten oxide species exhibit metathesis activity
and it has been shown that high dispersion is a prerequisite for
high activity [4,17]. WO3/SiO, is known to be active and stable
at relatively high temperature (300-500°C). It is not possible to
boost further the activity at higher temperature, for isomerization
and cracking reactions would also be further favoured [30]. Silica
is a barely acidic support, so the interactions between WOy surface
species and silica are weak and lead to the formation of condensed
species that are inactive. Alumina supports exhibit strong acid sites
which can promote the dispersion of WOy surface species but also
lead to too higher isomerization activity and thus poor metathesis
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performance. Accordingly, mixed silica-alumina supports have
been investigated in a search for better dispersion, reducibility,
acidity [4,31]. In the present study, both silica and silica-alumina
supported systems will be studied.

Classically, WO3-based catalysts are prepared by impregnation
methods [32]. A support is prepared first, and then a W precursor
is deposited by impregnation. The solvent is then eliminated by fil-
tration or evaporation and the catalyst is dried and calcined. This
multi-step method can present several limitations: inhomogeneity
of the deposit, pore plugging, genesis of inactive species (crystals),
etc. Even if metathesis activity can be improved by controlling
activation procedure or reaction conditions (e.g. composition and
purity of the olefin feed) it is now undeniable that the catalyst
preparation itself is responsible for most of the performance limita-
tions [5,8]. Therefore more innovative routes are being investigated
with the aim to better control the formation of tungsten surface
species and in turn to improve the intrinsic activity of the catalysts
[6,31].

Sol-gel chemistry is a powerful tool for the design of oxides and
mixed oxides [33,34]. However, the preparation of elaborate cat-
alysts involving an active oxide phase dispersed at the surface of
a mixed oxide support remains a challenge. While conventional
hydrolytic sol-gel routes [35] often require complicated procedures
(multi-step methods, precursor reactivity modification, supercrit-
ical drying, use of a templating agent, etc.) non-hydrolytic routes
[36] have recently emerged as a decisive method for catalyst prepa-
ration. A recent review [37] describes the different non-hydrolytic
routes in details and presents a comprehensive overview of the
different kind of catalysts that can be prepared: mixed oxides, crys-
talline nanoparticles, single site catalysts, etc.

Non-hydrolytic routes based on the reaction of chloride precur-
sors with alkoxide precursors or diisopropyl ether were shown to
provide an excellent control over the stoichiometry and the homo-
geneity of mixed oxide gels [38]. Owing to the generally high degree
of condensation of non-hydrolytic gels, mesoporous xerogels with
high surface area and pore volume can be obtained by simple evap-
orative drying and without templating agent. Accordingly, these
nonhydrolytic routes are attracting increasing attention for the
preparation of mixed oxide catalysts [39-45]. This route has been
proposed for the preparation of Mo- and Re-based metathesis cat-
alysts [13,46-48]. In general the metathesis catalysts prepared by
NHSG exhibited high surface area, large pore volume, large meso-
pores, and high dispersion of the active oxide. Nevertheless, Mo-
and Re-based catalysts - either made by impregnation of NHSG -
tend to suffer from relatively fast deactivation.

In the present paper we describe the first one-step NHSG prepa-
ration of the industrially relevant WO3-SiO, metathesis catalysts.
The WO3 loading is varied in a systematic way. We also turn our
attention toward ternary WO3-SiO,-Al,03 formulation, assessing
the effect of alumina addition. The new catalysts were tested in the
cross-metathesis of ethene and trans-2-butene and they were char-
acterized by N,-physisorption, XRD, NH;-TPD, NH3-chemisorption,
Raman spectroscopy, XPS, TPR and ICP-AES. Two catalysts prepared
by incipient wetness impregnation of commercial silica and silica-
alumina supports are used as benchmarks.

2. Experimentals
2.1. Preparation of the catalysts

The non-hydrolytic sol-gel syntheses [37] were performed
under an argon atmosphere using a glove box. SiCl4 (Alfa Aesar,
99.9%), AlCl3 (Alfa Aesar, 99.9%), and WClg (Alfa Aesar, 99.5%) were
used as received. Diisopropyl ether (‘Pr,0) was purchased from
Aldrich with 99% purity and was further dried by distillation over

a sodium wire. The catalysts were prepared in 80 ml autoclaves
as to obtain 2 g of mixed oxide. The catalysts were prepared by
reaction of the chloride precursors with a stoichiometric amount
of iPr,0: the number of moles of {Pr,0 was calculated so that the
number of 'Pr groups in {Pr,0 was equal to the total number of Cl
groups in the precursors. The requested quantity of chloride precur-
sors were introduced first in the autoclave, then ‘Pr,0 was added.
Finally, the solvent (20 ml of CH,Cl, ) was introduced. The solution
obtained was heated at 110°C for 4 days under autogeneous pres-
sure (ca. 0.7 MPa). After cooling down to room temperature, the gel
was washed with CH,Cl, 3 times (75 ml) and dried at 20°C under
vacuum (10Pa) for 1 h and then at 120°C for 4 h. The xerogel was
then crushed in a mortar and calcined in a muffle oven for 5h at
500°C (heating rate 10°C/min). The catalysts are labelled “xWSi”
or “xWSiyAl” where x represents the nominal W03 loading (wt.%)
and y is the nominal Al,03 loading (wt.%).

The reference catalysts were prepared by an incipient wet-
ness impregnation method (IW) using an aqueous solution of
ammonium metatungstate hydrate (99.9%, Aldrich) as the tung-
sten precursor. The nominal WO5 loading was 10 wt. %. Commercial
SiO, (99.9% grade 646, Aldrich) and SiO,-Al,03 (99.9% grade 135,
13 wt.% alumina, Aldrich) were employed as catalyst supports. After
impregnation, the catalysts were dried at 110 °C overnight followed
by calcination. These samples are labelled 10W-Imp-Si and 10W-
Imp-SiAl.

2.2. Characterization of the catalysts

The weight percentages of W, Si, and Al were measured by
inductively coupled plasma-atomic emission spectroscopy (ICP-
AES) on a ICP AES 6500 from Thermo Scientific. The materials were
dried at 378 K prior to measurements.

N, physisorption measurements were performed at —196°C
on a Micromeritics Tristar. The samples were outgassed at 150°C
under vacuum (5Pa) overnight. Specific surface area (Sggr) was
determined by the BET method. Mean pore size was derived by
using the formula 4V, /Sggr.

Powder X-ray diffraction (XRD) diffractograms of all catalysts
were obtained with a SIEMENS D5000 X-ray diffractometer using
CuKa radiation in the 26 range of 5-75 degrees.

NHs-temperature programmed desorption (TPD) and NHs-
chemisorption were used to characterize the surface acidity.
Ammonia chemisorption on fresh catalysts was determined vol-
umetrically using the Micromeritics ASAP2010 Chem apparatus,
as described in details elsewhere [49]. Briefly, in a typical exper-
iment, 100 mg of the catalyst was placed in a U-shaped sample
tube, flushed under a He flow at 300°C for 2h and then evacu-
ated at 50 °C for 2 h down to a residual pressure lower than 0.66 Pa.
The first NH3 adsorption isotherm was measured at 50°C. Then
the sample was evacuated at the same temperature and down to
<0.66 Pa again. Subsequently, a second NH3 adsorption isotherm
was taken. The difference between the two isotherms represents
the amount of NH3 still chemisorbed on the sample after evacua-
tion at 50°C and under vacuum (<0.66 Pa). Expressed in terms of
cm?3 of chemisorbed NH3 per gram of catalyst, this value is then nor-
malized by the specific surface area of the sample, to give its “total
surface acidity”. The same experiment is carried out a second time
(on a fresh sample), also taking the two consecutive isotherms at
50 °C but the intermediate evacuation down to <0.66 Pa pressure is
run at 150°C. The difference between the two isotherms gives the
amount of NH3 still chemisorbed on the sample after evacuation
at 150°C and under vacuum, which is also normalized by the spe-
cific surface area to give the “strong surface acidity” of the sample.
The standard deviation for each reported value is lower than 10%
in relative.
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NH3-TPD measurements were carried out in a quartz reactor on
a Hiden Analytical Catlab-PCS. The sample (100 mg) was preheated
in helium at 300°C for 60 min with heating rate of 10°C/min. NH3
adsorption was done at 50°Cina 5% NHs/He (20 ml/min) for 30 min.
Physisorbed NH3 was removed by purging with helium at 50 °C for
40 min (50 ml/min). Chemisorbed NH3 was then desorbed by heat-
ing the sample from 50 to 600 °C with ramping rate of 15°C/min,
to yield the TPD profile (NH3 signal detected at the MS).

Temperature programmed reduction (TPR) under H, was car-
ried out in the same apparatus. Prior to these measurements, the
sample is pretreated with a N, flow for 1 h at 500°C (50 ml/min),
and then cooled down to 50°C in a N, flow (50 ml/min). A 5%
H, /N, flow (40 ml/min) was then admitted through the reactor
and the catalyst was heated from 50 to 950 °C with a heating rate
of 10°C/min. The H; consumption and the water production were
measured by MS.

X-ray photoelectron spectroscopy (XPS) was performed on
a SSI-X-probe (SSX-100/206) spectrometer equipped with a
monochromatized microfocused Al Ko X-ray source, operating
at 10kV and 12mA. After outgassing under vacuum (103 Pa)
overnight, the samples were placed in the analysis chamber where
the residual pressure was of about 10~ Pa. The charging effects
were compensated using a flood gun energy at 8eV and a fine-
meshed nickel grid placed 3 mm above the sample surface. The pass
energy was 150eV and the spot size was 1000 .m, leading to an
energy resolution of 1.6 eV. The angle between the normal to the
sample surface and the direction of electron collection was 55°. All
the binding energies were referenced to the Si 2p peak at 103.5eV.
The following sequence of spectra was recorded: survey spectrum,
C1s,01s,Si2p, Al 2p, W 4d, Cl 2p and C1s again to check for charge
stability as a function of time and for the absence of degradation
of the sample during the analyses. The binding energy (BE) values
were referred to the Si 2p peak fixed at 103.4 eV as recommended
for samples with changing composition [50].

Raman spectra were recorded at room temperature on a Thermo
Scientifi DXR Raman microscope using the 780nm laser with
14mW power. The resolution was 4cm~!. Acquisition time was
10s, and 100 scans were recorded and averaged for each sample.

2.3. Cross-metathesis reaction

The catalyst (1 g) was placed at the centre of stainless steel tubu-
lar reactor having an inner diameter (ID) of 7.5 mm and mounted
with a type K thermocouple. It was then pretreated at tempera-
ture not greater than 600 °C under nitrogen flow for 1 h and cooled
down to the reaction temperature of 450°C before the reactant
feed was admitted. The reactant feed consisted in the mixture of
2% trans-2-butene and 4% ethene balanced with N,. The reaction
conditions were as follows: pressure =0.1 MPa, the total flow rate

was 20cm3 min~!, and 10h on stream. The composition of prod-
ucts and feed stream were analyzed by a Shimadzu GC-2014 gas
chromatograph equipped with a column of packed 10% silicone SE-
30 (3.02 m with 0.53 mm ID) and a flame ionization detector using
nitrogen as the carrier gas (5 ml/min).

The conversion of trans-2-butene (Eq. 1), the propene selectiv-
ity (Eq. 2) and the propene yield (Eq. 3) are calculated using the
following equations:

Trans-2-butene conversion(%)

(mol trans-2-buteneyy — mol trans-2-butenegyr)

=100
x mol trans-2-butenepy

(1)

mol propenegyr

P lectivity(%) = 100 2
ropene selectivity(%) " mol total productsgyr 2)
Propene yield(%) = trans-2-butene conversion

x propene selectivity (3)

The catalytic test was duplicated on 10W-Imp-Si catalyst and
the experimental variation was below 1% and below 5% for conver-
sion and selectivity, respectively.

3. Results and discussion
3.1. Composition, texture and crystallinity

Four binary formulations (W03-SiO, ) were prepared with 5, 10,
15 or 20 wt.% of W03 in nominal. Similarly, four ternary formula-
tions (W03-Si0,-Al,03) were prepared with 10 wt.% of WO3 and 5,
10, 15 or 20 wt.% of Al; O3 in nominal. The tungsten and aluminium
contents have been checked by ICP-AES. Table 1 shows that experi-
mental weight content corresponds well to theoretical content and
thus that NHSG provides a good control over the final composition
of the mixed oxides.

Analysis of their texture shows that all samples were meso-
porous, with N, adsorption-desorption isotherms of type IV (Fig. 1).
The sol-gel samples had specific surface areas ranging between 560
to 750 m2g-! and average pore diameters ranging between 3.5
and 9.9 nm depending on the composition (Table 1). The texture of
binary WO5-SiO; catalysts was not markedly affected by changing
the WO3 loading, even if a slight increase in average pore diam-
eter is observed with increasing WO3 loading. Pore diameter and
pore volume were larger in the silica-alumina-based catalysts. At
high alumina content, the specific surface area decreases slightly.
Briefly said, all NHSG samples exhibit a mesoporous texture with
large specific surface area, pore diameter and pore volume.

Table 1

WOs; loading measured by ICP-AES and textural properties of the studied samples.
Catalysts WOs3 (wt %)? Al, 03 (wt %)? Sper (m2g~1) Vp (cm3g1) Dp (nm)
Silica - - 290 1.2 11.5
Silica-Alumina - nm 480 0.7 5.9
5WSi 5.1 - 750 0.7 3.5
10WSi 109 - 750 0.8 4.2
15WSi 17.5 - 780 1.0 52
20WSi 19.1 - 680 1.0 5.7
10WSi5Al 103 5.4 710 1.3 7.2
10WSi10Al 8.6 10.5 740 1.7 9.0
10WSi15Al 10.0 15.5 570 14 9.9
10WSi20Al 9.1 20.8 580 13 8.8
10W-Imp-Si 10.7 - 250 0.8 13.1
10W-Imp-SiAl 10.9 11.2 370 0.5 5.8

2 The WOs; and Al, 05 loading is calculated on the basis of the W and Al content, considering that W and Al are fully oxidized and thus present in the form of WO3 or Al,05

respectively. “nm” stands for “not measured”.
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Fig. 1. N,-physisorption isotherms (adsorption and desorption) measured on (a)
the catalysts with binary composition, (b) the catalysts with ternary composition.
Curves have been shifted along the y-axis for the sake of clarity.

Both commercial supports (silica and silica-alumina) are also
mesoporous but exhibit slightly lower surface areas. Understand-
ably, the specific surface area and pore volume decreased after
impregnation, especially for the silica-alumina. The average pore
size and pore size distribution (see Fig. S1) remained almost
unchanged. It suggests that WOs is mainly deposited at the outer
surface of the support particles (not in the pores). It should be
noted that more advanced impregnation techniques (use of per-
oxo precursors, functionalization of the silica surface, etc.) can be
implemented to get better W dispersion.

X-ray diffraction analysis of the different sol-gel samples are
shown in Fig. 2. NHSG catalysts all exhibited the broad band around
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Fig. 2. XRD patterns of supported tungsten oxide catalysts. Diffractograms have
been shifted along the y-axis for the sake of clarity.
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Fig. 3. NH3-TPD profiles of supported tungsten oxide catalysts. Curves have been
shifted along the y-axis for the sake of clarity.

20-25¢ attributable to the amorphous solids. For binary WO5-SiO,
samples, small peaks of WOj5 crystals (23.12°,23.60° and 24.38°) are
detected from 10 wt.% loading and their intensity tends to increase
with the WO3 loading. In contrast intense diffraction lines of W03
are detected in the samples prepared by incipient wetness impreg-
nation. There was no evidence of WO5 crystals in the patterns of
the Al-containing samples, thus confirming that W oxide tends to
be better dispersed in/on silica-alumina matrix as compared to
silica. For completeness of the description, Raman spectroscopy
was applied and confirmed the presence of crystalline species in
the impregnated catalysts and of more dispersed species in NHSG
catalysts (see supplementary information, Fig. S2).

3.2. Surface chemistry and reactivity

Temperature programmed desorption of ammonia (NH3-TPD)
was used to probe the acidity of the catalysts (Fig. 3). The acidity of
the sol-gel samples strongly depends on their composition. Since
silica support is barely acidic, the acidity in binary WO3-SiO; cat-
alysts mainly originates from the presence of the tungsten oxide
[51]. As proposed by Katada et al. we consider that the main peak
centred at 110-130°C can be attributed to weak acid sites and
that higher temperature desorption can be attributed to medium
and strong acid sites [52]. More precise identification of desorption
peaks is too delicate as the desorption profile indicates that a family
of acid sites with various strength is usually present. In the binary
WO3-Si0; catalysts acidity clearly increases with the W03 loading.
Ammonia desorption stops around 320 °C. Acidity is clearly higher
and stronger in all ternary WO53-Si0,-Al,03 catalysts, exhibiting
a more intense desorption peak with a tail up to relatively high
temperature (~500°C).

The acidity of the catalysts was also analysed by NHs3-
chemisorption to confirm NH;3-TPD results and obtain more
quantitative data (Fig. 4). Strong and weak acidic sites are defined
arbitrarily as explained in the experimental part. The results are
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Fig. 4. Acidity (acid site density) of impregnated and sol-gel catalysts measured
by NH3-chemisorption. The total acidity (amount of chemisorbed NH3 per square
meter of sample after desorption at 50 °C) is represented by the blue columns and the
strong acidity (amount of chemisorbed NH3 per square meter of sample after desorp-
tion at 150°C) is given in the red columns. The difference between both columns
represented the weak acidity. Acidity is normalized by the surface area.

expressed in moles of NH3 adsorbed per m? (acid site density). The
silica-supported catalyst prepared by impregnation is confirmed
to be only weakly acidic with virtually no strong acid sites. The
corresponding 10WSi catalyst prepared by NHSG is however sig-
nificantly more acidic and exhibits a significant proportion of strong
acid sites. While the composition is matching, acidity is clearly dif-
ferent and this can be attributed to the fact that WOy surface species
are dispersed in the silica matrix and only marginally form WO;
crystals in the NHSG catalyst. If the W03 loading is further increased
to 20%, acidity further increases (both total and strong). So even if
the amount of W03 crystals increases with the loading, it is clear
that dispersed and acidic WOy surface species are also building up.
The total acidity of the silica-alumina-supported catalyst prepared
by impregnation is about three times higher than that of the silica
supported one. About one third of the acid sites can be ranked in
the “strong” category. Again, NHSG made catalysts present higher
amount of total and strong acid sites. This can be taken as an indica-
tion of high dispersion and strong interaction between the W oxide
species and the silica-alumina matrix.

H,-TPR was used to investigate the reducibility of tungsten
species (Fig. 5). This provides indications on the nature of the inter-
action with the support or matrix. The reduction of pure W03

Intensity (a.u.)

1 1 1 1 1
100 200 300 400 500 600 700 800 90
Temperature (°C)

Fig. 5. H,-TPR profiles of supported tungsten oxide metathesis catalysts. (a) 10W-
Imp-Si; (b) 10W-Imp-SiAl; (c) 10WSi; (d) 20WSi; (e) 10WSi10Al; (f) 10WSi20Al; (g)
WOs. Curves have been shifted along the y-axis for the sake of clarity.

Table 2

Surface characterization by X-ray photoelectron spectroscopy (XPS) on the refer-
ences catalysts and on the NHSG catalysts before calcination (xerogels, marked with
a “X") and after calcination.

Catalysts Si(at%) Of(at%) C(at%) Cl(at%) Al(at%) W (at%)
10W-Imp-Si 35.5 62.9 14 - - 0.22
10W-Imp-SiAl  27.5 60.2 7.3 - - 0.40
5WSi-X 29.1 62.7 7.2 0.8 - 0.21
5WSi 313 65.9 2.6 - - 0.25
10WSi-X 27.7 57.4 9.5 4.9 - 0.54
10WSi 323 63.9 3.3 - - 0.55
15WSi-X 26.5 61.1 9.9 1.3 - 1.13
15WSi 29.5 62.5 7.0 - - 0.99
20WSi-X 25.5 60.5 10.3 2.0 - 1.76
20WSi 28.8 64.4 5.8 - - 0.94
T10WSIi5AI-X 26.6 54.3 14.8 2.2 1.6 0.54
10WSi5Al 28.4 59.4 9.8 - 1.8 0.55
10WSi10A-X 21.4 51.4 213 1.7 3.6 0.65
10WSi10Al 26.1 60.5 8.1 - 4.5 0.67
10WSi15A1-X  20.0 55.4 185 1.5 4.2 0.43
10WSi15Al 25.2 61.9 7.6 - 4.8 0.44
10WSi20A1-X  18.1 50.9 222 2.0 6.3 0.45
10WSi20Al 239 60.9 7.8 - 7.0 0.50

exhibited three peaks with maxima at 665°C, 755°C and 950°C.
WO3 in 10W-Imp-Si is mainly reduced at 790°C. This is a classi-
cal result for silica-supported WO3 crystals [53]. It correlates with
XRD and indicates that the interactions with the support are weak.
In the corresponding NHSG samples no reduction is observed in the
whole range of temperature explored indicating that the amount
of WO3 accessible to H; (at the surface) is much lower and that the
reducibility is very low, due to a more intimate interaction with the
silica matrix. Only at 20 wt.% WO3 loading (20WSi) a small reduc-
tion event was detected at 685 °C. This also correlates well with the
onset of small WOj3 crystals seen in XRD. The Si-Al containing cata-
lysts (prepared by either the impregnation or the sol gel) present no
clear reduction event, indicating that they were hardly reducible.

The surface composition of all catalysts was investigated by
XPS (Table 2). Xerogels (i.e. the mixed oxide recovered after non-
hydrolytic sol-gel polycondensation but before calcination) were
also analyzed. As expected, the Cl and C content was high in xero-
gels. After calcination however, Cl contamination was eliminated
and C contamination dropped to a level usually seen in XPS with
clean samples. Logically, W surface concentration increased with
the bulk nominal WOs3 loading. The same holds for alumina. It
can be noted that for similar Mo- and Re-based catalysts, a migra-
tion of the active oxide toward the catalyst surface was observed
[13,47], provoked by the calcination step. This was explained by
the limited solubility of Mo and Re oxides in the silica(-alumina)
matrix and by their low Tammann temperature. In the present
case no W enrichment of the catalyst surface is observed. Tung-
sten oxide indeed has a relatively high Tammann temperature
(600°C)and has thus limited mobility in the silica(-alumina) matrix
under the calcination temperature applied here (500°C). On the
contrary, at high WOs3 loading, the surface W concentration drops
after calcination. This may tentatively be correlated with the for-
mation of some small WOs3 crystals during calcination at the
expense of dispersed surface species. Interestingly, the Al con-
tent seems to have an impact on the W dispersion in the ternary
mixed oxides with fixed WO3 loading and variable Al;,03 con-
tent. A maximum of W dispersion is obtained for the catalysts
with 10 wt.% Al, 03 (10WSi10Al). Reference impregnation catalysts
exhibit lower W surface concentration as compared to the corre-
sponding NHSG samples, suggesting again that NHSG offers better
W dispersion.
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Fig. 6. Conversion of trans-2-butene (a) and propene selectivity (b) as a function of
time-on-stream over binary W03-SiO, catalysts.

3.3. Metathesis activity and selectivity

All catalysts were tested in the cross-metathesis of trans-2-
butene and ethene at 450°C. Catalytic activity as a function of
time-on-stream is shown in Fig. 6 and Fig. 7 for binary and ternary
formulations respectively. Note that selectivity is here calculated
considering cis-2-butene as a product even though it can still react
with ethene to yield propene. The 10W-Imp-Si catalyst - that
mimics the industrial catalyst — allows converting 60-65% of trans-
2-butene (Fig. 6). However, the selectivity for propene is not stable
over time, fluctuating between 10 and 30% and finally reaching
about 30% after 8 h of reaction. This corresponds to approximately
20% propene yield (Table 3).

The corresponding NHSG sample with the same WO loading
performs significantly better, exhibiting both higher conversion
and higher selectivity. The yield is stabilized at 26% after 8 h. The
metathesis activity increased with increasing tungsten loading.
While the sample with only 5 wt.% WO3 shows poor performance,
increasing the loading to 15 or 20 wt.% allows achieving 28 or 34%
propene yield, respectively.

Addition of Al oxide in these NHSG catalysts has a dramatic
impact on the catalytic performance (Fig. 7). Conversion readily
reaches about 90% for all catalysts, without induction period. Selec-
tivity ranges between 35 and 60% depending on the alumina
content. As found earlier for MoO3-based catalysts [48,49], an inter-
mediate alumina content of 10 wt.% is the most appropriate. This
catalyst achieves 55% propene yield, significantly outcompeting the
corresponding catalyst prepared by impregnation (35%).

3.4. Correlating performance and properties
The fact that one-pot sol-gel catalysts perform better than

corresponding impregnated catalysts (both in the binary and
ternary systems) can tentatively be attributed to the higher acidity
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Fig.7. Conversion of trans-2-butene (a) and the propene selectivity (b) as a function
of time-on-stream over ternary W03-SiO,-Al, 03 catalysts.

exhibited by the former catalysts, as well as their lower reducibility
and their higher specific surface area.

The mechanism of the metathesis reaction starts from the in-situ
formation of W-carbenes by reaction of the WOy surface species
with the olefins present in the feed [54]. It is known that well dis-
persed tetrahedral tungsten species react better to yield the desired
carbene species, as compared to condensed forms of tungsten oxide
(polymeric surface species, WOj3 crystals) [2,16,55]. Dispersed WOy
species also tend to be less reducible and more acidic. Accord-
ing to XRD (Fig. 2), WO3 crystallites were clearly observed on
impregnated silica catalyst while the corresponding NHSG catalysts
remained mostly amorphous (weak diffraction lines observed only
at high WOs loading). XPS also indicate better surface dispersion. It
should be noted however that this is not necessarily an indication
forisolated WOy species and that oligo- or polymeric species can be
expected too. Previous study on MoO3-based metathesis catalysts
has demonstrated that oligomeric species can be present already
at very low loading [56]. The better dispersion of tungsten oxide is
a clear advantage of NHSG catalysts over impregnated ones. Inter-
estingly, sol-gel catalysts also reached equilibrium activity faster.

It must be recalled that sol-gel techniques present the downside
of dispersing the active elements also in the bulk of the mate-
rial, thus not accessible for the surface reaction. Fortunately, the
binary WO0s3-SiO, catalysts presented here exhibited high specific
surface area, thereby minimizing pore wall thickness and maxi-
mizing the proportion of W surface species. XPS also confirmed
that the dispersion of W at the surface of these NHSG catalysts
was high. No WO3 crystal was detected in alumina-containing cat-
alysts, either made by impregnation or NHSG. Nevertheless, most
NHSG catalysts performed better than the impregnated catalyst.
NHSG catalysts showed much higher specific surface area. Inter-
estingly, the alumina content has a consistent effect on texture,
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Table 3

Conversion, selectivity and propene yield for each catalyst. Values are an average of the experimental values obtained between 8 and 10 h on stream.

Catalysts Trans-2-butene conversion (%) Selectivity Propene yield (%)
Propene 1-Butene Cis-2-butene Others? iso-Butene

10W-Imp-Si 65 31 33 34 2.1 - 20
5WSi 59 9 43 48 0.4 - 5.5
10WSi 68 38 28 30 3.2 - 26
15WSi 69 41 27 29 2.9 - 28
20WSi 72 48 24 24 3.5 - 34
10W-Imp-SiAl 85 41 39 12 6.2 1.3 35
T0WSi5Al 90 50 26 8 11 4.9 45
10WSi10Al 92 60 20 6 11 3.1 55
10WSi15A1 89 40 30 9 15 53 36
10WSi20Al 88 37 34 10 14 4.5 32

2 1-pentene, cis-2-pentene, trans-2-pentene, 1-hexene (Cs and Cs*).
p p p

W surface concentration measured by XPS and metathesis activ-
ity. The formulations that exhibit lower surface area and lower W
surface concentration yielded lower metathesis activity. They also
showed poorer selectivity to propene and higher selectivity for side
isomerization reactions catalysed by acidic sites [55]. This lack of
selectivity can thus tentatively be correlated to an excessive acidity
on these formulations. On the contrary, the catalyst with 10 wt.%
Al;03 had the highest specific surface area, the highest W surface
concentration and the highest propene yield.

4. Conclusions

A new one-pot preparation route based on non-hydrolytic sol-
gel is presented as a powerful new method to prepare highly active
WO05-Si0, and WO03-SiO,-Al,03 metathesis catalysts. These new
catalysts reach high propene yields in the industrially relevant
metathesis conditions, as they clearly outcompete the classical cat-
alysts prepared by incipient wetness impregnation. The method
offers a good control on the final catalyst composition and pro-
vides mixed oxides with excellent textures (large mesopores,
high surface area). It uses relatively cheap chloride precursors.
Decisively, non-hydrolytic sol-gel catalysts feature high W dis-
persion, which correlates with lower reducibility, higher acidity
and higher metathesis activity. Activity is governed by the catalyst
composition. Increasing the W03 loading in the binary W03-SiO,
formulations leads to higher activity. Further addition of alumina
is beneficial too, but an optimum is found at 10 wt.% Al,03. While
Al,03 addition seems to contribute to the better dispersion of
tungsten oxide, it also appears to favour side reactions towards
1-butene, cis-2-butene and iso-butene.
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