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Novel catalyst of mixed SiO,-TiO, supported tungsten for metathesis of ethene and 2-
butene
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Mixed SiO,-TiO, supported tungsten catalysts containing 8 wt.% tungsten were prepared by incipient wetness
impregnation. The catalyst with 10% TiO, addition, designated as WO;/SiO,-10Ti, displayed improved conversion and
propylene selectivity, 72 % and 48 %, respectively, toward metathesis of ethylene and 2-butene compared with
conventional silica supported tungsten without TiO, addition. The better dispersion of tungsten achieved by TiO,
addition and the tetrahedral tungsten oxide species of relatively high surface were believed to be responsible for the
good metathesis activity of the catalyst for propylene formation.
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1. INTRODUCTION

Recently, there has been an ever increasing
demand of polypropylene owing to the considerable
growth of propylene production [1-2]. One of the
pathways for propylene production is the metathesis
reaction of ethene and 2-butene using suitable
catalysts [3-4]. Supported WO; catalysts are known
from several patents and publications where well
dispersed low-loaded WO,/SiO, catalysts have been
claimed to have activity equal to that of catalysts of
appreciable higher tungsten content. This points to
the importance of obtaining a well dispersed catalyst
[5-7].

Verpoort et al. [8-12] have made extensive
studies on olefin metathesis catalysts relating to the
catalytic activity of supported tungsten phenoxide
complexes, activation and characteristics of a
‘molecular’ tungsten unit on silica and have found
that the catalytic activity was related to the structure
of the molecular entities on the surface of the
precursor. Many researchers have tried to improve
the catalyst performance by using composite
supports, such as Al,05-Si0, [13], ALLO;-B,05 [14—
15], and ALOs;—P,Os [16]. Recently, SiO,-TiO,
mixed oxides were used as the support material for
Pt [17-19], Er [20], Au[21], Ni [22], Fe—Pt [23] and
Mo [24] metals in many reactions. It was found that
the presence of a mixed oxide support has great
effect on the dispersion of the active components
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and their catalytic performances. Therefore, the
objective of this work was to investigate the effect
of mixed SiO,-TiO, supported tungsten catalysts
with 8 wt% metal loading on the catalytic
performance in propylene production by metathesis.

2. EXPERIMENTAL

2.1 Catalysts Synthesis

Si0,-TiO, mixed oxide supports were prepared
by physical mixing of silica gel, Davisil grade 646
(pore volume: 1.15 cm®/g, supplied by Aldrich) and
titania (Degussa P25). The catalysts were
impregnated with an aqueous solution of
metatungstate hydrate (Aldrich, 99.9%), to yield an
8 wt% loading on the mixed oxide support, then
dried at 110 °C overnight. The catalysts were
calcined at 550 °C for 8 h with a heating rate of 10
°C/min in an air atmosphere. These prepared
catalysts are denoted as WOs/ SiO,—xTi, where x
indicates the wt. % of TiO, (5, 10, 30) in the SiO,—
TiO, support.

2.2 Catalyst Characterization

Surface areas of the samples were determined
using a multipoint BET method. The -catalyst
samples were degassed at 300°C and 10° mm Hg
for 3 h. Adsorption measurements were carried out
using liquid nitrogen at -196°C with a
Micromeritics ASAP 2020 device. The Raman
spectra of the samples were collected by projecting
a continuous wave YAG laser of Nd (810 nm)
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through the samples at room temperature. A
scanning range of 200—1400 cm ' with a resolution
of 2 cm™' was applied. Phase identification and
investigation of the crystallite samples was
performed by X-ray diffraction (Siemens D5000)
using Ni filter Cu Ko radiation from 10° to 60°.

2.3 Reaction Studies

The catalyst sample was placed at the center of a
reactor with inner diameter (ID) of 7.5 mm. The
catalyst was pretreated at 500 °C in nitrogen flow
for 1 h before allowing the catalyst to cool down in
an inert atmosphere to the reaction temperature 400
°C. The reaction conditions were as follows:
pressure=0.1MPa, C,Hy/trans-2—C,Hg=2. The
sampling was made at 8 h on stream, and sample
analysis was performed on a Shimadzu GC 2014
equipment with a column of packed 10% silicone
SE-30 (3.02 m with 0.53 mm ID) and a FID
detector using helium as the carrier gas (5 ml/min).

3. RESULTS AND DISCUSSION

The catalysts performance on the metathesis
activity of ethene and trans-2-butene is shown in
Table 1. and Fig. 1. It was found that both
conversion of 2-butene and propylene selectivity
increased with TiO, addition and as high as 72% of
conversion of 2-butene and 48% of propylene
selectivity were obtained on a 10% TiO,-containing
catalyst designated as WO5/SiO,-10Ti. However,
the side reaction of isomerization to 1-butene, cis-2-
butene and butadiene became more competitive with
the 30% TiO,-containing catalyst, and almost no
propylene formation was observed on the silica-free
TiO, supported tungsten catalyst. According to
XRD patterns of the relevant catalysts shown in Fig.
2, peaks characteristic to tungsten crystallites at 20
of 23.12, 23.60 and 24.38° were observed while
silica is almost amorphous. It was noticed that lower
peak intensities in this region corresponding to a
lower amount of tungsten crystallites were
discernible upon increasing the amount of TiO,, and
those peaks almost disappeared for the silica-free
Ti0O, supported tungsten catalyst. This indicates the
higher dispersion of tungsten species on the mixed
Si0,-TiO, support. Nevertheless, the intrinsic lower
surface of TiO, seemed to result in a lower BET
surface of the mixed SiO,-TiO, supported tungsten
catalysts with a high loading of TiO,, as shown in
Table 1. The marked increase in both conversion of
2-butene and propylene selectivity on WO;/SiO—
10Ti may be attributed to the higher dispersion of
tungsten resulting from TiO, addition. However, the
metathesis activity site for propylene formation on
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the 30% TiO,-containing catalyst, WO5/SiO,—30Ti,
tends to be overshadowed by the TiO,-related
secondary reaction sites for 1-butene, cis-2-butene
and gutadiene formation.
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Fig.1. The product distribution of different catalysts after
8 h on stream.
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Fig.2. The XRD patterns of WO;/SiO,-xTi catalysts.

Intensity (a.u.)

—+—WOo,Tio,
—+—WO,/Si0,-30Ti
—+—WO,/Si0 -10Ti
—+—WO,/Si0,-5Ti
——WO/Si0,

Absorbance(arb.units)

W,

T T T T
1400 1450 1500 1550 1600 1650

Wavenumber(cm™)
Fig3. The FT-IR spectra of pyridine adsorbed on various
samples at 50°C.
Raman spectroscopy was adopted as a suitable
tool for determination of the structure of tungsten
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Tablel. The property and activity of catalysts with different TiO, content on mixed SiO,-TiO, supported tungsten

catalysts
Catalysts TiO,content Conversion | BET Sugfe}f:e area Raman ratio
(% wt) (%) (m°g™) 970/ Is0s
WO,/SiO, 0 63 257 0.64
WO5/Si0,-5Ti 5 65 250 0.88
WO;/Si0,-10Ti 10 72 240 1.11
WO05/Si0,-30Ti 30 63 194 0.89
WO,/TiO, 100 57 50 0.66

species present in supported catalysts. Huang et al.
[25] proposed that the band at 970 cm™ was assigned
to the surface tetrahedral tungsten oxide species
which are the active species for metathesis reaction
to propylene. According to the literature, the ratio of
the relative intensities of Raman bands between 970
and 805 cm’! (Iy70/130s) was used to reflect the
relative content of active sites for propylene
formation. As shown in Table 1, the maximum ratio
of Iyz0/l30s was achieved for WO5/SiO—10Ti (10
wt% TiO, content).

The Lewis and Brénsted acidities were assessed
by adopting the FT-IR technique for the desorption
of pre-adsorbed pyridine at 50°C. As shown in
Fig.3, the sharp peaks around 1595 and 1445 cm
were assigned to Lewis acid sites and the less
intense one around 1488 cm™ to the Brénsted acid
site [26]. It was found that WO;/Si0,-10Ti
displayed the highest number of total acid sites
compared to the titania-free sample; however, the
number of acid sites decreased with further addition
of TiO, above 10%. Kim et al. [27] reported that the
number of surface acid sites linearly increases with
tungsten oxide surface density below tungsten oxide
monolayer surface coverage. However, the number
of exposed surface acid sites continuously decreases
with tungsten oxide density at the above monolayer
surface coverage because of the presence of WO;
crystallites. The highest amount of acid sites found
for WO3/SiO,—10Ti in this work should be
attributed to the better dispersion of tungsten species
to obtain tungsten oxide monolayer surface
coverage. Nonetheless, with TiO, addition higher
than 10%, the smaller support surface area
influenced by the intrinsic low surface area of TiO,
compared with SiO, may be not enough to obtain
tungsten oxide monolayer surface coverage. As a
consequence, the state of the above-monolayer
surface coverage may be obtained for the catalysts
with TiO, addition higher than 10%, causing a
decrease in the number of acid sites. The H,~TPR

Table 2. The relative amount of H, uptake and reduction
temperature of catalysts with different TiO, content in
mixed Si0,-TiO, supported tungsten catalysts.

Catalysts H, uptake Reduction
(aw) Temperature (°C)
WO0,/Si0, 4.74 531, 800
WO5/Si0,-5Ti0, 3.94 531, 807
WO,/Si0,-10TiO, 3.78 537,817
WO,/Si0,-30TiO, 3.08 537,824
WO,/TiO, 1.80 601,810

technique was used to investigate the interaction
between tungsten species and the SiO,-TiO,
support. The H, uptake and the temperatures
corresponding to the lower and higher reduction are
summarized in Table 2. Ramirez et al. [28] ascribed
the reduction peak at higher temperatures to the
reduction of well-dispersed tungsten species rich in
tetrahedral coordination. The variation in H, uptake
as well as the shift of the reduction peak to higher
temperature established for the samples with TiO,
addition reflects the modification of surface
tungsten oxide species as well as the stronger
interaction between tungsten and the SiO,-TiO,
support. WO3/SiO,—10Ti should be a sample rich in
surface tetrahedral tungsten oxide species, which
contribute to the improvement in metathesis
activity.

4. CONCLUSION

The improvement in catalytic performance by
using a mixed support is a cheaper and more
convenient approach, compared with changing the
process conditions or the process system. The mixed
Si0,-TiO, supported tungsten catalyst containing
10% TiO, markedly improved both conversion of 2-
butene and propylene selectivity for metathesis of
ethene and trans-2-butene. Though the detailed
mechanism is subject to further investigation, the
preliminary characterization reveals that less
tungsten crystallites are formed, which reflects the
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better dispersion of tungsten as well as the
achievement of relatively high surface tetrahedral
tungsten oxide species, widely accepted as the
metathesis active site for propylene formation.
While TiO, addition seems to contribute to the
better dispersion of tungsten, TiO, itself favors the
secondary reaction of 1-butene, cis-2-butene and
butadiene formation. WO;/SiO,—10Ti (10% TiO,
content) represents a novel metathesis catalyst
which displays good propylene selectivity not
overshadowed by TiO,-related secondary reaction
sites.
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HOB KATAJIM3ATOP OT BOJI®PAM BHPXY S10,-T1IO, 3A METATE3A HA ETEH U 2-
BYTEH

C. quqyeHl, V. Jlumcanrkac', B. HeTOBopapaKcal, C. CDaTaHanI/Il , H. Cae-Ma', K. CypI/I62

'LleHTbp 32 BHPXOBH MOCTHKEHHS 110 KATAIH3 1 HHKCHEPCTBO HA KATATUTHYHATE Peakiuy, JenapTaMeHT 1o
uHXKeHepHa xuMmus, mkeneper dakynret, YHuBepcuter UynanonrkopH, banrkok 10330, Taitnana
2 o
SCG Kemumsbinc Co., mumuren, 1 Cuam-niement poya, banr cro, banrkok 10800, Taiinann

[octpimna Ha 8 mapt, 2011 r.; kopurupana Ha 9 maii, 2011 r.

(Pestome)

[TpurorBenu ca BoJippaMOBH KaTaau3aTopH, HaHeCeHH BBpXy cMec oT Si02-TiO2, ceabpikama 8 % Teri. Boidpam
4ype3 MOKpo uMnpernupane. KarammzatopsT ¢ mobaska ot 10% TiO2, ompenenen xaro WO3/Si02-10Ti, mokassa
nooopeHa kousepcus (72 %) 1 CeNeKTUBHOCT CNpsMO TponuiieHa (48 %) u CbOTBETHO IO OTHOLIGHUE MeTaTe3aTa Ha
eTeHa W 2-OyTeHa CHpsSMO KOHBEHI[MOHAJICH KaTaJu3aTop OT BoJ(paM BbPXYy CHJIMIHEB JUOKCHI Oe3 noOaBka Ha
THUTaHOB JIuoKcua. IIpenmoinara ce, ye noOpara akTHBHOCT Ha KaTalH3aTopa CIpsMO o0pa3yBaHETO Ha MPOIMJICH ce
IBIDKA Ha TO-7I00paTa JUcliepcHs HA Bolippama NpH J00aBSHETO Ha THTAHOBHUS IHMOKCHI M Ha TeTpacapHYHUS
BOJI(GPAMOB OKCHJI C TOJISIMA TIOBBPXHOCT.
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