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Abstract Tungsten oxides (WO3) have been supported on
the titanium silicalite (TS-1) by impregnation method. The
solids have been tested for epoxidation of 1-octene with
aqueous H,0, in acetone as solvent. It was found that the
presence of tungstate species in the catalysts enhanced the
rate of the formation of epoxide. Diol as a site-product was
also observed due to the acidic properties of the catalysts.
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1 Introduction

Since the discovery of the titanium silicate-1 activity in the
epoxidation of terminal alkene by aqueous hydrogen per-
oxide[1], the structures, properties and catalytic activities
of the titanium-containing materials, such as TS-1 [1-3],
Ti-beta [4, 5], Ti-MCM-41 [6, 7] and Ti-containing
amorphous silica [8] have been widely investigated. The
investigations concluded that the catalytic activities of
Ti-containing molecular-sieves depend on the preparation
method, size of substrate and solvents [4, 7, 9, 10]. Because
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the epoxidation reaction occurs in the internal pore of
Ti-containing molecular-sieves, pore opening become a
determining factor to the catalyst activity because the
substrates have to be able to access the active sites in the
middle of the pore. Therefore, bigger substrates need big-
ger pore size. TS-1 has small pore size but it has higher
catalytic performances for small substrates than other
Ti-containing molecular-sieves [9].

The development of the Ti-containing molecular-sieves
catalysts in order to increase their catalytic activity towards
epoxides is still progressing. Capel-sanchez et al. [11]
reported the effect of alkali addition to the performance of
TS-1 catalyst. They observed that the selectivity to epoxide
increased as the ratio of Lewis to Brgnsted acid sites
increased as a result of alkali addition. However, the
addition slightly reduce the catalyst’s conversion [11, 12].
Meanwhile, in the epoxidation reaction, it is well known
that the interaction between titanium and oxidizing agents
to form titanium-oxo species should occur before the
reaction with alkene to produce epoxides [13, 14].

In this present study, we are showing that the catalytic
activity of TS-1 towards the epoxidation of 1-octene with
aqueous hydrogen peroxide could be enhanced by deposi-
tion of tungsten oxide on the surface of TS-1.

2 Experimental

2.1 Preparation of Materials

Titanium silicalite (TS-1, 3% of titanium, mol%) was
prepared according to a procedure described earlier [1].
The WO,/TS-1 catalysts were prepared by impregnation

technique using an aqueous solution containing sufficient
amount of ammonium metatungstate hydrate (NHy)g
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H,W 1,04, - 18H,0, to produce materials with WOj3 load-
ing in the ranges of 2-25 wt%. The suspension was heated
at 110 °C for 3 h under stirring condition, followed by
drying at 110 °C for 24 h and calcination at 550 °C for 6 h.
The samples were denoted by their weight percentage of
WOj3; on TS-1. Table 1 shows the amount of WOj; loading
and preparation condition.

2.2 Characterization

The catalyst structure was characterized by XRD and
infrared spectroscopy techniques. The catalyst samples
were characterized by powder X-ray diffraction (XRD) for
the crystallinity and phase content of the solid materials
using a Bruker Advance D8 Difractometer with Cu Ko
(4 = 1.5405 A) radiation as the diffracted monochromatic
beam at 40 kV and 40 mA. The pattern was scanned in the
20 ranges from 5° to 50° at a step size 0.010° and step time
1 s. The acidity of samples was determined by infrared
spectroscopy technique using pyridine as a probe molecule.
The wafer of the sample (10-12 mg) was locked in the cell
equipped with CaF, windows, and evacuated at 400 °C
under vacuum for 4 h. After evacuation, the cell was
allowed to cooling down to room temperature then the
pyridine adsorption process was carried out. Excess pyri-
dine was evacuated at 150 °C for 1 h. Then, the infrared
spectra of the sample were recorded at room temperature in
the region of 1,400-1,700 cm™! using Shimadzu Fourier
Transform Infrared (FTIR).

2.3 Catalytic Activity

The catalyst performance was tested in the epoxidation of
1-octene using aqueous H,O, (30%) as an oxidant. The
reaction mixture containing 1-octene (8 mmol), H,O,
(8 mmol) and acetone (10 g) as solvent was placed in a
round bottom flask equipped with a condenser. The catalyst

(0.05 g TS-1 based) was then added to the mixture. The
reaction was carried out in an oil bath under stirring at
70 °C. The products of the reaction were analyzed by a
Hewlett-Packard 6890N gas chromatograph using an Ultra-
1 column and a Hewlett-Packard GC-MSD instrument
using an HPS column.

3 Results and Discussion
3.1 Structural Characterization of WO5/TS-1 Materials

The XRD patterns of the TS-1 and WO3/TS-1 samples with
various tungsten loading and condition are shown in Fig. 1.
Generally, the MFI structure of TS-1 was still retained after
dispersion of WO;3; on the surface of TS-1. The peak
intensities of the crystalline WO3 in the WO3/TS-1 samples
increase as the amount of WO; loading increase due to the
higher concentration of WOj3; on the surface of the TS-1
support. The peaks corresponding to the crystalline phase
of WOj3 appear at 20 = 23.1, 23.7, 24.4, 33.2-34.6, and
41.5°, in which the peaks at 20 = 23-25° overlapping with
the peaks of TS-1, is only observed for the WO5/TS-1
samples with high amount of tungsten loading, ca. 10, 15
and 25 wt%. The crystalline phase of WO; were not
observed for the WO3/TS-1 samples with low loading
amount of WOs, ca. 2, 5 and 7 wt%. The result demon-
strates that crystalline WOj3 appears only in samples with
high loading while the WOj3 exists as highly dispersed
species in the low loading samples. Wang et al. [15]
reported that the characteristic peaks of crystalline WO;3
were clearly seen for the samples with high loading amount
of WO3;, ca. >6% and 10%, depending on the nature of
silica support. The peak intensities of the crystalline WOj;
in the WO3/TS-1 samples increase with the increase of
WO3 loading, due to the increase of the WO; concentration
on the surface of the TS-1 support.

Table 1 : Amount of WO; loading, acidity and catalytic activity of the samples

Sample WO3 (wt%) Brgnsted (umol/g) Lewis (umol/g) Peak area at* 1,490 cm™! TOF® (10~'n™h
TS-1 0 0 48 0.29 -

2WO5/TS-1 2.4 12 45 0.40 26

SWO5/TS-1 4.9 11 52 0.59 49

TWO3/TS-1 7.2 11 55 0.69 93

10WO3/TS-1 9.7 14 47 0.54 n.t.c

15WO5/TS-1 14.6 15 59 0.73 68

25WO5/TS-1 24.9 12 45 0.38 72

* Area of the peak characteristic for the mixture of Brgnsted and Lewis acid sites, in cm™

2

° TOF is calculated on the basis of the total Brgnsted acid in the catalysts for the production of 1,2-octanediol in the epoxidation of 1-octene with

H,0, at 70 °C for 3 h
¢ Not tested

@ Springer



Tungsten Oxides-Containing Titanium Silicalite

179

The surface concentration of metal dispersed in the
support can be calculated quantitatively based on the
amount of metal oxide loading [15]. Based on the graph of
the surface concentration of the tungsten versus the ratio of
the diffraction peak intensity of WOj; to that of TS-1
(Iwo, /Irs—1; 26: 34.17°/23.04°) in various WOj3 loading,
the dispersion capacity of tungsten on the titanium silicalite
support was evaluated to be 0.35 W®T cations/nm?, by
extrapolating the straight line to get the intercept on the
abscissa [16].

The acidity of tungsten oxide loaded TS-1 samples was
investigated by infrared spectroscopy using pyridine as the
probe molecule. Figure 2 shows the infrared spectra of the
samples at various tungsten loadings after evacuation at
150 °C under vacuum for an hour. Sample TS-1 shows
peaks at around 1,606, 1,490, and 1,447 cm™ ! The peak at
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Fig. 1 XRD patterns of the TS-1 and tungsten-coated TS-1 samples

around 1,606 and 1,447 cm~! are assigned to Lewis acid
sites, suggesting that TS-1 possesses only Lewis acid.
Meanwhile, all WO3/TS-1 samples show peaks at around
1,637, 1,606, 1,544, 1,490, and 1,447 cm™'. The small
peak at around 1,544 cm ™' and the strong peak at around
1,446 cm™! indicate that all the samples contain both
Brgnsted and Lewis acid sites.

The calculated amount of both Brgnsted and Lewis acid
sites in the samples are tabulated in Table 1. It was found
that Brgnsted acid sites were formed in the TS-1 upon
introduction of tungsten oxide even at low tungsten load-
ing, such as in 2WQO3/TS-1. However, as the amount of
tungsten loading increased, there was no significant
increase in the Brgnsted acid sites and even at very high
tungsten loading (25 wt%) the amount of Brgnsted acid
sites seems to decrease slightly. This finding indicates that
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Fig. 2 Infrared spectra of the samples after evacuation at 400 °C in

vacuum followed by pyridine adsorption at room temperature and
desorption at 150 °C for 1 h
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the creation of Brgnsted acid in the TS-1 occurs only at low
tungsten oxide loading. Further addition of tungsten oxide
(at the higher loading amount) does not create any of
Brgnsted acid sites. It is further suggested that the forma-
tion of Brgnsted acid sites is due to the reaction of tungsten
with the surface silanol groups on the TS-1 to form the new
bonding i.e. Si-O-W. Therefore, once all silanol reacted
with tungsten, the additional tungsten will not form any
more Brgnsted acid sites. The excess tungsten creates
tungsten oxide as bulk oxide, as can be observed in the
infrared spectra of the framework vibration (not shown).
Consequently, amount of atomic interaction of W-O-Si
bond is lower as compare to W—O-W bond. For Lewis
acid, addition of tungsten on TS-1 at low and high loadings
does not significantly change the amount of Lewis acid
sites. It suggests that tungsten oxide supported on TS-1
does not increase Lewis acid sites significantly, although
according to Meijers et al. [17], tungsten oxide itself pos-
sesses Lewis acid sites. Meanwhile, Lucas et al. [18] have
reported that the HZSM-5 acidity decreased after impreg-
nation by tungsten.

Table 1 also shows the area of the peak at around
1,490 cm ™! that can be assigned to total amount of acid
sites (Brgnsted and Lewis). The table shows that the area
increases as WO; loading increases up to 7 wt%. Wang
et al. [15] reported that the height of ammonia desorption
peak increased with the increased of WOs3 loading up to
6 wt%. It means that the total amount of acid sites
increases up to monolayer coverage. In this study, it is
suggested that the coordinately bonding of tungsten species
with hydroxyl groups on the surface of TS-1 can be cor-
related with Brgnsted acid sites. Martin et al. [19] reported
the formations of Brgnsted acid sites in the tungsten oxide
supported silica. The formation of Brgnsted acid sites in
the supported tungsten oxide on the various supports such
as alumina, titania, zirconia, silica and mixed oxides have
also been reported [20-22].

3.2 Catalytic Activity

The activity of the TS-1 and WO5/TS-1 catalysts were
tested in the epoxidation of 1-octene using H,O, as the
oxidant at 70 °C for 3 h. The main products of the reaction
were 1,2-epoxyoctane and 1,2-octanediol. Figure 3 shows
the graph of the rate of formation of 1,2-epoxyoctane vs.
reaction time. All samples show activity towards the
epoxidation of 1-octene. Compare to WO3/TS-1 catalysts,
sample TS-1 shows the lowest rate of the formation of 1,2-
epoxyoctane. Therefore, the high rate of 1,2-epoxyoctane
formation observed in the reaction mixture catalyzed by
samples WO3/TS-1 may be due to the presence of WO; in
the catalysts. However, the yield of 1,2-epoxyoctane
decreased as WOj; loading increased in all reaction time.
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Since among the catalysts used in the reaction have the
similar amount of TS-1, this finding suggest that in this
condition, the WOj3 is not active in the epoxidation of 1-
octene, but low concentration of WO5; improves catalytic
activity. Furthermore, for the activity of WO3/TS-1 cata-
lysts, it can be seen in Fig. 3 that the rate of 1,2-
epoxyoctane formation increased very rapidly at the initial
stage, and then further increased gradually with the reac-
tion time up to 3 h.

The high rate of the formation of 1,2-epoxyoctane
observed in the initial stage of reaction time on WO3/TS-1
catalysts can be explained in term of the hydrophilicity of
the catalysts. Generally, in the catalytic reaction by heter-
ogeneous catalysts, the first step of the reaction involve
adsorption of the substrate on the surface of the catalysts to
form intermediate, followed by reaction in the catalyst, and
finally desorption of the product from the catalyst. In this
reaction, the 1-octene is a non-polar molecule, while H,O,
is a polar molecule. Therefore, 1-octene will be adsorbed
immediately at the catalyst with high hydrophobicity.
Sample TS-1 has higher hydrophobic properties than WO3/
TS-1. Consequently, when catalyst TS-1 is added into the
solution of 1-octene and H,O,, the adsorption of 1-octene
on the TS-1 is faster than that of H,O,. Meanwhile, it is
known that in the epoxidation of alkene, the active sites is
oxo-titanium complex which is formed by interaction of
titanium species with hydrogen peroxide [13, 14]. There-
fore, it is expected that the faster interaction of H,O, with
titanium in the TS-1 result the faster formation of oxo-
titanium species. As a results, the formation of 1,2-epox-
yoctane was found to increased. Therefore, based on these
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Fig. 3 The formation of 1,2-epoxyoctane from 1-octene epoxidation
using aqueous H,O, at 70 °C catalyzed by TS-1 and WO3/TS-1
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finding, it is concluded that the high rate of the formation
of 1,2-epoxyoctane observed on the samples WO3/TS-1
may due to the higher hydrophilicity of these catalysts than
TS-1.

Figure 4 shows the dependence of the TOF (mol oxide/
mol titanium/h) on the amount of WO; loading in WO3/
TS-1 for the epoxidation of 1-octene with aqueous H,O, at
70 °C for 1 h. All WO5/TS-1 catalysts showed higher TOF
than the parent TS-1. Among the WO3/TS-1 catalysts, it is
found that the TOF decreased sharply with an increasing
amount of WO; loading. This finding suggests that the
capability of substrate to access the oxo-titanium active
sites inside the pore of TS-1 is easier at lower amount of
WOj; loading. The pore opening of TS-1 is blocked by
tungsten oxide at the high amount of WO;5 loading. This
explanation is supported by the finding that the rate of
formation of 1,2-epoxyoctane after 1 h of reaction time
decreased on sample 7WO3/TS-1 (Fig. 3). Based on the
XRD data (the graph is not shown), it was found that the
dispersion capacity of tungsten on the titanium silicalite is
0.35 W°*/nm?, which close to the 7 wt% of WO5 on TS-1.
Meanwhile, the higher activity observed in the sample with
lower WO; loading indicated that only small amount of
WO; is needed to increase the hydrophilicity of TS-1 for
the formation of oxo-titanium species.

The yields of 1,2-octanediol versus reaction time using
various catalysts are depicted in Fig. 5. It is found that the
yield of 1,2-octanediol increased as the amount of WO;5
loading increased. The highest yield of 1,2-octanediol was
observed on the sample 25WO3/TS-1 at every reaction
time. It is known that the formation of 1,2-octanediol from
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Fig. 4 Dependence of TOF (mol epoxide per mol Ti, per h at 0.5 h of
reaction time) on the WOj; content for epoxidation 1-ocetene with
aqueous hydrogen peroxide at 70 °C in acetone
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Fig. 5 The formation of 1,2-octanediol from 1-octene epoxidation
using aqueous H,O, at 70 °C catalyzed by TS-1 and WO3/TS-1

1,2-epoxyoctane is catalyzed by both Brgnsted and Lewis
acid sites. In this study, it is found that the yield of 1,2-
octanediol increased as the amount of Brgnsted and Lewis
acid sites increased. Therefore, catalysts with high amount
of Brgnsted and Lewis acid sites showed high yields of 1,2-
octanediol. However, when the yield of 1,2-octanediol is
divided by the amount of Brgnsted acid sites, it is observed
that its ratio increased as the increased of tungsten loading
up to 7 wt% (value of monolayer coverage). Therefore, it
can be explained that the effective Brgnsted acid sites are
located in immediate vicinity of the titanium sites (oxida-
tive sites) that was generated by the interaction of W-O-Si
in the surface of TS-1. The increased of 1,2-octanediol
observed in high loading of WOj3 due to the higher amount
of Lewis acid sites presence in the catalysts. In WO3/TS-1
catalysts, it shows that the turn over frequency, TOF,
increased as the WO; loading increased up to sample
7WO5/TS-1, and then decreased in samples with higher
WOj; loading (Table 1). Hence, it is concluded that the
highest catalytic activity can be observed in the catalysts
with monolayer coverage containing the highest W-O-Si
bond. Meanwhile, for selectivity of 1,2-octanediol, it is
found that the highest selectivity was observed in sample
25WO3/TS-1 due to high amount of Brgnsted and Lewis
acid sites involved during the reaction.

4 Conclusions

Impregnation of tungsten oxides (WQ3) onto titanium sil-
icalite (TS-1) was studied. The XRD data showed that after
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incorporation of tungsten oxide, the MFI structure of TS-1
still remained although with lower crystallinity. In the
epoxidation of 1-octene with aqueous H,O, in acetone as a
solvent, the WO3/TS-1 catalysts showed higher activity
than the initial TS-1 due to higher hydrophylicity of the
WO3/TS-1 catalysts. Brgnsted acid sites have been gener-
ated in the WO3/TS-1 catalysts. It was found that all WO5/
TS-1 catalysts with different amounts of tungsten loading
contain similar amount of Brgnsted acid sites. Conse-
quently, the activities of the catalysts for the formation of
1,2-octanediol from 1-octene were found to be similar. It
was suggested that the Brgnsted acid sites were formed due
to formation of Si—~O-W bond in the WO3/TS-1 catalysts.
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