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Abstract

Titanium silicalite (TS-1) loaded with sulfated zirconia as bifunctional oxidative and acidic catalyst has been synthesized at various loadings
of zirconium (2—20 wt%). Structure and properties of the samples were characterized by X-ray diffraction (XRD), temperature programmed
reduction (TPR), Fourier transform infrared (FTIR) and UV-vis diffuse reflectance (UV—-vis DR) spectroscopy techniques. The monolayer
dispersion capacity of zirconium on the TS-1 was found to be 0.65#n2 TS-1. The UV-vis DR spectroscopy showed that the tetrahedral
coordination of the titanium was observed in all samples, while octahedral zirconium was only observed in the samples containing high
amount of zirconium loading (10, 15 and 20 wt%). The TPR profiles suggested that the zirconium structure impregnated on the surface o
TS-1 with high amount of zirconium loading (15 and 20 wt%) have a similar structure to sulfated zirconia calcinedGit AG8orption
of pyridine onto the samples indicated thabBsted acid sites are only present in samples with high sulfated zirconia loading, i.e. 15 and
20wt%. As analyzed by XRD, the formation of @rsted acid sites is due to the presence of disulfate species on the surface of TS-1. It has
been demonstrated that samples with 15 and 20 wt% loadings of sulfated zirconia showed activity towards consecutive transformation o
1-octene to 1,2-octanediol through the formation of 1,2-epoxyoctane using aqueous hydrogen peroxide.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction epoxidation, many works have been done to enhance the
epoxide selectivity due to the industrial importance of epox-
A large segment of the modern chemical industry is based ides in the synthesis of organic and pharmaceutical materials.
on selective catalytic oxidation proces§bs More than 60% The ability of TS-1 to catalyze a wide variety of oxida-
of the chemicals and intermediates synthesized via catalytiction transformations including alkenes epoxidation with 30%
processes are the products of oxidation. Most of the oxida- aqueous hydrogen peroxide has led to extensive research
tion processes are being carried out in the gas and liqguidworldwide on the synthesis of related heterogeneous cata-
phases. Catalytic oxidation in the liquid phase is widely used lysts for liquid-phase oxidatiof]. The major side product
in bulk chemicals manufacture and are becoming increas-of the epoxidation reaction using;B- is diols. It has been
ingly important in the synthesis of fine chemic§$. Over known that the formation of diols from epoxides is catalyzed
the last decade, titanium silicalite (TS-1) which was first syn- by Bronsted acid sites. On the other hand, diols are attractive
thesized by Taramasso et @] in 1983 has shown excellent feedstocks for the fine chemical industry. At present, diols
catalytic activity in organic oxidation reactions using hydro- are manufactured industrially via a two-step sequence con-
gen peroxide as oxidant under mild conditions. In alkenes sisting of epoxidation of an olefin, followed by hydrolysis of
the resulting epoxides.
* Corresponding author. Tel.: +607 5536061; fax: +607 5536080. Much attention has been paid to sulfated zirconia recently
E-mail address: hadi@kimia.fs.utm.my (H. Nur). due to its significant catalytic activity in many hydrocarbon
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conversions, such as isomerization, alkylation, acylation, 2.2. Characterization
esterification, etherification, condensation, nitration and
cyclization[5-9]. It was shown that the catalytic activity of All samples were characterized by powder X-ray diffrac-
the sulfated zirconia is related mainly to its acid properties. tion (XRD) for crystallinity and phase content of the solid
Some authors have reported that the catalysts contain bottmaterials, using a Bruker Advance D8 difractometer with the
Bronsted and Lewis acid sites which are responsible for the Cu Ka (A = 1.54055\) radiation as the diffracted monochro-
activity. Several studies have been done on the structure andnatic beam at 40 kV and 40 mA. The pattern was scanned in
activity of zirconia-loaded silica, alumina and mesoporous the 2 ranges between 2@nd 40 at a step 0.020and step
molecular sieves[10-15] However, the preparation of time 1s. UV-vis DR spectra were recorded under ambient
sulfated zirconia loaded on a strong oxidative support as conditions using a Perkin-Elmer Lambda 900 UV/VIS/NIR
bifunctional oxidative and acidic catalyst, for the consecutive spectrometer. The spectra were monitored in the range
reaction of alkenes to diols through the formation of epoxides of 190-600 nm. Temperature programmed reduction (TPR)
have never been reported. In this study, TS-1 loaded with sul-experiments were performed using a TPDRO 1100 Thermo
fated zirconia has been synthesized and used as bifunctionaQuest CE instrument. The sample (0.05g) was pre-treated
oxidative and acidic catalyst in which the Ti atoms in TS-1 in a nitrogen flow at the rate of 30 mimih at 500°C
acts as oxidative acid sites while sulfated zirconia depositedfor 1 h and cooled down to 10€. The reduction analy-
on the surface of TS-1 acts asdsted acid sites. The sis was performed by heating the sample from 100 up to
effect of zirconium loading on the structure and properties 900°C at a rate of 10Cmin~! in a flowing mixture of
of the catalysts was investigated. The catalytic activity was 5% hydrogen in nitrogen #N, at the rate of 25 ml min.
examined in the consecutive transformation of 1-octene to Infrared (IR) spectra of the samples were collected on a
1,2-octanediol through the formation of 1,2-epoxyoctane Shimadzu Fourier Transform Infrared (FTIR) spectrometer,
using aqueous hydrogen peroxide as oxidant. with a spectral resolution of 2cm, scans 10s, at tem-
perature 20C. For acidity evaluation, the wafer of the
sample (10-12mg) was prepared and locked in the cell

2. Experimental equipped with Cagwindows and evacuated at 400 under
vacuum condition for 4h. Infrared spectra of the sam-
2.1. Preparation of sample ple were recorded at room temperature in the hydroxyl

region of 4000—3000 cm and pyridine vibration region at

TS-1 containing 1 mol% of titanium was prepared accord- 1700-1300 cm’.
ing to a procedure described earligr16]. TS-1 loaded with
sulfated zirconia (SZ) was prepared by the wet impregnation 2-3. Catalytic testing
method. The TS-1 was added into a solution of zirconium

sulfate hydrate [Zr(S€)2-4H,0] in water. The mixture was The catal_yst performance was tested_ inthe epoxidat_ion of
stirred at room temperature for 3 h, followed by evaporation 1-0ctene using aqueous & (30%) as oxidant. The reaction
of the solvent at 100C. The solid was dried at 10C for mixture containing 1-octene (8 mmol)2B; (15 mmol) and

24h and calcined at 50@ for 7 h. The resulting sample ~ acetone (10g) as solvent was put in a round bottom flask
was denoted a&SZ/TS-1, in whichX is the percentage of ~ equipped with a condenser. The catalyst (0.05g) was then
zirconium in the sample. For control, bare sulfated zirconia added to the solution. The reaction was carried out in an oil
(SZ500) was prepared by drying of Zr($@4H,0 at 100°C bath under stirring at 70C. The products of the reaction were
for 3 days followed by calcination at 50C for 7h.Table 1~ analyzed by a Hewlett-Packard 6890 N gas chromatograph
summarizes the zirconium contents of the samples and theirusing an Ultra-1 column and a Hewlett-Packard GC-MSD

treatment after impregnation with Zr(3)2. instrument using an HPS column.

Table 1 3. Results and discussion

Zirconium content of the sampfes

Sample Zr (wt%) 3.1. X-ray diffraction

TS-1 o

287/Ts-1 1.8 Fig. 1shows the XRD patterns of the SZ500 and SZ/TS-1

ics)glzT/?sll gé samples. Itis shown that no diffraction lines for tetragonal or

1582/TS:1 155 monoclinic phases of zirconia are observed indicating that the

20SZ/TS-1 208 SZ is highly dispersed on the surface of TS-1. Itis found that
a After the impregnation of Zr(S§)2, the sample was dried at 100 for the MI_:I structure (_)f TS-1 was maintained after the SUlf_&lftEd

24h and calcined. zirconia (SZ) loading. However, the XRD peak intensities
b The sample was calcined at 58D for 5 h. of TS-1 decreased when the loading amount of the SZ was

¢ The sample was calcined at 500 for 7 h. increased. This might be due to the decrease in the percentage
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5SZ/TS-1 were similar to those of the parent TS-1 and are

20SZ/TS-1

significantly lower for 10SZ/TS-1, 15SZ/TS-1 and 20SZ/TS-

1. Hence, a horizontal line was found for low SZ loadings and
another straight line with a tangent can be drawn for higher
SZ loadings. The interception of the two lines was found at
6 Wt% of SZ loading which is equal to 0.65Zmm~2 TS-1.

1587/TS-1 This value corresponds to monolayer dispersion capacity of
zirconium on the TS-1.

3.2. Infrared spectroscopy

The infrared spectra of zeolite lattice vibration between
1400 and 400cm! are depicted irFig. 3 According to
Flanigen[17], the absorption bands at around 1100, 800 and
450cnt! are lattice modes associated with internal link-

ages in SiQ (or AlO4) tetrahedral and are insensitive to

structural changes. The absorption bands at around 1230 and

547 cmr ! are characteristic of the MFI type zeolite structure
and are sensitive to structure changes. All samples showed a
band at around 970 cm. The vibrational modes at around
this frequency may be the result of several contributions,

S 10SZ/TS-1

(1]

=

w

=

2

£
58Z/TS-1
2SZ/TS-1

i.e. the asymmetric stretching modes of Si—O-Ti linkages,

terminal Si—O stretching of SIOH—(HO)Ti “defective sites”
and titanyl [T=O] vibrations. However, this band can be

M

20 25 30 35 40
20/°

Fig. 1. XRD pattern of the TS-1 loaded with sulfated zirconia.

amount of TS-1 in the samples as the loading amount of the
SZ increased.

The monolayer coverage of Zg@an be determined from
the plot of the diffraction line intensity of TS-1 a2 23°
versus loading amount of zirconium on the samples as shown
in Fig. 2 The diffraction line intensities of 2SZ/TS-1 and
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Fig. 2. The graph of peak intensity of TS-1 #2223 vs. loading amount
of zirconium on the s TS-1 loaded with sulfated zirconia.

attributed to the titanium in the framework, since silicalite,
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Fig. 3. Infrared spectra of TS-1 loaded with sulfated zirconia.
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a Ti-free zeolite, did not show any band at around this fre- with an increase in SZ loading (up to 15wt%) suggests that
quency[18-21] Inaddition, impregnation of silicalite with Ti  tetrahedral titanium species in the TS-1 was covered by SZ.
(sample Ti/silicalite) gave rise to no band around 970¢m  This implies that as the amount of SZ loading increases, con-
Therefore, it is concluded that the TS-1 sample contains centration of tetrahedral titanium species decreases.
Si—O-Ti connections. There is no band shifting or additional ~ Octahedral zirconium species, which corresponds to the
band observed after impregnation of zirconium sulfate on peak at 230 nm, starts to appear in 10SZ/TS-1, being sig-
TS-1. This finding suggests that both the MFI structure and nificantly high at higher SZ loading={g. 4). This finding
titanium framework were still maintained after loading of SZ. indicates that not only SZ/TS-1 contains tetrahedral Ti but
also agglomerated SZ at high zirconium loading.

3.3. UV—vis diffuse reflectance spectroscopy
3.4. Temperature programmed reduction

As shown inFig. 4, an absorption band at around 210 nm
was observed in the spectra of SZ/TS-1. This band is The TPR profiles for SZ500 and SZ/TS-1 after calcina-
attributed to ligand-to-metal charge transfer not only associ- tion at 500°C are shown inFig. 5. There is no peak of
ated with isolated Ti" framework sites (betweerfO and the hydrogen consumed for sulfate-free zirconia, indicating that
central Ti(IV) atoms) in tetrahedral coordination but alsowith reduction did not occur in the sample. The SZ500 showed
isolated Zf*. This is supported by the fact that the impregna- broad and sharp peaks with high intensities, starting at 600
tion of HZSM-5, a Ti-free aluminosilicalite, with zirconium and peaking at 700-72@€ and 750C. Similar TPR pro-
sulfate (5SZ/HZSM-5) also showed a band at around 210 nm. files with lower reduction temperatures can be observed for
The second band at lower energy of about 230 nmiis attributed15SZ/TS-1 and 20SZ/TS-1. The TPR profiles of 2SZ/TS-1,
to zirconium species in an octahedral coordinaf®@a2]. 58Z/TS-1and 10SZ/TS-1 showed a broad signal at reduction
Fig. 4displays UV-vis DR spectra of SZ500 and SZ/TS- temperature of 500-70C. Itis observed that both the signal
1 catalysts. The UV—vis DR spectrum of SZ500 indicates intensity and reduction temperature decreased as SZ loading
the existence of a shoulder band at around 210 nm and adecreased.
sharp band centered at 230 nm. A single absorption band at According to Xu and SachtlgR3], the high temperature
210nm was observed in the spectrum of SZ/TS-1 contain- TPR peaks are assigned to the reduction of sulfate species in
ing low amounts of zirconium (2, 5 and 10wt%), while a the sample to form sulfur dioxide and water. Besides sulfur
band at 225 nm was observed in the case of 15SZ/TS-1 anddioxide, hydrogen sulfide was also evolved during treatment

20SZ/TS-1. The decrease in intensity of the band at 210 nmof sulfated zirconia with hydrogen in helium at high tem-
perature[24]. Meanwhile, Bobricheva et aJ25] and Vera

4 A et al. [26] suggested that the peak at temperature range of
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Fig. 4. UV-vis diffuse reflectance spectra of TS-1 loaded with sulfated zir-

conia. Fig. 5. TPR profiles of TS-1 loaded with sulfated zirconia.
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500-600C is attributed to a surface process of lattice oxygen 2SZ/TS-1,5SZ/TS-1 and 10SZ/TS-1 are similar. The spectra
elimination (formation of anionic vacancies) and the reduc- of 15SZ/TS-1 and 20SZ/TS-1 showed an additional peak at
tion of Zr** to Zr3* on the surface of zirconia sulfate during 1370 cnt which is assigned tos-o asymmetric vibration

the hydrogenation process. It suggests that release of sul{27]. It is clearly observed that the intensity of the peak was
fate from the surface of sulfated zirconia occurs during these significantly high in 20SZ/TS-1 suggesting an increase in the
processes. Therefore, it can be concluded that all the TPRamount of sulfate with an increase in SZ loading.

peaks at low and high reduction temperatures are attributed It is interesting to relate the surface coverage obtained
to desorption of sulfate species. Furthermore, TPR profiles from XRD with the vs-o asymmetric peak at 1370 crh

of 15SZ/TS-1 and 20SZ/TS-1 are similar to those of SZ500, which appeared on the spectra of samples. It has been cal-
suggesting that there is no difference in the molecular struc- culated from the XRD data that the monolayer dispersion

ture of SZ between these samples.

3.5. Acidity

Fig. 6a shows the FTIR spectra of the SZ/TS-1 sam-
ples after evacuation at 40Q for 4 h under vacuum. In the
region of hydroxyl groups, the peak at 3745chwhich is

of zirconium is 0.65 Zt* nm—2 TS-1. It is revealed that the
vs=0 asymmetric peak only starts to appear in the spectrum
of 15SZ/TS-1 although 10SZ/TS-1 has the zirconium con-
tent almost double compared to the amount of zirconium
monolayer dispersion capacity calculated from the XRD data
which is 1.12 Z#* nm—2 TS-1. It can be suggested that the
vs=0 asymmetric band only becomes detectable in SZ/TS-1

assigned as silanol hydroxyl groups, can be clearly observedhat contains a double layer of SZ.

for samples with low loading amount of the SZ (2SZ/TS-
1 and 5SZ/TS-1). This band was diminished at higher SZ

The acidity of the SZ/TS-1 catalysts was monitored by
FTIR using pyridine as a probe molecule (§ég. 6b). There

loading (10-20SZ/TS-1), suggesting the SZ is located in the Were no significant changes in the hydroxyl region of the

space/sites previously occupied by silanol groups. It is also > i X
groups since the peak that before pyridine adsorption. The presence of silanol peak

possible that SZ contains hydroxyl
at around 3550 crmt corresponds to the hydrogen bonding
between the hydroxyl groups (sE@. 9).

The FTIR spectra of the SZ/TS-1 samples in the sulfate
region are shown itfrig. 6a. It is shown that the spectra of

208Z/TS-1

158Z/TS-1

10SZ/TS-1

58Z/T5-1
25Z/TS-1
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7
.
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(a)
20SZ/TS-1
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58Z/TS5-1
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1)
(e

28Z/T8-1
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Wavenumber / cm™

4000 3600

(b)

Fig. 6. FTIR spectra of the samples: (a) after evacuation at@@0r 4 h in
vacuum, (b) after pyridine adsorption and evacuation at Csfor 1 h.

spectra of the samples after pyridine adsorption compared to

after pyridine adsorption indicates that the silanol groups do
not react with pyridine, indicating that the silanol groups are
not acidic. The peaks at 1608 and 1444¢nin the spec-

tra of 2SZ/TS-1, 5SZ/TS-1 and 10SZ/TS-1 are attributed
to adsorbed pyridine bound coordinatively with Lewis acid
sites. The spectra of 15SZ/TS-1 and 20SZ/TS-1 showed the
additional absorption bands at 1640 and 1545tmvhich
correspond to pyridine interacting with @rsted acid sites.
The disappearance of thg-o asymmetric peak after the
adsorption of pyridine is due to the reduction of the bond
order of S-O from a highly covalent double-bond charac-
ter to a lesser double—bond character; the shift of the band
to a lower wavenumber was observed when a basic pyridine
molecule was adsorbed on the cataly2§].

The acidity study also indicates that SZ is responsible
for the formation of Bénsted acid sites. In addition, it
proves that Binsted acid sites are present only in the sam-
ples containing double layer of zirconium, whereas samples
with monolayer of zirconium do not show &nsted acid-
ity. Since the Bonsted acidity is only found in the sam-
ple containing octahedral zirconium (see UV-vis spectra
of 15SZ/TS-1 and 20SZ-TS-1 iRig. 4), it can be con-
cluded that the sulfate species are bonded with octahedral
zirconium and not with tetrahedral zirconium. This conclu-
sion is supported by the model proposed by Clearfield et al.
[29].

3.6. Catalytic activity

The catalytic properties of the SZ/TS-1 samples were
studied in the catalytic epoxidation of 1-octene usingbl
as oxidant in acetone as solvent aP@) The same reactions
were carried out over a mechanical mixture of TS-1 and
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1400 - described in Section3.3 and 3.55howed that both samples
contain octahedral zirconium, sulfate species anahBred
1200 - TS acid sites. In order to confirm the effect of sulfate species on

enhancement of the catalytic activity, the epoxidation reac-
tion was carried out using TS-1 containing 20 wt% of the
sulfate-free zirconia. The result clearly showed that its reac-
tion rate is similar to that of TS-1. Addition of HZSM-5,

an acid catalyst, also shows insignificant change in the reac-
tion rate. The structure of zirconium species present in the
samples did not influence the catalytic activity of the parent
catalyst either, since SZ500 is inactive as catalyst. Based on
the above considerations, one concludes that enhancement of
the epoxidation activity is not affected by the presence of the

—_
o
o
o

800

1,2-epoxyoctane / pmol

o

o

o
L

2004 AR 57500 double layer of zirconium, the Bnsted acid sites or the octa-
7 2 / hedral zirconium. This suggests that the enhancement of the
0 : : : : . catalytic activity at the initial reaction rate could be attributed
0 10 20 30 40 50 to the sulfate-bonded zirconia species present on the surface
Time /h of TS-1 loaded with high amount of sulfated zirconia. The

_ o , possible explanation for this phenomenon is described in the
Fl_g. 7. The oxu_jatlor_l rat_e of 1-octene to 1,2—ep9xyoctane using TS-1loaded following paragraph.
with sulfated zirconia with aqueous;B, as oxidant. All reactions were . . .
carried out in acetone as solvent aTD It has been proposed that oxo-titanium species (superoxo-
and hydroperoxo-titanium) are the reactive sites for olefin
HZSM-5 zeolite (TS-1-HZSM-5) for comparison. The epoxidation reaction using4®, catalyzed by TS-130,31]
amount of HZSM-5 was adjusted to match the amount The reactive oxo-titanium species in TS-1 was generated by
of Bronsted acid in 20SZ/TS-1. As analyzed by pyridine interaction oftetrahedraltitaniumin TS-1 with aqueoy&h
adsorption, the concentration of @rsted acid of HZSM-5  adducts. Therefore, the increase of epoxidation reaction rates
was 0.5mmolgl. Theoretically, the epoxidation reaction in SZ/TS-1 catalysts can be explained by the rates of the
of alkene to epoxide and the hydrolysis of epoxide to form formation of the reactive oxo-titanium species. The sulfate
diol are catalyzed by oxidative and acidic sites, respectively. present on the surface of SZ/TS-1 probably can increase the
Fig. 7 shows the oxidation rate of 1l-octene to 1,2- adsorption rate of aqueous @, onto TS-1. Consequently,
epoxyoctane using TS-1 loaded with sulfated zirconia using the rate of the formation of oxo-titanium species increases
aqueous HO» as oxidant. At the beginning, the initial and accordingly the production of epoxides is also increased.
reaction rate of the catalysts with low zirconium loading Meanwhile, a decrease in the activity of SZ/TS-1 samples
(2SZ/TS-1, 5SZ/TS-1 and 10SZ/TS-1) was similar to that that was observed at prolonged reaction time is probably due
of TS-1 and TS-1-HZSM-5, whereas catalysts with high tothe lower diffusion rate of 1-octene to the active sites inside
zirconium loading (15SZ/TS-1 and 20SZ/TS-1) showed con- the pore of TS-1.
siderably higher activities. However, at longer reactiontime,  The hydrolysis rate of 1,2-epoxyoctane to 1,2-octanediol
TS-1 and TS-1-HZSM-5 showed the highest activity among using TS-1 loaded with sulfated zirconia using aqueoxGH
the SZ/TS-1 catalysts (sé8g. 7). Meanwhile, SZ500 was  as oxidant is shown ifig. 8 Generally, TS-1, 15SZ/TS-1,
totally inactive toward epoxidation. It was also observed that 20SZ/TS-1 and TS-1-HZSM-5 were found to be active in
the catalytic activity of TS-1 was similar to that of TS-1- the hydrolysis of 1,2-epoxyoctane although their activities
HZSM-5 suggesting that the epoxidation of 1-octene was not are lower when compared with 20SZ/TS-1 and 15SZ/TS-
affected by HZSM-5. In order to evaluate®, selectivity, 1. Considering that SZ/TS-1 catalysts contaidisted acid
the reaction was carried out with a similar molar amount sites, one expects that they are responsible for the hydrolysis
of 1-octene and bD». It is observed that the yield of 1,2- of 1,2-epoxyoctane. Since the amount oBBsted acid of
epoxyoctane decreased with decreasin@#after 24 h of 20SZ/TS-1 was higher than that of 15SZ/TS-1, its activity to
reaction time under stirring condition compared to the system hydrolyze 1,2-epoxyoctane was evidently higher as expected.
containing large excess ok, (15 mmol) against 1-octene It is noted that the amount of Bnsted acid in the TS-1-
(8 mmol). The decrease in the molar amount o0 and HZSM-5 was adjusted to be similar to that found in 20SZ/TS-
1,2-epoxyoctane were similar (ca. 15%). This finding indi- 1. However, the rate of the formation of 1,2-octanediol (up

cates that it is necessary to use excess amounb©h kh to 48 h) on the TS-1-HZSM-5 system was much lower and
order to compensate the decomposition @O during the comparable with that on the low loading of SZ/TS-1 and
reaction. TS-1. This indicates that highly active bifunctional oxidative

As shown inFig. 7, at the initial stage, the 15SZ/TS-1 and acidic catalyst may be prepared by deposition of SZ on
and 20SZ/TS-1 catalysts had similar activities towards the the surface of TS-1 and cannot be achieved by mechanical
formation of 1,2-epoxyoctane. The characterization results mixing of TS-1 with HZSM-5.
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Fig. 8. The oxidation rate of hydrolysis of 1,2-epoxyoctane using TS-1
loaded with sulfated zirconia. All reactions were carried out in acetone as
solvent at 70C.

Since the size of Zf (ca. 0.1 nm), the source of SZ sites,

is smaller than the size of the pore entrance of TS-1 (0.5 nm),

D. Prasetyoko et al. / Journal of Molecular Catalysis A: Chemical 241 (2005) 118-125

5 which are predominantly located in its pore. On the basis
of these results, a model of the bifunctional oxidative and
acidic catalytic system for consecutive reaction of 1-octene
to 1,2-octanediol is proposed (sEwg. 9).

4. Conclusion

Bifunctional oxidative and acidic catalysts have been suc-
cessfully prepared by the dispersion of sulfated zirconia on
the TS-1 at high zirconium loading up to double layer zirco-
nium, i.e. 1.3 Z#" nm~2 TS-1. The catalysts have oxidative
site due to titanium located in the framework of silicalite,
while octahedral zirconium containing sulfate asted
acidic sites. It has been demonstrated that samples with 15
and 20 wt% loadings of sulfated zirconia have shown the
activity toward the consecutive transformation of 1-octene
to 1,2-octanediol through the formation of 1,2-epoxyoctane
using aqueous hydrogen peroxide.
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the Zr species should be attached to the internal and external

surfaces. As described in SectiBrb, it is possible that the
SZ is located in a place where the silanol groups of TS-1
were previously positioned. Based on this consideration, it
seems that SZ is effectively located close to Ti active sites,
since the epoxide immediately reacts with SZ acid active site
to hydrolyze the epoxide. This consecutive reaction is more
difficult to occur efficiently over the TS-1-HZSM-5 catalytic
system since the epoxide must diffuse to acid sites of HZSM-
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