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Titanosilicate Zeolite Synthesized via Mechanochemical Route
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MFI-type titanosilicate zeolite TS-1 is synthesized via a newly developed mechanochemical route, and the ef-

fects of mechanochemical reaction conditions on the physical and chemical properties are investigated.

In the

mechanochemical route, titania and silica powders are ground by using a planetary ball mill to yield a silica-titania

composite powder, which is converted into TS-1 through hydrothermal treatment.

TS-1 samples are charac-

terized by powder X-ray diffractometry and UV-visible spectroscopy, and their catalytic activities in the alkene
oxidation reaction are evaluated. Several parameters of the mechanochemical reaction such as the disk rotation
speed, the grinding time, and the molar ratio of silica and titania are changed to evaluate their effects on the prop-

erties of resulting materials.
chemical properties of the final product.

Keywords

It is demonstrated that these parameters have significant effects on the physical and
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1. Introduction

Titanosilicate zeolites™® are catalysts with extremely
high activities for several oxidation reactions, such as
the oxidation of alkenes, alkanes, and aromatic com-
pounds and the ammoximation of ketones using hydro-
gen peroxide as the oxidant. Recently, an MFI-type
titanosilicate catalyst TS-1 has been industrially
applied.

Titanosilicate zeolites contain tetrahedrally-
coordinated Ti atoms, which are isostructurally substi-
tuted for Si atoms to act as the catalytically active cen-
ters” ™. For the successful incorporation of Ti atoms
into the silicate framework, a titanium alkoxide mono-
mer is used as the Ti source, which is co-polymerized
with a silicon alkoxide. However, this procedure has
disadvantages such as the high cost of source materials
and the necessity for careful control of the hydrolysis
rates to prevent the formation of extra-framework tita-
nia species. To overcome these problems, we have
developed an easy and highly reproducible synthesis
route for titanosilicate materials based on mechano-
chemical reaction!?.

Mechanochemical reaction can be defined as chem-
ical reaction caused by the friction and/or the impact
energy produced during the grinding'™'?.  When mate-
rials are ground in a planetary ball mill, not only their
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physical properties such as the particle size and the
crystalline structure but also their chemical properties
are changed by the mechanochemical reaction'd ™19,
We have utilized this reaction in the preparation of a
precursor for a titanosilicate material. Through the
mechanochemical reaction of bulk titania and silica,
uniformly mixed silica-titania composite is obtained!'?.
By hydrothermally treating this mechanochemically
reacted silica-titania composite, a TS-1 material is ob-
tained inexpensively, easily, and highly reproducibly.

The present study investigates the effects of the
mechanochemical reaction conditions on the physical
and chemical properties of TS-1 materials. Figure 1
illustrates the movement of a planetary ball mill together
with several operational conditions involved in the
mechanochemical reaction. Each milling parameter
would affect the chemical and physical properties of the
resulting mixtures and final TS-1 materials. For ex-
ample, the disk rotation speed affects the rate of mechano-
chemical reaction and the amount of impurities intro-
duced from pots and balls because of the close
relationship with the force applied by the milling media
to the loaded materials. A similar effect can be ex-
pected for the total milling time. The size and the
structure of source materials could also affect the rate
of mechanochemical reaction. This investigation
identifies the optimum milling conditions to obtain a
highly active TS-1 catalyst.
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2. Experimental

2.1. Mechanochemical Reaction

As titanium sources, three types of anatase-type tita-
nia were obtained from Ishihara Ind. (STO1), Merck
(TiO2m) and Wako (TiO2w). The particle sizes of
these three samples estimated by a transmission
electron microscope (TEM) were ca. 20, 100-200 and
100-200 nm, respectively. As silicon sources, fumed
silica Aerosil 200 (Nippon Aerosil) with an amorphous
structure or precipitated silica (Wako) with a crystalline
a-quartz structure were used. Titania and silica pow-
ders were mixed at a Si/Ti molar ratio of 20 and ground
by using a Fritsch P-7 planetary ball mill equipped with
a zirconia pot and balls. The mixture was ground in a
cycle of 15-min-milling and 15-min-pause times.
Here, the grinding time indicates the total of milling
and pause times. The inside diameter of the milling
pot was 40 mm, and 7 balls with a diameter of 15 mm
were charged in each pot. Several operational condi-
tions, such as the total milling time, the disk rotation
speed, and the molar ratio of the starting mixture, were
varied.
2.2. Hydrothermal Synthesis of TS-1

The mechanochemically reacted silica-titania com-
posite and fumed silica Aerosil 200 added to adjust the
Si/Ti molar ratio to 50 were suspended in an aqueous
solution of tetrapropylammonium hydroxide (TPAOH,
Tokyo Chemical Ind. Co.) as a structure-directing
agent. The resulting suspension with the chemical
composition of SiOs : 0.2 TiOz : 0.4 TPAOH : 20 H.O
was hydrothermally treated in a stainless steel autoclave
at 170°C for 5 days with continuous stirring. The
product was washed, centrifuged, dried at room temper-
ature, and calcined at 540°C for 8 h.
2.3. Characterization

The powder X-ray diffraction (XRD) patterns were
observed with a Rigaku Type RAD-IC diffractometer
with a Cu Ke irradiation (40 kV and 20 mA). The
diffuse reflectance UV-visible spectra were obtained
with a Shimadzu UV-2550 spectrophotometer. The
chemical compositions of the materials were measured
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with a Parkin-Elmer Optima 3300SYS inductively cou-
pled plasma atomic emission (ICP) spectrometer.
2.4. Catalytic Reaction

The synthesized TS-1 catalysts were evaluated for
the oxidation of 1-hexene using hydrogen peroxide as
the oxidant. TS-1 samples were washed with hydro-
chloric acid before the catalytic reaction to remove ion-
exchangeable impurities, which might spoil the catalyt-
ic activity of the framework Ti species?®. 0.05 g of
washed catalyst was mixed with 10 mmol of 1-hexene
(Wako), 3 mmol of hydrogen peroxide (31.4 wt% aque-
ous solution, Santoku Chemicals) and 5 m/ of acetone
(Wako) as a solvent in a 10 m/ flask and allowed to
react at 60°C for 3 h with vigorous stirring. The prod-
ucts collected were analyzed with a Shimadzu GC-14B
gas chromatograph equipped with a flame ionization
detector and a J&W Scientific DB-WAX capillary col-
umn.

3. Results and Discussion

3.1. Effect of Si and Ti Sources

Figures 2 and 3 show the XRD patterns and the UV-
visible spectra of the silica-titania composites obtained
from various silicon and titanium sources after the mill-
ing at 600 rpm for 24 h.  As reported previously'?, the
diffraction peaks assignable to anatase-type titania dis-
appear after milling (Fig. 2), although the crystalline
silica structure is slightly retained for the mixture of
precipitated silica and STO1 (Fig. 2 (d)). Small broad
peaks around 30.2° and 34.6° observed in all samples
are assigned to zirconia derived from the milling pot
and balls.

The UV-visible spectra of all composites (Fig. 3)
show absorption bands around 210 nm attributed to tetra-
hedral Ti species, indicating the coordination change
from octahedral to tetrahedral caused by the mechano-
chemical reaction. However, the spectra of the mix-
tures prepared from TiO>m or TiO.w with larger parti-
cle sizes (Fig. 3 (a), (b)) include a slight absorption
peaks around 330 nm assignable to the octahedral Ti
species (Fig. 3 (a), (b)). Similarly, the spectrum of
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Fig. 2 XRD Patterns of Ground Silica—titania Mixtures Prepared
from (a) Fumed Silica and TiO,m, (b) Fumed Silica and
TiO,w, (c) Fumed Silica and STO1, and (d) Precipitated
Silica and STO1
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Fig. 3 UV-visible Spectra of Ground Silica—titania Mixtures
Prepared from (a) Fumed Silica and TiO,m, (b) Fumed
Silica and TiO,w, (¢) Fumed Silica and STOI1, and (d)
Precipitated Silica and STO1

the mixture of precipitated silica and STO1 (Fig. 3 (d))
contains a small absorption band in this region. These
findings indicate that the particle size and the structure
of the starting materials have important effects on the
resultant mixture; mechanochemical reaction starting
from large particles and/or from solid crystalline parti-
cles would take longer to obtain well mixed silica-
titania composite. Therefore, the following experi-
ments use fumed silica and STO1 as the starting mate-
rials.
3.2. Effect of Milling Media

Figure 4 shows the UV-visible spectra of the mix-
ture of fumed silica and STO1 ground at 600 rpm for
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Fig. 4 UV-visible Spectra of Silica-titania Mixtures Ground in (a)
Zirconia, (b) Agate, and (c) Silicon Nitride Pot

24 h in different milling media (milling pot and balls).
Only the absorption band of tetrahedral Ti species at
around 210 nm is observed if the mixture is ground in
zirconia media. On the other hand, slight absorption
of the octahedral Ti species is also observed around
330 nm if the mixture is ground in agate or silicon ni-
tride media.

The impact energy becomes higher with increasing
ball weight, so higher density balls can produce larger
impact energy?”. The density of zirconia is 6.07 g/
cm?, which is far higher than those of silicon nitride and
agate, 3.21 and 2.64 g/cm?, respectively. Therefore,
the grinding in zirconia media effectively degrades the
titania structure and mixes the silica and titania uni-
formly through mechanochemical reaction. Therefore,
the following experiments use a zirconia pot and balls
as the milling media.

3.3. Effect of Si/Ti Molar Ratio

Figure 5 shows the UV-visible spectra of silica-
titania mixtures with various Si/Ti ratios after the mill-
ing at 600 rpm for 24 h. The mixtures consist of
0.03 mol fumed silica and various amounts of STOI.
The mixture with a Si/Ti molar ratio of 5 shows a large
absorption around 330 nm (Fig. 5 (a)), suggesting pres-
ervation of the octahedral Ti species. This absorption
decreases with increasing Si/Ti ratio. Apparently Ti
atoms are completely converted into tetrahedrally-
coordinated species and incorporated into the silica
matrix with Si/Ti ratio larger than 20 under these mill-
ing conditions.

The XRD patterns of the final TS-1 products synthe-
sized from the silica-titania composite obtained above
are exhibited in Fig. 6. The Si/Ti ratio of the mother
gel is adjusted to 50 by adding fumed silica to the
silica-titania composite. Amorphous material is ob-
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Fig. 5 UV-visible Spectra of Ground Silica—titania Mixtures with
Si/Ti Ratios of (a) 5, (b) 10, (c) 20, (d) 30, and (e) 50
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Fig. 6 XRD Patterns of TS-1 Materials Synthesized from Ground
Silica-titania Mixtures with Si/Ti Ratios of (a) 5, (b) 10, (c)
20, (d) 30, and (e) 50

tained from a silica-titania mixture with Si/Ti molar
ratio of 50 by grinding and hydrothermal treatment, if
fumed silica is not added at the hydrothermal synthesis
stage (Fig. 6 (e)). Considering that silica-titania com-
posite ground in an agate or a silicon nitride pot can be
crystallized into an MFI-type zeolite without adding
fumed silica, the concomitant zirconia impurity must
hinder the nucleation of the MFI phase. In contrast,
crystalline TS-1 materials are obtained if fumed silica is
added at the hydrothermal synthesis stage. In these
cases, the added fumed silica provides nuclei for the
MFI phase and growing crystals incorporate the
silica-titania composite. Consequently, if zirconia is
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Fig. 7 XRD Patterns of (a) STO1 and Silica-titania Mixtures
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Fig. 8 UV-visible Spectra of Silica—titania Mixtures Ground for (a)

Oh, (b)3h,(c)6h, (d) 12h, (e) 24 h, () 48 h

used for the milling media, the mixture should be
ground with the Si/Ti ratio of 20 and fumed silica
added at the hydrothermal treatment stage.
3.4. Effect of Grinding Time

Figure 7 shows the XRD patterns of silica-titania
mixtures (Si/Ti=20) obtained after different grinding
times. For all samples, even after a grinding time as
short as 3 h, the diffraction peaks assignable to anatase-
type titania disappear. However, the UV-visible spec-
tra (Fig. 8) indicate that the samples with short grind-
ing time (3 h and 6 h) still contain octahedral Ti species.
After milling for more than 12 h, the absorption band of
octahedrally-coordinated Ti species completely dis-
appears, and only an absorption band around 210 nm
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Table 1 Si/Ti and Si/Zr Molar Ratios of the Products with Different Grinding Time
Grinding time Ground silica-titania composite® TS-1» Washed TS-19
[h] Si/Ti Si/Zrx Si/Ti Si/Zx Si/Ti Si/Zrx
3 22 66 56 172 59 182
6 22 39 56 99 57 93
12 22 20 58 50 59 48
24 23 10 57 23 55 22
48 24 6 66 14 67 14

a) 0.03 mol of fumed silica and 0.006 mol of ST-01 (Si/Ti=20) ground at 600 rpm in a zirconia pot.
¢) Washed with 0.1 M (IM = 1 mol-dm™) HCI at room temper-

added to silica-titania composite to adjust Si/Ti to 50.
ature.

attributable to tetrahedrally-coordinated Ti species is
observed.

However, a longer grinding time seems to have the
disadvantage of increased zirconia impurity from the
pot and balls. Although no remarkable difference is
observed in the XRD patterns of the products with
grinding times of 3 to 24 h, after 48 h of milling the in-
tensities of the peaks attributed to zirconia (30.2° and
34.6°) are obviously increased (Fig. 7 (f)). The in-
crease in zirconia impurity is directly shown by ICP
measurement of the products (Table 1); the Si/Zr
molar ratio of the ground product increases with in-
creasing grinding time, whereas the Si/Ti molar ratio is
practically constant. The Si/Zr ratios of the final TS-1
products are influenced by the molar ratios of these
ground mixtures.

Figure 9 shows the XRD patterns of final TS-1
products synthesized from the mechanochemically
reacted silica-titania composites obtained above. The
crystallinity in terms of peak intensities decreases with
increasing grinding time, probably because of the con-
tamination by zirconia. The product synthesized from
the mixture without milling shows a double peak
around 24.5° (Fig. 9 (a)), whereas the other TS-1 mate-
rials produced from ground silica-titania composites
exhibit a single peak in this region (expanded figure
shown as Fig. 10). This difference is derived from
the symmetrical change of MFI-type topology from
monoclinic to orthorhombic, which is usually observed
when Ti atoms are incorporated into the silicate frame-
workD. That is, for TS-1 samples prepared from
ground silica-titania composite, Ti atoms are incorpo-
rated into the MFI zeolite framework, even though oc-
tahedral Ti species remain in some samples.

The synthesized TS-1 materials are used as catalysts
for the epoxidation of 1-hexene. Table 2 exhibits the
catalytic performances of these materials. TS-1 mate-
rial synthesized from silica-titania composite ground
for 3 h has low catalytic activity, presumably because
the remaining octahedral Ti species (Fig. 8 (b)) cannot
act as active centers. When the milling time is in-
creased to 6 h or 12 h, the catalytic activity of the TS-1
sample improves with the decrease in octahedral Ti
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Fig. 9 XRD Patterns of TS-1 Materials Synthesized from
Silica-titania Mixtures Ground for (a) O h, (b) 3 h, (¢) 6 h, (d)
12 h, (e) 24 h, (f)48 h

species. However, the samples with longer milling
times (24 h, 48 h) show considerably lower catalytic ac-
tivities, although they contain practically only tetrahe-
dral Ti species. As described above, these samples
have low crystallinity presumably due to the presence
of zirconia impurity (Fig. 9). This low crystallinity
presumably impairs the surface hydrophobicity of TS-1,
resulting in the low catalytic activity?” 2%, Zirconium
atoms might also be incorporated into the framework of
the MFI structure to reduce the surface hydrophobicity.
As a result, TS-1 sample from composite ground for 6 h
shows the highest catalytic activity due to the lower Zr
content, although octahedral Ti species are still present
in this sample.
3.5. Effect of Disk Rotation Speed

Figure 11 shows the UV-visible spectra of silica-
titania mixtures ground at 200, 400, 600 and 800 rpm
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for 24 h. The product ground at 200 rpm shows an ab-
sorption band at 330 nm (Fig. 11 (a)), indicating the
preservation of the octahedrally-coordinated Ti species.
The XRD pattern (Fig. 12 (a)) contains a small peak at
around 25.2° corresponding to the presence of anatase
titania. Grinding at 200 rpm would not produce
enough impact energy to obtain completely amorphous
material. In contrast, the mixtures ground at more
than 400 rpm show the absorption band mainly attrib-
utable to the tetrahedrally-coordinated Ti species
(Fig. 11 (b)-(d)) and no diffraction peaks assignable to
anatase titania (Fig. 12 (b)-(d)). However, the exces-
sively fast disk rotation speed results in increased zirco-
nia impurities, as the sample ground at 800 rpm shows
clear diffraction peaks attributable to zirconia (Fig. 12
(d)). The optimal disk rotation speed seems to be
400-600 rpm, considering the complete absence of oc-
tahedral Ti species and the amount of impurity.

Figure 13 shows the XRD patterns of the final TS-1
products. The TS-1 samples prepared from the mix-
ture milled at 200 rpm show a double peak 24.5°, im-
plying that the Ti atoms are not effectively incorporated
into the zeolite framework because of insufficient mill-
ing.

Table 3 shows the catalytic performances of the
TS-1 materials in the epoxidation of 1-hexene. TS-1

S
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Fig. 10 XRD Patterns of TS-1 Materials Synthesized from

Silica-titania Mixtures (a) without Grinding and (b) Ground
for3 h

material synthesized from silica—titania composite
ground at 200 rpm has low catalytic activity because of
the lower content of tetrahedrally-coordinated Ti sites
due to insufficient milling. In contrast, the TS-1 mate-
rial prepared form the composite ground at 400 rpm,
which contains practically only tetrahedrally-coordinated
Ti species, show higher catalytic activity. However,
too fast disk rotation speed in this case causes large
contamination by zirconia impurity to spoil the catalytic
activity of TS-1. As a result, higher disk rotation
speed during mechanochemical reaction could reduce
the catalytic activity of the TS-1 material.

4. Conclusion

Study of various milling parameters on the properties
of silica-titania mixtures and final TS-1 materials shows
the following. Using small starting material particles
and dense milling media mixes the titania and silica ef-
fectively. Longer grinding time as well as faster disk
rotation speed greatly promotes the mechanochemical
reaction between titania and silica. However, too long
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Fig. 11 UV-visible Spectra of Silica-titania Mixtures Ground at (a)

200 rpm, (b) 400 rpm, (c) 600 rpm, and (d) 800 rpm

Table 2 Effect of Grinding Time on the Catalytic Performance of Resulting TS-1 Material

Grinding time Si/Ti SifZr Conversion? TON® Selectivity [mol%] H,0, efficiency®
[h] [mol%] epoxide diol [mol%]
3 59 182 7.4 17 92.5 7.5 92
6 57 93 15.0 33 94.3 5.7 94
12 59 48 11.2 26 92.0 8.0 84
24 55 22 1.6 4 >99.9 trace 92
48 67 14 1.4 4 >99.9 trace 100

Catalyst 0.05 g, 1-hexene 10 mmol, H,O, 3 mmol, acetone 5 m/, 60°C, 3 h.

a) Oxidant-based conversion.
(mol%).
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b) Turnover number (mol-(epoxide + diol)/mol-Ti).

¢) 100 —decomposed H,O,
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Table 3 Effect of Disk Rotation Speed on the Catalytic Performances of Resulting TS-1 Materials

59

Selectivity [mol%]

Disk rotation speed SUTI SiZr Conversion” TONY H,0, efficiency®
[h] [mol%] epoxide diol [mol%]
200 68 >1600 3.9 10 >99.9 trace 85
400 55 94 12.6 27 94.2 5.8 82
600 55 22 1.6 4 100 0 92
800 78 10 0.4 2 100 0 95

Catalyst 0.05 g, 1-hexene 10 mmol, H,O, 3 mmol, acetone 5 ml, 60° C, 3 h.
a) Oxidant-based conversion.

b) Turnover number (mol-(epoxide + diol)/mol-T1).

¢) 100 — decomposed H,O, (mol%).
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Fig. 12 XRD Patterns of Silica-titania Mixtures Ground at (a)
200 rpm, (b) 400 rpm, (c) 600 rpm, and (d) 800 rpm

grinding time or excessively fast disk rotation speed in-
creases the amount of impurity zirconia derived from
the milling pot and balls, which hinders the nucleation
of the MFI phase and reduces the catalytic activity of

Disk rotation speed
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Fig. 13 XRD Patterns of TS-1 Materials Synthesized from
Silica-titania Mixtures Ground at (a) 200 rpm, (b) 400 rpm,
(c) 600 rpm, and (d) 800 rpm
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