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Abstract

The synthesis of titanium silicalite by two methods (gas—solid isomorphous substitution of Ti** for Si** and hydrothermal
crystallization synthesis), aiming at decreasing its cost, and the characterization of the prepared catalyst are presented.

In the hydrothermal crystallization synthesis method of titanium silicalite-1 (TS-1), TPABr can be used to replace TPAOH
and the amount of TPABr can be decreased to 0.05 (TPA*/SiO,). Organic amine cannot act as a template in the presence of
TPA™. It can only regulate the basicity of the gel. The order of the template effect of different templates is as follows:
TPA*>TBA">TEA*>>organic amine. In the preparation of titanium-containing zeolite by secondary synthesis, the nature of
the precursor and the preparation conditions have great influence on the incorporation of titanium into the framework. The
mechanism of gas—solid isomorphous substitution is proposed, and under its guidance, we have successfully prepared
Ti-ZSM-5, Ti-ZSM-11, Ti-f, and Ti-mordenite.

The synthesized titanium-containing zeolites have been evaluated through catalytic hydroxylation of phenol, oxidation of
styrene and epoxidation of propylene with aqueous H,O,. Results show that the Ti-containing zeolites possess high activity
both in hydroxylation, styrene oxidation and in epoxidation. © 1999 Elsevier Science B.V. All rights reserved.

Keywords: Titanium silicalite; Gas—solid isomorphous substitution; Synthesis; Template effect; Selective oxidation; Reaction mechanism

1. Introduction in the precursor gel. Therefore, TS-1 is a very expen-

Titanium silicalite-1 (TS-1) was discovered in 1983
by research workers of Enichem [1]. Its distinctive
catalytic properties have attracted attention of several
other groups who also started research in this field
[2-8]. TS-1 is usually synthesized by using tetrapro-
pylammonium hydroxide (TPAOH) solution, which
acts as the structure-directing agent and provides the
alkalinity necessary for the crystallization of the zeo-
lite. However, the synthesis requires stringent condi-
tions, particularly the absence of alkali metal cations

*Corresponding author.

sive catalyst whose synthesis requires the preparation
of alkali-free TPAOH solution. In order to decrease the
cost of titanium silicalite, we have adopted two meth-
ods; one is gas—solid isomorphous substitution in
which the use of the expensive TPAOH as the template
is avoided, and the other is a hydrothermal method in
which TPAOH is replaced by TPABr. Results of
testing the prepared catalysts in selective oxidation
reaction show that these two methods of preparing
TS-1 are satisfactory.

In this paper we present the main results of prepar-
ing TS-1 with the above-mentioned methods and the
characterization of the prepared catalysts. Effect of
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conditions in the gas—solid isomorphous substitution
preparation and the nature of precursor on the incor-
poration of Ti into the product TS-1 are investigated.
A mechanism for the gas—solid isomorphous substitu-
tion is put forward. The effects of the nature of the
organic amine, the amount of TPABr and the effect of
mixed template on the incorporation of titanium into
the framework are discussed in detail.

2. Experimental

There are two methods of synthesizing titanium-
containing zeolite: gas—solid isomorphous substitu-
tion of Ti** for Si*" and hydrothermal crystallization
synthesis, which have been described in the literature
[9-12]. TS-1 samples used in this work were prepared
as follows: according to the first method, the precursor
was calcined at 540°C for 3-8 h to get rid of water and
the organic templates, and then treated with aqueous
HCI solution to remove Na™ and A’ (B3+). In a
vertical quarts reactor, the precursor was outgassed at
450°C for 4 h, then gaseous TiCl, and nitrogen were
passed through the reactor. After reaction, the product
was washed with ethanol. In the second method, the
appropriate amount of tetrabutyl titanate in isopropyl
alcohol was hydrolyzed in advance under ambient
conditions. Then H,O, and organic amines were
added to the above solution. The resulting solution
was added to the silica sol while stirring. The final gel
was sealed in an autoclave and hydrothermal crystal-
lization was carried out at 150-190°C for 3-8 days.
After cooling, the resulting solids were separated,
washed with deionized water and dried in air.

IR spectra of the prepared TS-1 samples were
collected on a Perkin-Elmer FT-5DX spectrometer
(KBr pellets), and UV-Vis measurements performed
on Shimadzu UV-240 by using the diffuse reflectance
technique in the range 190490 nm. Freshly prepared
silicalite was used as the reference. XRD spectra were
recorded on an XD-3A powder diffractometer with Cu
K, radiation. MAS NMR spectra were recorded on a
Bruker DRX 400 spectrometer at room temperature.
For the measurement of '*C CP/MAS NMR spectra, a
relaxation delay of 2 s was used; contact time was
2 ms and the spinning frequency was 4-6 kHz. 13C
chemical shifts were referred to adamatane. For the
measurement of 2°Si CP/MAS NMR spectra, a relaxa-

tion delay of 4 s was applied, the frequency of 2°Si was
79.5 MHz, and chemical shifts were referred to DSS.

The catalytic properties of titanium-containing zeo-
lite samples were evaluated through three test reac-
tions: hydroxylation of phenol, oxidation of styrene
and epoxidation of propylene. The reaction conditions
are similar to those described in the literature
[9,10,13,14]. Typical reaction conditions are as fol-
lows: hydroxylation of phenol with H,O,, phenol/
H,0,=1 (molar ratio), acetone as the solvent, wt.
of catalyst=0.5 g, reaction temperature, 80°C, reac-
tion time, 6 h. Oxidation of styrene with H,O,, styr-
ene/H,0,=2.2 (molar ratio), acetone as the solvent,
wt. of catalyst=0.6 g, reaction temperature, 70°C,
reaction time, 6 h. Epoxidation of propylene with
H,0,, vol. of methanol=31.6 ml, vol. of aqueous
H,0,=2 ml, wt. of catalyst=0.4 g, propylene pres-
sure, 0.8 MPa, reaction time, 90 min, reaction tem-
perature, 60°C.

3. Results and discussion

3.1.  Hydrothermal synthesis of TS-1 with cheap
template

3.1.1. Hydrothermal synthesis of TS-1 with TPABr
as the template

As is well known, TPAOH acts as the structure-
directing agent and provides the alkalinity in the
synthesis of TS-1. However, TPAOH is very expen-
sive. There is no commercial product in the Chinese
market, which makes the cost of the synthesized TS-1
very high. A possible way of decreasing the cost of
TS-1 is to use TPABr (usually free from alkali metal
cations) and some base to replace TPAOH, which has
been reported by many authors [15-18]. Thus by using
Ti(OC4Hy), as the titanium source, TPABr as the
template, and different organic amines (1,6-hexane-
diamine, n-butylamine, ethylenediamine, diethyla-
mine, triethanolamine, TBAOH and TEAOH) as the
base we have successfully synthesized TS-1 (Si/
Ti=33 in gel). Fig. 1 shows IR spectra of the titanium
silicalites synthesized from different organic bases.
From these spectra, we can see that they all have a
characteristic peak at about 960 cm ™', which indicates
that titanium has been incorporated into the frame-
work of zeolite. Using triethanolamine as the base, the
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Fig. 1. IR spectra of TS-1 synthesized with TPABr and different
amines as the base: (a) n-butylamine; (b) TEAOH; (c) TBAOH; (d)
1,6-hexanediamine; (e) ethylenediamine; (f) diethylamine; (g)
triethanolamine.

intensity of the 960 cm ™' peak is weaker than that in
the spectra of samples obtained using other amines as
the base and the XRD spectrum of the TS-1 shows low
crystallinity. The reason is that triethanolamine coor-
dinates with Ti*" or AI*" to form a stable complex,
which prevents the incorporation of titanium into the
framework and affects the crystallinity of TS-1 [19].
When n-butylamine was used as the base, increasing
the amount of n-butylamine did not increase the
intensity of the 960 cm ™' band. However, when using
TEAOH as the base, decreasing the amount of
TEAOH caused an increase in the intensity of
960 cm ™' peak. This phenomenon is being investi-
gated. UV-Vis spectra of all prepared titanium sili-
calites (Fig. 2) show two absorption peaks: one at
220 nm, which is attributed to tetra-coordinated tita-
nium, another at 270-280 nm, which is attributed to
Ti*" ions in an octahedral coordination with two water
molecules in the coordination sphere or small
hydrated oligomeric TiO, species. This explanation
is strongly supported by a decrease of the intensity in
this region upon dehydration of the sample, and is in
agreement with the work of Geobaldo et al. [20]. The
peak at about 330 nm does not appear in all spectra,
indicating that there is no anatase-TiO, present in the
product. When TEAOH or n-butylamine was used as
the base, the intensity of the absorption peak at 270-
280 nm was low. Moreover, if MgO was used as the
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Fig. 2. UV-Vis spectra of TS-1 synthesized with different amines
as the base: (a) n-butylamine; (b) TEAOH; (c) TBAOH; (d) 1,6-
hexanediamine; (e) ethylenediamine; (f) diethylamine.

reference, the UV—Vis spectra of all the samples show
one wide absorption peak at 230-250 nm. So, we
suggest that the reference is mentioned if UV-Vis
is used to characterize TS-1. In the system of TPABr
and aqueous ammonia, the effect of Si/Ti in gel, of
crystallization time and temperature and of the use of
seeds on the synthesis of TS-1 was studied. Results
show that the Si/Ti in the gel is similar to that in the
product, and that the unit cell parameter increases with
the increasing of Si/Ti ratio. This indicates that tita-
nium has been incorporated into the framework. TS-1
can be synthesized with crystallization times of 2-5
days and crystallization temperature of 150-180°C. The
addition of seeds decreases the crystal size [12,21].

13C CP/MAS NMR is an important tool to study the
mechanism of the reaction in the synthesis of TS-1.
Fig. 3 gives '3C CP/MAS NMR spectra of TS-1
synthesized with different organic amines as the base.
It can be seen that the signals of the organic base do
not appear in all the patterns, only the signal of TPA™.
So it can be concluded that only TPA™ is trapped in the
zeolite and acts as the structure-directing agent. The
organic base serves to regulate the alkalinity of the gel.
The above results provide a proof of the validity of
substituting TPABr and a base for TPAOH.

The amount of TPABr used in the synthesis is a key
factor in decreasing the cost of the synthesized TS-1.
In the system of TPABr and NH3-H,O, the effect of the
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Fig. 3. 3C CP/MAS NMR spectra of TS-1 synthesized with
different amines as the base: (a) diethylamine; (b) n-butylamine; (c)
1,6-hexanediamine; (d) ethylenediamine; (e) aqueous ammonia; (f)
triethanolamine; (g) no addition of base.

amount of TPABr on the property of the synthesized
product was studied in detail [22]. XRD spectra show
that only when TPA'/Si0,>0.05, TS-1 with high
crystallinity can be obtained. IR spectra show that
when TPA 7/Si0,<0.05, the amount of titanium incor-
porated into the framework decreases. '*C CP/MAS
NMR spectra show that all the patterns are similar.
The above results indicate that the amount of TPABr
used in the synthesis of TS-1 can be decreased to 0.05
(TPA"/SiO,).

In the system of TPABr and n-butylamine, when the
amount of n-butylamine was increased to 10 times the
original amount, still no n-butylamine was trapped in
the zeolite (Fig. 4), which indicates that n-butylamine
did not act as a template. Moreover, addition of
tripropylamine and NaOH did not induce n-butyla-
mine to act as a structure-directing agent. In the
system of TPABr and TBAOH, both TPA™ and TBA™
played the role of a template, but the signal intensity of
TPA™" was higher than that of TBA" (Fig. 5). In the
system of TPABr and TEAOH (Fig. 5), when TPA™/
Si0,<0.05, both TPA' and TEA™ acted as the tem-
plate. Even if no TPABr was added, the signal inten-
sity of TPA" originated from the seed added was
higher than that of TEA™. When TPA/Si0,>0.05,
only TPA™ acted as the template. Hence, the order of
templating effect can be arranged as follows:
TPA">TBA">TEA™ >organic amine.

The catalytic properties of the TS-1 samples were
studied in the catalytic epoxidation of propylene with
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Fig. 4. 3C CP/MAS NMR spectra of TS-1 synthesized in the
presence of TPABr (TPAB1/Si0,=0.25) and n-butylamine (nBA):
(a) nBA/Si0,=0.2; (b) nBA/Si0,=2.0; (c) nBA/SiO,=0.2, and
tripropylamine added; (d) nBA/SiO,=0.2, and NaOH added.
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Fig. 5. 3C CP/MAS NMR spectra of TS-1 synthesized in the
presence of TPABr and TEAOH and of TBABr and TEOH. Molar
ratios: (a) TBAB1/Si0,=0.25, TEAOH/Si0,=0.4; (b) TPAB1/
Si0,=0.25, TBAOH/Si0,=0.1; (c) TPAB1/SiO,=0, TEAOH/
Si0,=0.4; (d) TPAB1/Si0,=0.02, TEAOH/Si0,=0.4; (¢) TPAB1/
$i0,=0.04, TEAOH/Si0,=0.4.
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Table 1

Catalytic properties of TS-1 samples in propylene epoxidation®

Samples Si/Ti in the gel Base source X (mol%) U (mol%) S (mol%)
1 33 NH;-H,O0 91.0 54.0 100

2 33 n-Butylamine 65.0 95.8 100

3 33 TEAOH 99.5 56.6 100

4 33 Diethylamine 98.1 74.9 100

5 39 TPAOH 95.5 66.5 100

X stands for the conversion of H,O,, U the utilization of H,O,, and S stands for the selectivity towards propylene oxide.
# Conditions: reaction temperature 60°C, reaction time 90 min, the pressure of propylene is kept at 0.8 MPa, 0.4 g of catalyst, 31.6 ml of

methanol, 2 ml of 27% H,0, aqueous solution.

H»0,. Results are listed in Table 1, which shows that
TS-1 catalysts synthesized from different bases all
have high selectivity. Samples 1, 3 and 4 have a high
conversion of H,O, and a low utilization of H,O,, By
contrast sample 2 has a high utilization of H,O, and a
low conversion of H,O,. Compared with TS-1 synthe-
sized according to the procedure given in literature [1],
TS-1 samples synthesized from the TPABr system
have similar catalytic properties. For industrial appli-
cation of TS-1, both high conversion and high utiliza-
tion of H,0O, are needed. So, the present method of the
synthesis of TS-1 needs to be improved. It is inter-
esting to note that, in the system of TEAOH and
TPABr1, when the amount of TEAOH was increased,
the activity of TS-1 prepared decreased drastically.
Only when TEA"/Si0,<0.25, the activity of TS-1
samples was improved which is in agreement with
the IR results. In the system n-butylamine/TPABr, an
increase in the amount of n-butylamine did not
improve the activity of TS-1, but improved its utiliza-
tion of H,O, [19]. The above-mentioned TS-1 samples
have larger crystal size (usually 2-3 um from SEM)
than TS-1 reported in literature [1]. Van der Pol et al.
[23] have reported that when TS-1 particle size is
larger than 0.3 um, diffusion limitation governs the
hydroxylation rate of phenol with H,O,. While in
epoxidation of propylene with H,O,, TS-1 samples
with 2-3 pm crystal size still have high activity. The
reason is that the dynamic diameter of propylene
(0.5 nm) is smaller than that of TS-1 (0.55-0.6 nm),
so the diffusion limitation is not the controlling step
during the epoxidation of propylene with hydrogen
peroxide.

Fig. 6 shows IR spectra of TS-1 synthesized in the
complex system with TPABr as the templating agent.
Reaction results are listed in Table 2. It can be seen

that TS-1 synthesized in the complex system has the
characteristic absorption peak at 960 cm ™', which is
the finger proof that titanium has been incorporated
into the framework. In catalyzing epoxidation of
propylene TS-1 samples synthesized from n-butyla-
mine and TPABr (sample 7), aqueous ammonia and
TPABr (sample 12), TPABr and TBAOH (sample 13)
showed high conversion of H,O, and high utilization
of H,O,. In the complex system of TPABr and n-
butylamine (samples 6 and 7), we have found that the
TS-1 synthesized with silica sol as the silicon source
was superior to that synthesized with white carbon as
the silicon source. Using silica sol as the silicon source

1900 1600 1300 1000 700 400
Wavenumbers cm™

Fig. 6. IR spectra of TS-1 samples synthesized in the complex
system: (a) sample 6 (b) sample 7 (c) sample 8 (d) sample 9 (e)
sample 10 (f) sample 12 (g) sample 13 (synthesis components see
Table 2).
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Table 2

Catalytic epoxidation by TS-1 samples synthesized in the complex system”

Samples Si/Ti in the gel Silicon source Base source X (%) U (%) S (%)
6 33 White carbon n-Butylamine 73.4 41.7 100
7 33 Silica sol n-Butylamine 94.6 75.4 100
8 33 Silica sol TEAOH 9.7 - -
9 33 Silica sol TEAOH® 74.2 81.3 100

10 33 TEOS TEAOH 60.3 98.2 100

11 33 White carbon TEAOH 66.0 67.7 100

12 33 Silica sol NH;-H,O 93.7 87.6 100

13 33 Silica sol TBAOH 98.3 71.1 100

14° 33 Silica sol n-Butylamine 90.0 100 85

* The conditions are the same as in Table 1.
®TS-1 was synthesized in a 21 stainless-steel autoclave.
¢ Stirred during the synthesis of TS-1.

and n-butylamine as the base, TS-1 (Si/Ti=33) with
high crystallinity has been synthesized in a 21 stain-
less-steel autoclave (stirring). The results (see
Table 2) show that this TS-1 was superior to TS-1
synthesized in a 50 ml autoclave (stationary). More-
over, in the complex system of TPABr and TEAOH,
we have found that stirring favors the crystallization of
TS-1 and improves the catalytic properties of the
prepared TS-1. TS-1 catalysts synthesized from TEOS
as the silicon source gave high utilization of H,O, in
epoxidation of propylene.

3.1.2.  Synthesis of TS-1 with TBABr as the template

TS-1 has been synthesized from TBABr and
TEAOH, though TBA™ is known to produce a favor-
able effect on the formation of the ZSM-11 (MEL)
structure. IR spectra of the TS-1 show that Ti is
incorporated into the framework. '*C CP/MAS
NMR spectra show that both TBA" and TEA™ are
trapped in the zeolite and act as the template (Fig. 5).
In a 1:1 filling, TBA™ and TEA" demand the same
pore volume as TPA™.

3.1.3.  Synthesis of TS-1 with 1,6-hexanediamine as
the template

In order to decrease the cost of TS-1 further, TS-1
has been synthesized by using 1,6-hexanediamine to
replace TPAOH. The influence of various synthesis
parameters (such as crystallization time and tempera-
ture, basicity of the reaction mixture, SiO,/TiO, ratio)
on the properties of the synthesized TS-1 has been
investigated in detail (TiOSO, as the titanium source)

[24]. Moreover, the combination of 1,6-hexanedia-
mine and TEAOH were used in the synthesis of
TS-1, 3C CP/MAS NMR was used to study the effect
of the organic base and showed that both 1,6-hexa-
nediamine and TEAOH acted as the template (Fig. 7).
However, TS-1 synthesized by this method has a low
titanium content and increasing the amount of tita-
nium leads to a decrease of crystallinity. Presumably
1 wt% 1is the upper limit of the amount of titanium
incorporated into the framework.

3.2.  Preparation of titanium silicalite by gas—solid
isomorphous substitution

Besides using TPABr to replace TPAOH to decrease
the cost of TS-1, secondary synthesis especially gas—
solid isomorphous substitution was used in the synth-
esis of TS-1 to decrease their cost. This method
consists of using ZSM-5 as the precursor to react with

70 60 50 40 30 20 10
ppm

Fig. 7. 3C CP/MAS NMR spectrum of TS-1 syntheized in the
presence of TEAOH and 1,6-hexanediamine.
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gaseous TiCl, at high temperatures. Since ZSM-5 can
be easily synthesized from a cheaper template, in this
way expensive template used in the synthesis of TS-1
can be avoided. Kraushaar and Van Hooff [25] adopted
dealuminum ZSM-5 (Si/A1>2000) as the precursor to
synthesize Ti-ZSM-5 and proved that titanium is
incorporated into the framework. Their work also
showed that higher temperature in the range 200-
500°C favors the incorporation of titanium into the
framework. However, Ferrini and Kouwenhoven [6]
observed that, when dealuminated ZSM-5 (Si/
Al=12.5) was used as the precursor, lower tempera-
ture in the range 200-500°C favors the incorporation
of titanium into the framework.

3.2.1. Effect of zeolite structure on the
incorporation of Ti into the product TS-1
Fig. 8 shows IR spectra of titanium-containing
zeolite prepared by gas—solid isomorphous substitu-
tion, we can see that Ti-ZSM-5, Ti-ZSM-11, and Ti-3
have been prepared by secondary synthesis. However,
the IR spectra of Ti-Y and Ti-ZSM-48 do not show the
characteristic peak at 960 cm ™~ attributed to the incor-
poration of titanium into the framework. For Y zeolite,
the absence of the peak at 960 cm ™" is due to the low
Si0,/Al,05 and the collapse of the framework. For
ZSM-48 zeolite, we first attributed the absence of this
peak to the non-built-in of Ti to the unidimensional
structure of ZSM-48. But, recently we have synthe-
sized Ti-mordenite by using a dealuminated precursor.
It seems that in ZSM-48, which is a high-silicon
zeolite, it is more difficult to make hydroxyl nests
than in mordenite. This might be more probable.
Another reason is that upon dealumination of morde-
nite, mesopores are formed which help to facilitate the
diffusion of TiCl, into the zeolite crystal, whereas no
mesopores are formed in ZSM-48. In the preparation
of Ti-ZSM-5, the effect of the conditions (nitrogen
velocity, gas—solid isomorphous substitution tempera-
ture and time) and the nature of the precursor (includ-
ing Na* content, Si0,/Al,05 and the template used in
the synthesis of the precursor) were studied [26]. The
product was investigated by using XRD, IR, and UV-
Vis techniques. Results show that Ti is incorporated
into the framework. Gas—solid isomorphous substitu-
tion temperature, time, crystal size, the ratio of silicon-
to-aluminum, and the amount of Na™ are the main
factors that affect the incorporation of titanium into

1500 1000 500
Wavenumbers cm’!

Fig. 8. IR spectra of titanium-containing zeolite prepared by gas—
solid isomorphous substitution with TiCl, at 600°C: (a) Ti-ZSM-5,
(b) Ti-ZSM-11, (c) Ti-ZSM-48, (d) Ti-B, (e) Ti-ZSM-12, and (f)
Ti-USY.

the framework. A study of the thermostability of Ti-
ZSM-5 and Ti-ZSM-11 obtained showed that Na-
containing Ti-zeolite collapsed upon calcination at
900°C for 2 h. However, when Na® was removed,
the crystallinity of Ti-containing zeolite was very
high. The crystallinity did not decrease even after
calcining at 1000°C for 2 h. This indicates that, after
Ti is incorporated into the framework, the zeolite still
has high thermostability. IR spectra of the zeolites
after being calcined at 1000°C for 2 h showed that the
intensity of 960 cm ™' did not decrease. This indicates
that once titanium is incorporated into the framework,
it is difficult to remove it from the framework by
calcination at a high temperature [27]. Ti-ZSM-5 and
Ti-ZSM-11 were used to catalyze the oxidation of
styrene with hydrogen peroxide [28]. The conversion
of styrene reached 40 mol% (the molar ratio of styrene
to H,O, is 2.2, acetone being used as the solvent and
the temperature was 80°C), the selectivity to form
PhCH,CHO and PhCHO was 78.0 and 12.6 mol%,
respectively, for Ti-ZSM-5. For Ti-ZSM-11 the selec-
tivity to form PhCH,CHO and PhCHO was 48.5 and
41.3 mol%, respectively. In the hydroxylation of
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Fig. 9. Possible mechanism of gas—solid isomorphous substitution.

phenol, the conversion of phenol was 40% when the
molar ratio of phenol to H,O, was 1. However, the
conversion of phenol decreased drastically when the
ratio increased to 3, and the efficiency of HO, became
less than 50 mol%.

As to the mechanism for the formation of TS-1 by
gas—solid isomorphous substitution it seems that tita-
nium is incorporated into the framework only after
TiCl, has reacted with intra-crystalline defect struc-
ture (hydroxyl nests) (see Fig. 9). Although titanium is
incorporated into the framework, the local environ-
ment of titanium in Ti-zeolite prepared by secondary
synthesis seems to be different from that in TS-1
synthesized by the classical method. Ti-zeolite pre-
pared by secondary synthesis has a lower activity in
the hydroxylation of phenol with hydrogen peroxide
than the standard TS-1, while in the oxidation of
styrene, it shows high activity. This view has been
proved by a Si MAS NMR study [29].

3.2.2.  Preparation of Ti-zeolite with boron-

containing zeolites as the precursor
According to the above-mentioned mechanism,
titanium can be incorporated into the framework when
there are many hydroxyl nests in the zeolite, through
reacting with them. However, it is difficult to make
hydroxyl nests through the removal of aluminum.
Because of the instability and weak acidity of frame-
work boron, it is easy to remove boron from the
framework to make nests. Rigutto et al. [30] described
the preparation of Ti-beta zeolite using B-beta zeolite
as the precursor. We also prepared Ti-beta [12], Ti-
ZSM-5 [31] and Ti-ZSM-11 [32] zeolites with B-
containing zeolites as the precursor. Fig. 10 shows

the IR spectra of Ti-ZSM-5 synthesized with de-B-
ZSM-5 as the precursor. The pattern of the as-synthe-
sized B-ZSM-5 shows a band at 920 cmfl, which is
attributed to tetrahedral coordinated framework boron.
The IR spectrum of the calcined B-ZSM-5 shows a
new absorption peak at 1380 cm ™" of trigonal boron,
BO;, and the intensity of absorption at 920 cm ™! band
becomes weak. Upon treatment of calcined B-ZSM-5
with 0.1 M aqueous HCI, 1380 and 920 cm™' bands
disappear, which proves the removal of extra-frame-
work and framework boron. When the calcined sample
is treated with TiCly, the IR spectrum of the product
showed a weak absorption band at 960 cm™'. By
contrast, when the acid-treated sample was used as

400 1500 1000 500
Wavenumbers cm’!

1500 1100 850 600
Wavenumbers cm™

Fig. 10. IR spectra of BZSM-5 treated with different methods: (a)
as synthesis; (b) calcined; (c) 0.1 M HC1 and Ti-BZSM-5 prepared
at different temperatures; (d) 200°C; (e) 400°C; (f) 600°C.
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Fig. 11. IR spectra of B-ZSM-11 and Ti-B-ZSM-11: (a) B-ZSM-
11 treated upon calcination; (b) B-ZSM-11, treated with 2 M HCI;
(c) Ti-B-ZSM-11, using (a) as the precursor, reaction time 26 h; (d)
Ti—-B-ZSM-11, using (b) as the precursor, reaction time 6 h; (e) Ti—
B-ZSM-11, using (b) as the precursor, reaction time 26 h.

the precursor, the IR spectrum of product shows a
strong absorption band at 960 cm ™', which indicates
that titanium has been incorporated into the frame-
work. The result shows that acidic deboronation favors
the incorporation of titanium. Moreover, the intensity
of 960 cm ™" band increases with the increase in the
reaction temperature [31]. Similarly, Ti-ZSM-11 has
been prepared by using B-ZSM-11 as the precursor
(Fig. 11). Remarkably, treatment with acid only
removes the extra-framework boron, and the removal
of boron and incorporation of titanium by TiCl, takes
place simultaneously [32]. Ammoxidation of cyclo-
hexanone over Ti—-B-ZSM-5 was studied; the conver-
sion of cyclohexanone was 64.7 mol% and the
selectivity to form oxime even reached 100 mol%
[31]. Epoxidation of propylene over Ti-ZSM-11
was investigated. The conversion of H,O, and the
selectivity of propylene oxide were as high as 90 and
100 mol%, respectively. The utilization of H,O,
reached 70 mol% [32].

4. Conclusions

Titanium silicalite can be synthesized by hydro-
thermal crystallization method by using a cheap tem-

plate or by secondary synthesis to decrease the cost.
The catalytic activity of the as-synthesized titanium
silicalite in the hydroxylation of phenol is lower than
that of TS-1 synthesized according to the method
given in the literature. The activity in the epoxidation
of propylene over the as-synthesized titanium silicalite
is similar to that of TS synthesized according to
literature. The low cost TS-1 shows great promise
in the future and should be further developed.
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