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a b s t r a c t

Titanium silicate-1 (TS-1) was synthesized via three different procedures, respectively, using tetraethy-
lorthosilicate (TEOS) and tetrabutyl orthotitanate (TBOT) as Si and Ti sources and tetrapropylammonium
hydroxide (TPAOH) as template. In the procedures A and B, ethanol and isopropanol were respectively
employed as the solvents of TBOT and were remained all through the hydrothermal crystallization of TS-
1. In the procedure C, isopropanol was also employed as the solvent of TBOT but was evaporated before
the crystallization step. The TS-1 specimens synthesized via the three procedures were characterized by
means of XRD, FT-IR, DRS UV–vis, SEM, N2-physisorption and NH3-TPD. It was shown that, the contents
of framework Ti species in the TS-1 basing on the procedures A and C were comparable, being both larger
than that basing on the procedure B. Extra-framework Ti, anatase, was absent in the TS-1 basing on the
procedure A but present in the TS-1 basing on the procedures B and C, with its content being larger for the

procedure B than for the procedure C. The extra-framework Ti might disperse highly both on the surfaces
and in the micropores of TS-1. The framework Ti contributed the weak acid sites and the extra-framework
Ti the strong acid sites of TS-1. The catalytic performance for the ammoximation of cyclohexanone over
the TS-1 synthesized via various procedures was evaluated and the yield of cyclohexanone–oxime was
found to follow an order procedure A > procedure C > procedure B. It was concluded that the TS-1 with
a large content of framework Ti but without anatase, exhibiting high catalytic performance, could be
effectively synthesized by the employment of ethanol.
. Introduction

Titanium silicate-1 (TS-1) is a titanosilicate zeolite with a MFI
tructure. The main feature of this zeolite is the presence of Ti atoms
s atomically dispersed species, which substitutes isomorphously
small fraction of Si atoms in the tetrahedral sites of silicalite-1

ramework. This endows TS-1 with a few unique properties, such
s, the large coordination ability of Ti4+ ions, the high hydropho-
icity and the excellent shape selectivity. Since its first report by
aramasso et al. in 1983 [1], TS-1 has been paid much attention
nd found large potential applications in a series of clean oxidative
eactions under mild conditions and using hydrogen peroxide as
xidant, for examples, the selective oxidations of olefins to epoxies,
lcohols to aldehydes or ketones, the hydroxylations of aromatics,
nd the ammoximation of cyclohexanone [2–5].
TS-1 is usually hydrothermally synthesized, employing silicon
nd titanium ethoxides, as the Si and Ti sources, and organic base,
ypically tetrapropylammonium hydroxide (TPAOH), as the struc-
ure directing agent and mineralizer [1]. During the synthesis of
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TS-1, the hydrolysis/condensation of Si and Ti sources, and particu-
larly the hydrolysis of Ti sources to form a Ti-gel, constitutes the key
step, which has been found to affect largely the content and existing
state of Ti in the final TS-1 [6]. It is known that, the more frame-
work Ti the TS-1 contains, with a maximum value of 2.5 wt% [7], the
higher catalytic performance the TS-1 would present. The presence
of anatase reduces significantly the catalytic performance of TS-1,
because of its promotion to the decomposition of H2O2 [8,9]. In
the original report by Taramasso et al. [1], TS-1 was synthesized
from the Si–Ti co-gel, which was prepared via the first addition
of the Ti source, tetraethylorthotitanate (TEOT), into the Si source,
tetraethylorthosilicate (TEOS), followed by the gradual addition of
the aqueous solution of the TPAOH template. But the TS-1 obtained
by this method contained only very small amount of framework
Ti, because the hydrolysis speed of TEOT was far faster than that
of TEOS. Whereas many attempts have been made to increase the
content of framework Ti, it is still a challenge that the increase of the
isolated tetrahedral Ti in the TS-1 framework is usually accompa-

nied by the formation of extra-framework Ti, usually anatase, due
to the strong tendency of the polymerization of Ti under aqueous
conditions [6]. In 1990s, it was found that a hydrophobic environ-
ment favored the formation of framework Ti, and the mixing of
anhydrous isopropanol (IPA) with titanium ethoxides before the
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Fig. 1 presents the XRD patterns of the specimens A–C. One can
see that all of the specimens exhibit a set of diffraction peaks at
2� = 7.9◦, 8.8◦, 23.1◦, 23.9◦ and 24.4◦ in their XRD patterns, indicat-
ing the presence of TS-1 [13,14]. The peak intensities of TS-1 for
the specimens A–C are almost same, showing a comparable level of
D.-G. Huang et al. / Cataly

ydrolysis of titanium ethoxides was proven to be an effective route
o prevent from the precipitation of TiO2 [10–12]. However, iso-
ropanol (IPA) had to be distillated out after the formation of the
i–Si gel in the subsequent step, since IPA in the solution tended to
old the Ti species out of the TS-1 framework. This introduced the
dditional complexity and cost for the synthesis of TS-1.

In the present paper, we showed a novel synthesis of TS-1,
nvolving the replacement of IPA by ethanol at no requirement
or the distillation of ethanol from the batch. Compared to that
ynthesized via the conventional procedure, which involved the
mployment of IPA before the hydrolysis of tetrabutyl orthoti-
anate (TBOT) and its removal after the hydrolysis of TBOT, the
S-1 synthesized by our novel method possessed an apprecia-
ly high content of framework Ti species without the presence
f extra-framework Ti and exhibited much more higher catalytic
erformance for the ammoximation of cyclohexanone.

. Experimental

.1. Chemicals

The chemicals involved in the synthesis of TS-1 and the cat-
lytic reaction were as follows: TEOS (99%), TBOT (98%), TPAOH
1.5 M solution in water), ethanol (99.7%), IPA (99.5%), t-butanol
99%), cyclohexanone (98.5%), hydrogen peroxide (H2O2, 30%) and
mmonia (NH3, 99.9%).

.2. Synthesis of TS-1 via various procedures

Procedure A. 98.1 ml TEOS, 70.5 ml TPAOH and 113 ml H2O were
rst added into a 500 ml three-neck flask, at room temperature and
nder strong stirring, allowing the hydrolysis of TEOS for 1 h. Then,
solution of 4.88 ml TBOT in 50 ml ethanol was added dropwise at

ce-bath temperature and under strong stirring. After the addition,
he mixture was stirred for another 1 h, and then, the tempera-
ure was raised to 333 K, allowing the hydrolysis of TBOT for 1 h,
esulting in a sol with a molar composition SiO2:0.033 TiO2:0.20
PAOH:2.0 Ethanol:20 H2O. This sol was transferred into a Teflon-
ined autoclave and subjected to a hydrothermal crystallization
t 443 K for 4 d. After crystallization, the solid was recovered by
entrifugal separation, washing repeatedly with deionized water,
rying at 393 K for 12 h and then calcination at 823 K for 12 h. The
s-synthesized specimen was denoted as A.

Procedure B. A sol with a molar composition SiO2:0.033
iO2:0.20 TPAOH:1.5 IPA:20 H2O was first prepared as above for
, except that 50 ml ethanol was replaced with 50 ml IPA in the
atch. Then, the sol was subjected to the same treating procedure
s above for A, and the specimen resulted was denoted as B.

Procedure C. A sol with the same composition as above for B was
rst prepared and then heated at 354 K to evaporate the alkanol
ethanol and IPA). The resultant mixture was subjected to the same
reating procedure as above for A, and the specimen obtained was
enoted as C.

.3. Characterization of TS-1

X-ray diffraction spectroscopy (XRD) was performed with a
ruker D8 Advance X-ray diffractometer, under the conditions of
u target (K� ray, � = 1.54187 Å), scanning voltage 40 kV, scanning
urrent 40 mA, scanning speed 0.2 s and scanning step 0.02◦.
Diffuse reflectance (DR UV–vis) spectroscopy was carried out
sing a Perkin Elmer Lambda 35 spectrometer, equipped with deu-
erium and tungsten lamps, using BaSO4 as standard.

Fourier transform infrared (FT-IR) spectroscopy was recorded
n a Varian 3100 spectrometer with a DTGS detector and a CeI
day 158 (2010) 510–514 511

beamsplitter. The data were recorded from 400 to 2000 cm−1 at
a scanning number of 40 and a resolution of 4 cm−1.

Scanning electron microscopy (SEM) was conducted by a JSM-
6700 scanning electron microscope with an accelerating voltage of
5 kV.

NH3 temperature programmed desorption (NH3-TPD) was
determined on a Micromeritics AutoChem II 2920 instrument
equipped with a thermal conductivity detector (TCD). The TS-1
specimen was first degassed in a flow of helium with a flow rate of
50 ml/min at 773 K for 30 min, followed by cooling to 373 K. Then,
NH3 was repeatedly pulse-injected until its saturation adsorption
over the specimen had been achieved. After that, NH3 was desorbed
by heating the specimen from 373 to 1023 K at a rate of 15 K/min.
During the adsorption and desorption of NH3, the helium flow was
retained and its flow rate was maintained constant at 60 ml/min.

N2-physisorption was performed at liquid nitrogen temper-
ature using a Quantachrome Autosorb-1 instrument. Before the
adsorption measurement, the specimen was degassed for 16 h
at a temperature of 573 K under a residual pressure lower than
4 × 10−4 Pa in the degas port of the adsorption apparatus. The
specific surface area was calculated by using the multipoint BET
equation. The pore size and its distribution were obtained from the
N2-desorption branch by applying the SF method. The pore volume
and area were calculated by using the t-plot micropore analysis
method.

2.4. Oximation of cyclohexanone with TS-1 catalyst

The oximation of cyclohexanone was performed in a round-
bottomed flask, equipped with a condenser and a magnetic stirrer,
at 353 K and under the atmospheric pressure. The TS-1 pre-
pared above were employed as the catalysts, a 30% H2O2 aqueous
solution and NH3 gas as the oxidant and an equal molar mix-
ture of water and t-butanol as solvent. The reaction batch had a
weight ratio solvent:catalyst:cyclohexanone = 60:1:10 and a molar
ratio cyclohexanone:NH3:H2O2 = 1:1.5:1.2. After 2 h of reaction, the
products mixture was analyzed by a Varian 3800 gas chromatog-
raphy equipped with a flame ionization detector (FID) and a SE-54
capillary column (0.25 mm × 50 m).

3. Results and discussion
Fig. 1. XRD patterns of the specimens (a) A, (b) B and (c) C.
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Fig. 2. FT-IR spectra of the specimens (a) A, (b) B and (c) C.

S-1 crystallinity. Except TS-1, no amorphous phase and separated
natase can be identified in Fig. 1.

Fig. 2 illustrates the FT-IR spectra of the specimens A–C. The
bsorption band at 550 cm−1 is an indicative of MFI structure [15].
he absorption band at 960 cm−1, being attributed to the stretching
ode of [SiO4] units bonded to a Ti4+ ion (O3SiOTi), indicates the

ncorporation of titanium in the MFI framework [16]. For TS-1, the
evel of titanium incorporated into the framework is usually esti-

ated by the band intensity ratio I960/I800 [17] or I960/I550 [18]. The
igher the ratio, the larger is the content of framework Ti. Both of
he ratios for the specimens A–C are calculated and the results are
isted in Table 1, which shows that the content of framework Ti has
n order specimens A ≈ specimens C > specimens B.

Fig. 3 shows the SEM micrographs of the specimens A–C. One
an see that all of the specimens have the morphology of regular
olyhedron with a very narrow pore size distribution. The aver-
ge size of the specimens A–C is determined as ca. 168, 152 and
20 nm, respectively. No amorphous phase can be observed from
he micrographs.

Fig. 4 shows the DR UV–vis spectra of the specimens A–C. All
f the specimens display a broad absorption band centered at ca.
50 nm. In addition, the specimens B and C exhibit a shoulder at
a. 320 and 340 nm, respectively. The absorption at 320–340 nm
s ascribed to extra-framework Ti, usually in the form of anatase
19]. The broad absorption band at ca. 250 nm can be assigned to a
ow-energy charge-transfer transition between tetrahedral oxygen
igands and framework Ti4+ ions [16,20]. It is also possible that the
road band at 250 nm is a result of the combination of the bands
t 210–230 and 270–280 nm, both of which are often reported for
S-1 in the literature [21]. The band at 210–230 nm originates from
he charge transfer between the 2p electron of tetrahedral oxygen
igand and the empty 3d orbital of framework Ti4+ ion [22]. The
and at 270–280 nm was assigned in some literatures to isolated

exa-coordinated Ti species containing two water molecules in the
oordination sphere [16,22]. We have found, however, that there
s no difference between the DR UV–vis spectra for the specimens
–C prepared freshly and for those exposed to water in air. Thus,

able 1
atios I960/I800 and I960/I550 for the 960, 880 and 550 cm−1 absorption bands in the
T-IR spectra of specimens A–C.

Ratio Specimens

A B C

I960/I800 0.563 0.43 0.568
I960/I550 0.489 0.438 0.487
Fig. 3. SEM micrographs of the specimens (a) A, (b) B and (c) C.

the above assignment of the band at 270–280 nm is excluded. It
was also reported that the band at 270–280 nm could be assigned
to either partially polymerized hexa-coordinated Ti species con-
taining Ti–O–Ti [23,24] or higher coordinated Ti species (in penta-
or octa-hedral coordination) [25,26]. These Ti species are most pos-
sibly present in the framework of TS-1 rather than in a silicon-rich
amorphous phase [27], due to the absence of amorphous phase as
evidenced by the XRD and SEM results (see Figs. 1 and 3). In any
case, the Ti species with a DR UV–vis band at 270–280 nm, which
is present in all of the specimens A–C, is both inactive in the oxi-

dation reaction and decomposition of H2O2 [21]. The most obvious
difference identified by DR UV–vis spectra among the specimens
A–C is that anatase is present in both the specimens B and C, with
the content of anatase being higher for the specimen B than for the
specimen C, but absent in the specimen A. Since no other phase
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Fig. 4. DR UV–vis spectra of the specimens (a) A, (b) B and (c) C.
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ig. 5. N2-physisorption at liquid nitrogen temperature over the specimens (a) A,
b) B and (c) C.

xcept TS-1 is detected by XRD (see Fig. 1), one can deduce that the
natase is highly dispersed in specimens B and C.

Fig. 5 shows the N2 adsorption–desorption isotherms of the
pecimens A–C, which exhibit the typical characteristic of zeolite.
n addition, these isotherms present also the hysteresis loops at
he high values of relative pressure (P/Po > 0.9), resulting from the
arge inter-crystal voids due to the aggregation of TS-1 crystals.
he textural properties of the specimens A–C are listed in Table 2.
ne can see that the external surface area has an order specimen
< specimen B < specimen C, being due to the decrease of the aver-
ge crystal size from the specimen A to C. The surface areas of the
ores, the micropore volumes and the average micropore sizes for
he specimens B and C are both smaller than those for the speci-
en A. It hints that the micropores of TS-1 are partially blocked for
he specimens B and C, most possibly due to the high dispersion
f anatase in the micropores of these two specimens. Since more
mount of anatase is present in the specimen B than in the speci-

able 2
extural properties of specimens A–C.

Specimens Stotal (m2/g) Sext (m2/g) Sp (m2/g)

A 376.8 52.55 324.2
B 358.4 59.94 298.5
C 361.3 71.39 289.9

ote: Stotal , total surface area; Sext , external surface area; Sp , total surface area of pores; Vp

m.p. , average size of micropores.
Fig. 6. NH3-TPD profiles over the specimens (a) A, (b) B and (c) C.

men C, as evidenced by DR UV–vis (see Fig. 4), both of the micropore
volume and average micropore size for the specimen B are smaller
than for the specimen C. The total pore volume and average pore
size for the specimen C are larger than those for the specimen A. This
is due that the average crystal size for the specimen C is smaller
than for the specimen A, and thus, the specimen C is more eas-
ily congregated, presenting more inter-crystal voids. Because the
average crystal size of the specimen B is situated between those of
the specimens A and C, one can expect that the total pore volume
and average pore size for the specimen B are also intervenient of
those for the specimens A and C. The case is, however, opposite.
This is most possibly due that the specimen B contains much larger
amount of anatase than the specimen C. Besides the dispersion in
the micropores of TS-1 for the specimen B, the anatase may also
cover the surfaces of TS-1, reducing the inter-crystal voids.

Fig. 6 shows the NH3-TPD profiles for the specimens A–C. One
can see that a peak centered at ca. 403 K is present for all of the spec-
imens. Besides, another peak centered at ca. 873 K is present both
for the specimens B and C. Generally, in NH3-TPD profiles, peaks
are distributed into two regions, i.e., low-temperature (<673 K) and
high-temperature (>673 K) regions, being attributed to the desorp-
tions of NH3 from weak and strong acid sites, respectively [28].
Many reports [29,30] have shown that TS-1 possesses only weak
acid sites, which are due to the framework Ti. However, strong acid
sites are also present in the TS-1 containing extra-framework Ti
species [31]. Therefore, in our work, the peak centered at ca. 403
and 873 K originate, respectively, from the weak acid sites due to
the framework Ti and the strong acid sites due to extra-framework
Ti (anatase). The quantities of acid sites are calculated basing on the
integral areas below the peaks and the results are listed in Table 3. It
shows that the quantity of weak acid sites, i.e., the amount of frame-
work Ti, follows the order specimen A ≈ specimen C > specimen B,
being same as that identified by FT-IR. While strong acid sites, i.e.,

anatase, are absent in the specimen A, they are present in both of
the specimens B and C, and the quantity of strong acid sites is larger
for the specimen B than for the specimen C. This result is consistent
with that obtained from the DR UV–vis.

Vp (cm3/g) Vm.p. (cm3/g) Dp (Å) Dm.p. (Å)

0.47 0.154 49.66 6.51
0.39 0.142 43.79 5.99
0.55 0.145 63.33 6.31

, total volume of pores; Vm.p. , total volume of micropores; Dp , average size of pores;
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Table 3
Acidic properties of specimens A–C.

Specimens Quantity of acid sites (mmol/g)

Td = 403 K Td = 873 K

A 0.02392 0
B 0.01659 0.00953
C 0.02354 0.00817

Note: Td refers to the temperature at the maximum of NH3-TPD peak.

Table 4
Comparison of catalytic performances over specimens A–C.

Specimens Conversion (%) Selectivity (%) Yield (%)

A 36.53 99.9 36.49
B 16.02 97.9 15.69
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[29] R.S. Drago, S.C. Dias, J.M. McGilvray, A.L.M.L. Mateus, J. Phys. Chem. B 102 (1998)
C 28.31 99.9 28.28

emperature = 353 K; reaction duration = 2 h; catalyst/C6H12O = 10 g/mol;
6H12O:NH3:H2O2 = 1:1.5:1.2 (mole).

The above results of XRD, FT-IR, DR UV–vis, SEM, N2-
hysisorption and NH3-TPD indicate that the alkanol in the batch
ffects obviously the formation of TS-1. The presence of ethanol
romotes the incorporation of Ti into the framework of TS-1 and
etards the formation of anatase, however, the presence of IPA acts
n the inverse direction.

The catalytic activity of the specimens A–C has been evaluated
y the ammoximation of cyclohexanone with hydrogen peroxide
nd the result is listed in Table 4. One can see that both the con-
ersion of cyclohexone and yield of cyclohexanone–oxime have
he order specimen A > specimen C > specimen B. In the character-
zations of FT-IR, DR UV–vis and NH3-TPD, it has been identified
hat the content of framework Ti follows the order specimen
≈ specimen C > specimen B; anatase is absent in the specimen A,
ut present in the specimen B and C, with its content being larger
or the specimen B than for the specimen C. Thus, the larger content
f framework Ti is responsible to the high catalytic performance of
pecimen A, whereas the presence of anatase results in the decom-
osition of H2O2 and in turn reduces the catalytic performances of
pecimens B and C [32]. In addition, the N2-physisorption measure-
ent has indicated that the microporosity has an order specimen
> specimen C > specimen B. The larger diffusion of specimen A con-

ributes also to its higher catalytic performance than for specimens
and C.

. Conclusion
TS-1 containing a relatively high content of framework Ti but
ithout extra-framework Ti, anatase, has been successfully synthe-

ized via the novel method developed in this paper. This method
s characteristic of the replacement of IPA by ethanol and presence

[
[

[

day 158 (2010) 510–514

of ethanol all through the synthesis of TS-1, being in contrast to
the method reported in the literature, in which IPA was employed
during the hydrolysis of Ti source and was evaporated after the
hydrolysis of Ti source. Compared to IPA, ethanol promotes the
incorporation of Ti into the framework of TS-1 and also retards
the formation of anatase. The TS-1 synthesized basing on ethanol
exhibits a higher catalytic performance for ammoximation of cyclo-
hexanone than that synthesized basing on IPA.
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