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a b s t r a c t

Titanium silicalite-1 (TS-1) zeolites and films supported on porous �-Al2O3 tubes were prepared using
TS-1 and silicalite-1 (Sil-1) seeds by hydrothermal synthesis. The structure and catalytic properties of the
TS-1 powders and films were characterized by SEM, XRD, FT-IR, UV–vis and styrene partial oxidation by
hydrogen peroxide. The results showed that TS-1 prepared from Sil-1 seeds were as active as TS-1 from
ccepted 17 November 2008
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nucleated and TS-1 seeded syntheses, in spite of the concerns about nonuniformity and dilution caused
by the use of pure silica Sil-1 seeds. The Ti atoms were successfully incorporated as tetra-coordinated
titanium in the zeolite framework and the phenylacetaldehyde selectivity correlates well with the infrared
band for Ti–O–Si of the TS-1. Reaction over TS-1 film indicates that reactions occurred at the topmost layer
of the film due to the slow diffusion in the zeolite pores.
ilm
embrane reactor

. Introduction

Titanium silicalite-1 (TS-1) is an excellent selective oxida-
ion catalyst for conversions of alkenes to epoxides, alcohols to
ldehydes, alkanes to secondary alcohols and ketones, phenol to
ydroquinone and pyrocatechol, and amines to hydroxylamines
nder mild reaction conditions using hydrogen peroxide as oxi-
ant [1]. A good TS-1 catalyst is characterized by high framework
itanium content with little or no extra-framework titanium [2].
nd recent reports indicate that small TS-1 particles exhibit par-

icularly high catalytic activity [3,4]. TS-1 zeolites are crystallized
y hydrothermal process that often lasts between 3 and 10 days.
he long crystallization time often leads to large TS-1 zeolite and
ormation of extra-framework titanium that lower the selectivity of
he zeolite catalyst. Many researchers reported that adding seeds to
he synthesis solution could decrease the zeolite crystal sizes, pro-

ote zeolite growth and improve their crystallization [5,6]. Lu and
ang [7] prepared micron-sized TS-1 zeolites using seeded growth

y adding TS-1 seeds. Without seeding, no zeolite can be obtained

rom the same synthesis mixture even after 7 days. It is possible to
ucleate seeds in situ before crystallization. This method was used
o prepare TS-1 by preheating a silicate gel to generate MFI seeds
efore the addition of Ti precursor [8]. This approach considerably
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speed-up the crystallization of TS-1. Cundy et al [9,10] studied the
nucleation and growth of Sil-1 and TS-1 prepared by seeding and
aging gel of precursor sols.

Reaction on catalytic thin film is of interest in many new reac-
tor designs including catalytic membrane reactors [11–13] and
microreactors [14–19]. Oriented TS-1 film was successfully grown
on chitosan modified porous alumina [20] and on porous stainless
steel tubes [21] for membrane reactor applications. The preparation
and their performance of TS-1 films on microchannel reactor and
tubular separator were investigated [4,22,23]. Selective oxidation
of aniline to azoxybenzene over TS-1 catalyst was carried out in a
membrane microreactor with a significant improvement in cata-
lyst selectivity and life [24]. The thin zeolite film and membrane
are often prepared by first pre-seeding the substrate with zeolite
nanocrystals followed by a hydrothermal synthesis in either pre-
cursor solution or gel. This technique offers excellent control on
the zeolite film orientation [25], morphology [26,27] and growth
[28,29]. The zeolite-type, size, shape and orientation of the seeds
are known to affect the zeolite film growth on surfaces [25,30–32].
It is common to prepare zeolite films and membranes from seeds
of similar zeolite type, but this is difficult for TS-1 film as the TS-
1 seeds of submicron size are difficult and expensive to prepare.
However the use of Sil-1 seed could lead to nonuniform core-shell

structure and dilute the titanium content that could affect the cat-
alyst performance of the prepared zeolites. This work investigates
the preparation and properties of TS-1 zeolites and films grown
from TS-1 and Sil-1 seeds. The TS-1 zeolites and films were charac-
terized by SEM, XRD, FT-IR and UV–vis and their catalytic property

http://www.sciencedirect.com/science/journal/13858947
http://www.elsevier.com/locate/cej
mailto:xfzhang@dlut.edu.cn
mailto:kekyeung@ust.hk
dx.doi.org/10.1016/j.cej.2008.11.034
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as evaluated for the selective oxidation of styrene to benzalde-
yde and phenylacetaldehyde by hydrogen peroxide.

. Experimental

.1. Materials

Chemicals used in the zeolite synthesis and reaction experiment
nclude analytical grade tetraethyl orthosilicate (TEOS), isopropyl
lcohol (IPA), acetone, styrene and 30 wt% H2O2 purchased from
ianjin Kermel Chemical Reagents Ltd. Co. The tetrabutyl orthoti-
anate (TBOT, AR grade) was supplied by Beijing Xingjin Chemical
eagent Co., while the tetrapropyl ammonium hydroxide (TPAOH,
7 wt%, aqueous) was synthesized in the laboratory. The �-Al2O3
ubes were supplied by Nanjing University of Technology and mea-
ured 13 mm O.D., 9 mm I.D. and 75 mm in length. The tubes have
n average pore size of 0.5–1 �m and a porosity of 30–40%.

.2. Preparation of TS-1 zeolite

The preparation of Sil-1 and TS-1 seeds was carried out accord-
ng to the procedure reported in the literature [9,10,33]. The particle
ize of Sil-1 and TS-1 seeds was approximately 150 nm.

The TS-1 zeolite was prepared according to the procedure
eported in a previous work by the authors [34]. The TPAOH was
ivided into two parts for hydrolysis of TEOS and TBOT. In a typical
ynthesis, 2 g TBOT was dissolved in 14 g IPA. 24 g of TPAOH (27 wt%,
queous) and 26 g H2O were slowly added to the solution under
tirring to give a solution A. Solution B was prepared by adding 31 g
EOS dropwise to a mixture of 14 g H2O and 10.4 g TPAOH under vig-
rous stirring. Solutions A and B were stirred for an additional 2 h to
llow a full hydrolysis of the alkoxide reagents. Measured amount
f solution A was added to solution B and the mixture was heated to
58 K in a water bath to evaporate the IPA and the alcohol produced
y the hydrolysis of TEOS and TBOT. Deionized distilled water was
dded to make-up for the lost volume. A homogeneous solution
ith a molar composition of 1 TEOS: 0.04 TBOT: 0.32 TPAOH: 25
2O was obtained after mixing for 24 h. Sil-1 or TS-1 seeds with
n average diameter of 150 nm were then added (0.27 wt.% of the
ynthesis solution in the autoclave) and the mixture was stirred at
oom temperature for 1 h and sonicated for 5 min before transfer-
ing to a stainless steel autoclave for hydrothermal synthesis under
tatic conditions at 448 K for 48 h. The synthesis was quenched by
apidly cooling the autoclave, and the zeolite was recovered by a
eries of centrifugation and washing steps. The zeolite was dried in
n oven at 393 K for 12 h before calcining in air at 823 K for 6 h. The
S-1 zeolite powder prepared from Sil-1 and TS-1 seeds is referred
o as S-TS-1 and T-TS-1, while N-TS-1 refers to TS-1 crystallized in
he absence of seeds from the same synthesis mixture and condition
s S-TS-1.

.3. Preparation of TS-1 film

The TS-1 films supported on porous �-Al2O3 tubes were pre-
ared using Sil-1 seeds. A 2 wt% Sil-1 sol in water was prepared
ccording to the procedure reported in a previous work [26]. The
orous �-Al2O3 tube was cut into 75 mm lengths, rinsed with
eionized distilled water, dried at 373 K for 12 h before air calcina-
ion at 823 K for 6 h. A thin layer of Sil-1 seeds was coated onto the
nner surface of the tubes by dip-coating in the Sil-1 sol for 40 s. The
eeded tube was dried overnight at room temperature and calcined

t 823 K for 6 h to obtain good seed adhesion. The outer surface of
he seeded tube was wrapped with Teflon tape, placed in a 120 ml
utoclave vessel and immersed in a clear synthesis solution with
molar composition of 1 TEOS: 0.04 TBOT: 0.32 TPAOH: 250 H2O.
he zeolite film was grown at 448 K for a given time period. After
Scheme 1. Oxidation of styrene with hydrogen peroxide.

synthesis, the sample was rinsed with deionized distilled water,
dried overnight at 333 K and calcined at a heating rate of 1 K/min
to remove the organic templates. For comparison, the preparation
of TS-1 film using TS-1 seeds was investigated by traditional sec-
ondary growth method. The TS-1 seeds were prepared from the
same synthesis mixture as N-TS-1.

2.4. Characterization

The TS-1 zeolites and films were characterized by various meth-
ods. The zeolite structure was analyzed by D/Max 2400 Rigaku X-ray
diffractometer with Cu-K˛ radiation (� = 0.1542 nm) and the crystal
size and film morphology were examined by KYKY-2800B scanning
electron microscope (SEM). The FT-IR spectra of the samples were
recorded on a Bruker EQUINOX55 spectrometer using KBr pellet
technique for powder and ATR (attenuated total reflectance) tech-
nique for the films. While the diffuse reflectance UV–vis spectra
were obtained on a JASCO V-550 spectrometer with BaSO4 for ref-
erence. The tubular samples were cut into smaller flat pieces for the
UV–vis experiments.

2.5. Catalytic activity

The catalytic oxidation of styrene with hydrogen peroxide
(Scheme 1) were carried out in a conventional batch reactor for TS-
1 catalyst powders and in a laboratory membrane reactor shown in
Fig. 1 for the catalytic TS-1 films. The batch reaction lasted for 5 h
and samples were taken at regular intervals for analysis. The cata-
lyst was separated from the reaction mixture by centrifugation. The
ceramic tube coated with TS-1 thin film was sealed in the shell reac-
tor and a heating tape was wrapped around the reactor to keep the
temperature at 343 K. The reactants were fed from a reservoir flask
fitted with a water-cooled condenser to prevent excessive liquid
evaporation. Acetone, styrene and hydrogen peroxide in the molar
composition of 4.62:1:0.33 were added to the three-neck reservoir
flask under stirring. The reactant mixture was circulated by a pump
to the reactor at a flow rate of 0.8 ml/min and samples were taken
from the outlet (c.f. Fig. 1) at regular intervals.

The reactant and the product were analyzed by a gas chromato-
graph (GC7890F, Shanghai Techcomp Limited), with a capillary
column (SE-30, l 50 m × ∅ 0.32 mm × 0.5 �m) using a flame ioniza-
tion detector. The styrene conversion, product selectivity and yield
were calculated:

XSTY = nBAL + nPAC + nothers

nSTY + nBAL + nPAC + nothers
× 100%

SPAC = nPAC

nBAL + nPAC + nothers
× 100%

SBAL = nBAL

nBAL + nPAC + nothers
× 100%

SAA = SPAC + SBAL

YPAC = XSTY × SPAC × 100

(1)
where X is the conversion, S the selectivity, Y the yield, n the mol
of the chemicals, STY styrene, BAL benzaldehyde, PAC phenylac-
etaldehyde, Others phenyl methyl ketone, tars styrene polymers
and unidentified high boiling compounds, and AA aromatic alde-
hyde.



318 F. Qiu et al. / Chemical Engineering Journal 147 (2009) 316–322

Fig. 1. Schematic of the reaction apparatus.
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substitution into the zeolite framework. The UV–vis spectra of the
N-TS-1, T-TS-1 and S-TS-1 were also obtained and shown in Fig. 5a.
The absorption band in the wavelength region of 210–220 nm is
attributed to isolated Ti in zeolite the framework [36]. Both N-TS-
ig. 2. SEM images of the synthesized TS-1 zeolites: (a) TS-1-48 h without seed (N
S-TS-1).

. Results and discussion

.1. Preparation of TS-1 zeolite and film by silicalite-1 crystals as
eeds

.1.1. TS-1 zeolite powders
The TS-1 zeolites prepared from Sil-1 seeds (S-TS-1) are morpho-

ogically indistinguishable from the TS-1 zeolites prepared without
eeds (N-TS-1) as shown in Fig. 2. The N-TS-1 obtained after 48 h
f crystallization has similar particle size as S-TS-1 grown from
il-1 seed for 24 h. However, the particle size is smaller than the
-TS-1 prepared after 24 h of crystallization. The zeolite growth is
aster for the seeded synthesis as expected, but unlike Lu and Wang
7], who reported large, aggregated TS-1 crystals from their seeded
rowth, there is no apparent aggregation in S-TS-1 and the sample
hows well crystallized zeolites of regular size and shape. The aver-
ge particle size of T-TS-1 sample is approximately 220 nm, while
he S-TS-1 and N-TS-1 are around 160 nm and 180 nm, respectively.
u and Wang [7] obtained larger TS-1 zeolites (i.e., 0.4–1.5 �m)
rom inorganic TiCl3 and silica sol precursors. They reported large

icron-sized TS-1 zeolites were obtained from Sil-1 seeds, while
maller TS-1 was prepared from TS-1. The X-ray diffraction of
-TS-1, T-TS-1 and S-TS-1 are shown in Fig. 3. The diffraction
eaks (2� = 7.9◦, 8.8◦, 23.1◦, 23.9◦, 24.4◦) are consistent with that
f the standard TS-1 zeolites and are characteristics of MFI with an
rthorhombic symmetry [1].

The use of Sil-1 seeds for growing TS-1 could result in a nonuni-

orm core-shell structure as well as the dilution of titanium content.
oth could lead to poorer reaction performance as the amount of
i4+ inserted into the zeolite framework is closely related to the cat-
lytic property of TS-1 zeolite. The FT-IR spectra of N-TS-1, T-TS-1
nd S-TS-1 shown in Fig. 4a are nearly identical and display infrared
), (b) TS-1-24 h with TS-1 seeds (T-TS-1), and (c) TS-1-24 h with silicalite-1 seeds

peaks at 1220, 1100, 960, 800, 550 and 450 cm−1. The peaks at 550
and 450 cm−1 belong to Si–O–Si rocking. The signal 800 cm−1 is
referred to the symmetric stretching/bending of Si–O–Si bridges
and the peak at 1100 cm−1 with a shoulder at 1220 cm−1 is often
assigned to the Si–O–Si asymmetric stretching [35]. These peaks
are common in MFI zeolites. The absorption band at 960 cm−1 is
often assigned to Ti–O–Si and is taken as good indication of titanium
Fig. 3. XRD patterns of the TS-1 zeolites and films.
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Fig. 4. FT-IR spectra of the TS-1 zeolites (a) and films (b).

and T-TS-1 have an absorption band at 220 nm. A slight peak
hift to 215 nm was observed for S-TS-1 due to the Sil-1 seed.
n the other hand, N-TS-1 displays weak signals at 270–280 nm
nd 330 nm that are assigned to hexa-coordinated Ti species and
natase TiO2 [37,38] indicating the presence of extra-framework
itanium.

The FT-IR and UV–vis spectra do not give evidence for a nonuni-
orm Ti distribution in the S-TS-1 prepared from Sil-1 seeds. It
s speculated that the Sil-1 seeds may partially dissolved under
he alkaline pH (ca. pH 12) and form Si–O–Si oligomers at the
igh synthesis temperature (i.e., 448 K) contributing to the growth
f TS-1 [39,40]. The oligomers might be reconstructed with the
uperfluous Ti species in the liquid phase, leading to the for-
ation of titanosilicate species. Thus the additional Sil-1 seeds

elp to prevent the polymerizing of the redundant titanium
pecies to hexa-coordinated Ti and anatase TiO2. Recently, Tamura
t al. [40] also discovered the similar phenomena in studying
he incorporation process of titanium species into the frame-
ork of MFI type zeolite by using silicalite-1 as a starting silica

ource.

.1.2. TS-1 zeolite films
Synthesis carried out without seeds deposits mostly amorphous
aterials on the ceramic tube with few poorly crystallized zeolites.
n general, it is more difficult to grow a continuous layer of zeolite
lm by in-situ hydrothermal synthesis [19]. Fig. 6 shows the ceramic
upports after seeding with Sil-1 seeds and growing the TS-1 films
n the seeded supports. Fig. 6a and b indicate that the surface is
Fig. 5. UV–vis spectra of the TS-1 zeolites (a) and films (b).

completely coated with a layer of 3 �m thick Sil-1 seeds. The seed
layer smooth out the uneven ceramic surface and provides nucle-
ation sites for the zeolite crystallization. It is clear from Fig. 6c and
d that a continuous layer of TS-1 zeolite film (S-TS-1-F) is formed
after the hydrothermal synthesis. A 3–4 �m thick TS-1 film was
uniformly grown on the Sil-1 seeded support. The difference from
the synthesis of the S-TS-1 film is that the seed layer remains after
synthesis and can be clearly seen from the micrograph. This is due
to the fact that the synthesis solution for the films is more dilute
and less alkaline than the powder synthesis solution. The zeolite
crystals grew outward from the surface of the seed layer and were
well intergrown forming a smooth and uniform surface. Fig. 6e and
f shows that TS-1-F film grew from TS-1 seeded support appear to
be identical to that S-TS-1-F except for a few larger zeolite crys-
tals (as shown in the ellipse with broken line). Thus, it is difficult
to differentiate S-TS-1-F and TS-1-F by considering only the film
microstructure.

X-ray diffraction patterns of all the samples are given in Fig. 3.
As in the powder samples, the film also displays the characteris-
tic diffraction peaks belonging to TS-1 zeolite [1] except the signal
is weaker considering the films were thin. Fig. 4b shows that the
infrared spectra of S-TS-1-F and TS-1-F are identical with similar
infrared absorption bands at 800, 1050 and 1220 cm−1 similar to
that of the zeolite powders (cf. Fig. 4a). There is also a weak absorp-

tion band at around 960 cm−1 for both samples although the films
were thin. The UV–vis spectra of the TS-1 films (cf. Fig. 5b) are
also similar with both spectra exhibiting a broad band at around
220 nm belonging to Ti in zeolite framework, but the ceramic
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are structurally and morphologically similar as indicated by the
SEM and XRD data in Figs. 2 and 3. The poorer selectivity of
N-TS-1 is attributed to the extra-framework Ti in this catalyst.
It is well established that the extra-framework titanium species
Fig. 6. SEM images of the supports seeded w

upport also shows a similar broad band in the same region (ca.
20–270 nm). There are no obvious absorption bands in the regions
round 270–280 nm and 330 nm in the films indicating that there
re none or only trace amount of hexa-coordinated Ti atoms (i.e.,
xtra-framework TiO2). This shows that the S-TS-1 films prepared
rom Sil-1 seeds is structurally and spectroscopically similar to TS-1
lms prepared from TS-1 seeds.

.2. Catalytic property

TS-1 zeolite catalyzes the oxidation of styrene by H2O2 to
henylacetaldehyde (PAC) and benzaldehyde (BAL), which are
oth important aromatic aldehydes (AA). Table 1 summarizes the
eaction performance of TS-1 zeolites and films prepared from
ifferent seeds. The conversion of styrene on the S-TS-1 zeolite
repared from Sil-1 seeds was 23% nearly twice that of N-TS-
zeolite nucleated and crystallized from the synthesis solution.

he conversion for the S-TS-1 is similar to that of the T-TS-1. The
-TS-1 is also more selective for the aromatic aldehydes, in par-

icular for phenylacetaldehyde. Fig. 7 shows the catalytic activity
ver S-TS-1 powder catalyst with reaction time. The conversion
f styrene and selectivity of phenylacetaldehyde on the S-TS-1
eolites increased from 4.82% to 23% and 59.3% to 69% with increas-
ng reaction time from 1 to 5 h, respectively. S-TS-1 and N-TS-1
1 seed (a, b); S-TS-1-F (c, d) and TS-1-F (e, f).
Fig. 7. The reaction results with reaction time on S-TS-1 catalyst. � the conversion
of styrene, � the selectivity of AA, � the selectivity of PAC, © the yield of PAC.
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Table 1
The catalytic properties of the TS-1 zeolites and the films.

Catalyst Weight (g)a Reaction time (h) XSTY (mol %) Reaction rate (mmol g−1 h−1) SAA (mol %) Product selectivity (mol %)

BAL PAC Others

N-TS-1 0.814 5 11.4 2.3 80 46 34 20
T-TS-1 0.814 5 24 4.8 77 3 74 23
S-TS-1 0.814 5 23 4.6 85 16 69 15
TS-1-F 0.020 1 0.27 11.1 93 40 53 7
S-TS-1-F 0.019 1 0.31 13.4 100 47 53 0

Reaction conditions: 343 K, 27.8 ml acetone, 9.415 ml styrene and 2.785 ml 30% H2O2.
XSTY: the styrene conversion calculated by Eq. (1).
S ).
N
T

t of TS-1 seeds was included in reaction measurement, as the former is inert.
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Fig. 8. The reaction results with residence time on F1 catalyst. � the conversion of
styrene, � the selectivity of AA, � the selectivity of PAC, © the yield of PAC.

T
R

C

F
F
F

R
F

AA: the sum of the selectivity of benzaldehyde (BAL) and phenylacetaldehyde (PAC
-TS-1, T-TS-1, S-TS-1: TS-1 zeolite without and with TS-1 and silicalite-1 seeds.
S-1-F, S-TS-1-F: TS-1film from TS-1 seeds and silicalite-1 seeds, respectively.
a For film catalyst loading: the weight of Sil-1 seeds was excluded, but the weigh

ecompose hydrogen peroxide [41] and catalyze carbon–carbon
ond cleavage resulting in the higher benzaldehyde yield [42].
he reaction study clearly showed that TS-1 prepared from Sil-
seeds is active for partial oxidation of styrene and has better

eaction performance than TS-1 zeolites crystallized by traditional
ethod.
Table 1 also lists the reaction over S-TS-1-F and TS-1-F films

repared from Sil-1 and TS-1 seeds, respectively. Both films are
tructurally and chemically identical and display similar reac-
ion performance. The film catalysts are selective for aromatic
ldehydes with slightly higher selectivity for phenylacetaldehyde
han for benzaldehyde. S-TS-1-F appears to be slightly more
elective than TS-1-F. The film catalysts have lower conversions
ompared to the powder catalysts. This is because the film cat-
lysts weights 1/40 that of the powder catalysts used in the
atch reaction. The reaction rates in term of styrene conver-
ion indicated that the film catalysts are more reactive than the
owder reactive due to lower intrinsic and external diffusion resis-
ance.

TS-1 film catalysts of 3, 4 and 5 �m thicknesses were grown from
il-1 seeds and used for the partial oxidation of styrene. The TS-1
lms were simply grown for different lengths of time from synthe-
is solutions of similar composition. The amount of deposited TS-1
as weighed and the thickness was measured from the SEM cross-

ections. Table 2 shows that there is weak correlation between film
hickness and reaction conversion. This suggests that only the top-

ost layer of the film catalyst participates in the reaction due to
he slow diffusion into the zeolite pores. The phenylacetaldehyde
electivity is strongly correlated to the infrared band for framework
i–O–Si at 960 cm−1. F2 film catalyst with high I960/I800 ratio of 2.45
as 78% selectivity for phenylacetaldehyde compared to 44% from
3 that has a low I960/I800 of 2.25. This observation is in line with
he reports by other researchers [43]. Figs. 8–10 plot the styrene
artial oxidation reaction over F1, F2 and F3 film catalysts as a
unction of residence time, respectively. The plots were obtained

rom three experimental runs over the films with different thick-
ess, respectively. The figures show a longer residence time leads
o higher styrene conversion and phenylacetaldehyde yield with an
verall selectivity to aromatic aldehydes better than 90%. Chen and

Fig. 9. The reaction results with residence time on F2 catalyst. � the conversion of
styrene, � the selectivity of AA, � the selectivity of PAC, © the yield of PAC.

able 2
esults of the oxidation of styrene over TS-1 films with different film thickness.

atalyst Thickness (�m) Weight (g) I960/I800 XSTY (mol %) Reaction rate (mmol g−1 h−1) Product selectivity (mol %)

BAL PAC Others

1 3 0.019 2.33 0.31 13.4 47 53 0
2 4 0.022 2.45 0.54 20.2 18 78 4
3 5 0.033 2.25 0.38 9.5 45 44 11

eaction conditions: 343 K, residence time (h) = 1.
1, F2, F3: the TS-1 films synthesized for one (S-TS-1-F), two and three times with silicalite-l seed, respectively.
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ig. 10. The reaction results with residence time on F3 catalyst. � the conversion of
tyrene, � the selectivity of AA, � the selectivity of PAC, © the yield of PAC.

oworkers [44] found that polar molecules, such as the water by-
roduct from the styrene selective oxidation reaction, react with
he metal-oxygen framework of TS-1 resulting in titanium leach-
ng and subsequent lost in selectivity and deactivation of catalyst.
he reaction data in Figs. 8–10 show the film catalysts main-
ained a high selectivity for phenylacetalydehyde during the entire
xperiment.

. Conclusions

This work shows that TS-1 prepared from Sil-1 seeds are active
or styrene partial oxidation reaction in spite of initial concerns
hat Sil-1 seeds could lead to a nonuniform or diluted catalyst.
he TS-1 powder catalyst prepared from seeded synthesis is more
ctive than the TS-1 zeolite nucleated from the synthesis solu-
ion. Seeding accelerates the crystallization of TS-1 and favors
he Ti incorporation in the zeolite framework resulting in bet-
er selectivity and higher reaction conversion. TS-1 film catalysts
repared from Sil-1 and TS-1 seeds are structurally and spec-
roscopically identical and exhibit similar reaction performance.
nly the topmost layer of the film catalyst appeared to partic-

pate in the reaction due to the slow diffusion in the zeolite
ores, thus the reaction conversion is insensitive to film thickness
i.e., loading). However, phenylacetaldehyde selectivity increases
ith in-framework titanium content. Future work will focus on

mproving reaction conversion of TS-1 film catalysts without com-
romising selectivity. One way of obtaining higher conversion is
o increase the geometric area of the catalyst by using hollow

bers and structured supports (e.g., monoliths). A microreactor will
fford similar advantages, while simultaneously eliminating exter-
al mass transfer. Also depositing a rougher catalyst film with less
rystal intergrowth on the microchannel is expected to allow faster
iffusion.
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