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ABSTRACT

Titanium silicalite-1 (TS-1) films were prepared on porous a-Al,03; tubes using nanosized silicalite-1
(Sil-1) particles as seeds by hydrothermal treatment and a TS-1 catalytic membrane reactors (CMR) was
reasonably designed and evaluated by phenol hydroxylation with hydrogen peroxide as oxidant. Some
factors on influencing TS-1 film formation and catalytic properties were investigated and the TS-1 films
were characterized by scanning electron microscope (SEM), transmission electron micrograph (TEM),
X-ray diffractometer (XRD), FTIR, UV-vis and X-ray fluorescence (XRF). It was indicated that TS-1 films
prepared from Sil-1 and TS-1 seeds were comparable in structure, morphology and reaction behavior.
The crystallization time and times of TS-1 film had a strong effect on its morphology, thickness and
orientation. However, the film thickness could be easily controlled by crystallization time and times. The
Ti/Si ratio in synthesis solution intensely influenced the content of the titanium atoms incorporated as
framework Ti that was correlated well with the activity. The maximum Ti (IV) incorporated corresponds
to a Ti/Si ratio of approximately 0.02-0.03. A constant conversion for phenol hydroxylation was obtained
with the film thickness of over 7.5 pm. It is demonstrated that most of the reaction occurred in a shallow

layer near the film due to the mass transfer effects in the TS-1 films.

© 2009 Elsevier B.V. All rights reserved.

1. Introduction

Since titanium silicalite-1 (TS-1) zeolite as oxidation catalyst
was first synthesized by Taramasso et al. [1] in 1983, the TS-1 zeo-
lite has become an important selective catalyst for oxidation of
organic compounds using hydrogen peroxide under mild reaction
conditions [2,3]. From these reactions, phenol hydroxylation and
cyclohexanone ammoximation have been demonstrated on indus-
trial scale. Most reaction studies were performed on TS-1 powder
catalysts where the activity displays strong size dependence [4-7],
but only a few reactions had been conducted on films or mem-
branes [8-13]. TS-1 films and membranes were grown on monoliths
[14-15] and other supports [ 16-18] by different methods including
hydrothermal synthesis, sol-gel process and microwave method.
Especially, microwave method has been received increasing atten-
tion in synthesis of zeolite and membrane during the past years
because microwave synthesis not only reduces the synthesis time
but also controls the morphology, orientation, composition and
phase selectivity. Recently, microwave synthesis method has been
utilized to fabricate the MFI crystals incorporating metal species
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[19] and MFI membranes [20,21]. Although support chemistry plays
animportantrole in zeolite synthesis as shown by Au et al. [22], pre-
seeding the support can significantly reduce their effects on zeolite
deposition and growth as reported by Chau et al. [23]. Indeed, seed-
ing is important in regulating zeolite growth [24] and could be used
to control the film orientation [25-27] and morphology [28-30].
This paper investigates the preparation of TS-1 films on porous
a-Al, 03 tubes using seeded secondary growth method. Supported
TS-1 films grown from TS-1 and Si1-1 seeds were prepared and the
influence of synthesis composition and condition on film growth,
orientation and composition were studied. The zeolite films were
examined by electron microscopy, X-ray diffraction, X-ray fluo-
rescent spectroscopy, infrared and UV-vis spectroscopies and the
catalytic activity TS-1 film was studied for phenol hydroxylation.

2. Experimental
2.1. Materials

The porous a-Al,03 ceramic tubes supplied by the Nanjing
University of Technology were used as support for the zeolite
membrane. The outer and inner diameters of the tube are 13 mm
and 10 mm, respectively. The ceramic tube prepared by sintering
had a mean pore size of around 3 wm and a porosity of about
40%. The chemicals used for the zeolite synthesis included the
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Fig. 1. Schematic of the reaction apparatus.

tetrabutyl orthotitanate (TBOT, 98.5%) from Beijing Xingjin Chemi-
cal Reagent Co. and tetraethyl orthosilicate (TEOS, 98%) from Tianjin
Kermel Chemical Reagent Ltd. Co. The 17 wt.% tetrapropyl ammo-
nium hydroxide (TPAOH) was synthesized in the laboratory. The
reagents used for the phenol hydroxylation were purchased from
Tianjian Kermel and included phenol (98.5%), benzene (99.5%),
hydrogen peroxide (H,0-, 30%), acetone (ACE, 99.5%) and ethanol
(99.7%).

2.2. Synthesis of TS-1 zeolite films

The 200 nm Sil-1 and TS-1 zeolite seeds were prepared accord-
ing to the procedure reported in the literatures [6,31-33]. The
Sil-1 seeds were obtained from a clear synthesis solution of 1
SiO,: 0.22 TPA,0: 19.2 H,O after hydrothermal treatment at 398 K
for 8h, while the TS-1 seeds were obtained from 0.02 TiO,: 1
SiO,: 0.22 TPA,0: 19.2 H,0 at 398K and 8h. The seeds were
recovered and purified by a series of centrifugation and wash-
ing steps to remove coarse particles and unreacted gels and
reagents. Final colloidal seed suspensions of 2 wt.% in water were
obtained by dilution with deionized, distilled water. The support
tube was cut to 75 mm lengths, cleaned by a series of sonication
in acetone and distilled water to remove dirt and contaminants,
and dried in an oven overnight at 393 K. The tube was seeded
by dip-coating in the 2wt.% colloidal seed suspension for 40s

to deposit a uniform seed layer on the inner surface of the
tube.

The seeded tube was dried overnight at room temperature and
calcined in air for 6h at 823K at a heating rate of 1Kmin~!. The
heat treatment served to improve the adhesion of the seed layer
by sintering the zeolite nanoparticles. The seeded tube was then
wrapped with layers of Teflon tape to prevent zeolite deposition
on the outer walls of tube during the synthesis, and immersed in
the synthesis solution with a composition of 1 SiO,: 0-0.05 TiO,:
0.18 TPA,0: 250 H,0 in a Teflon vessel. The vessel was sealed in a
stainless steel autoclave and placed in a 448 K oven for zeolite film
deposition. The synthesis solution was prepared by slowly adding
TEOS to the TPAOH solution under vigorous mixing followed by
the dropwise addition of dissolved TBOT in dry isopropanol. The
mixture was slowly heated to 358 K in a water bath to evaporate the
alcohols (i.e., alcohol, isopropanol and butanol). Deionized, distilled
water was added to make up for the lost volume. The solution was
aged 24 h at room temperature to obtain a clear synthesis solution.

2.3. Characterization of TS-1 films

Each step in the preparation of the TS-1 film on the porous
ceramic support was examined by scanning electron microscope
(SEM, KYKY-2800B). Samples were sectioned with wafering saw
and mounted on specimen stabs with conducting adhesives. A thin

Fig. 2. The TEM of (a) Sil-1 and (b) TS-1 seeds.
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Fig. 3. SEM images of the samples. (a) Surface of the support; (b) and (c) TS-1 film without seeds; (d)—(f) seeded support and corresponding TS-1 film with TS-1 seed; (g)-(i)

seeded support and corresponding TS-1 film with Sil-1 seed.

layer of gold was sputtered on the sample to decrease sample charg-
ing during imaging at 15 kV and 50 mA. The zeolite film orientation
was determined by D/Max 2400 Rigaku X-ray diffractometer (XRD)
with a Cu Ka radiation source (A =0.1542 nm), and operated at a
voltage of 40 kV and 50 mA. The bulk composition of the TS-1 films
was analyzed by the X-ray fluorescence spectrum (XRF, SRS3400).
Spectroscopy techniques including infrared and UV-vis spectro-
scopies, were used to monitor the titanium in zeolite framework.
The infrared spectra were collected from Bruker EQUINOX55 spec-
trometer and the diffuse reflectance UV-vis spectra were obtained
on a JASCO V-550 spectrometer and the samples were the powder
recovered from the vessel. The transmission electron micrograph
(TEM) of zeolite seeds were on a Tecnai 20 microscope at an accel-
erating voltage of 200 kV.

2.4. Phenol hydroxylation reaction

A schematic drawing of the reactor set-up for phenol hydroxyla-
tion reaction is shown in Fig. 1. The ceramic tube with the supported
TS-1 film was sealed in a stainless steel reactor using Viton O-
rings. The reactor was wrapped with heating tape and kept at the
reaction temperature of 358 K. Ten grams of phenol dissolved in
23 ml dry acetone was circulated to the reactor at a flow rate of
0.88cm® min~! from a reservoir kept at 358 K by a water bath. A
water cooled condenser was used to prevent excessive liquid evap-
oration in the three necked flask. Once the flow and temperature
reached steady-state, 4.2 ml hydrogen peroxide was added to start
the reaction. This gave a starting reaction mixture a molar ratio 1
phenol: 0.5 H,0,: 3 ACE. Reaction samples were taken every hour

and analyzed by a gas chromatograph (GC7890F, Shanghai Tech-
comp Limited) equipped with a capillary column (SE-30, 150 m x @
0.32 mm x 0.5 wm) and flame ionization detector. A typical reaction
lasted for six hours. Reaction comparison was made with TS-1 pow-
der catalyst recovered from the bottom of vessel. The batch reaction
was carried out with reflux with 1 phenol: 0.5 H,0,: 3 ACE and
38 mg TS-1 powder catalyst at 358 K. The catalyst was separated
from the reaction mixture by centrifugation prior to analysis.

3. Results and discussion
3.1. TS-1 film synthesis

3.1.1. Effects of seeding

Seeding followed by regrowth is a popular method for zeo-
lite film and membrane preparation. By providing nucleation sites,
seeding shortens the induction time for zeolite deposition and
growth resulting in faster film growth [23]. The seeds also con-
trol the zeolite-type grown on the seeded surface and its growth
orientation [34]. It is common practice to use the same zeolite to
seed the growth of the film and membrane, however sometimes
this may be difficult. It is time consuming and expensive to pre-
pare submicron-sized TS-1 seeds compared to Sil-1 seeds. A prior
work by the authors [35] indicated that TS-1 films prepared from
Sil-1 seed were comparable to the films prepared from TS-1 seeds.
Both TS-1 films exhibited similar activity and selectivity for catalytic
oxidation of styrene to phenylacetaldehyde.

The Sil-1 and TS-1 seeds are of comparable size and morphology
as shown by the TEM micrographs in Fig. 2a and b, respectively. The
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Fig.4. XRD patterns of the support, TS-1 film with Sil-1 and TS-1 seeds, respectively.

TS-1 seeds had a Ti/Si ratio of 0.02 according to XRF. The surface of
the ceramic support was imaged by scanning electron microscope
and shown in Fig. 3a. The surface of the support was rough and
consisted of sintered alumina particles of irregular size and shape.
A mean pore diameter of 3 um was measured, although larger pores
were also evident from the micrograph. It was not possible to grow
TS-1 film on the unseeded ceramic tube from the synthesis solution
and conditions chosen for this work. It can be seen from the surface
(Fig. 3b) and cross-section (Fig. 3c) that an amorphous gel layer had
deposited on the ceramic. On the other hand, TS-1 films were suc-
cessfully grown on both Sil-1 and TS-1 seeded tubes (Fig. 3e, f, h and
i). The Sil-1 and TS-1 seeds deposited as a thin, uniform layer on the
ceramic support as shown in Fig. 3d and g, respectively. Intergrown
TS-1 films of comparable thickness of five microns were obtained
from both seeds as shown by the SEM images. Fig. 4 shows that
the TS-1 films also have similar X-ray diffraction pattern with the
characteristic diffraction peaks of MFI structure (d-spacing=11.2,
9.99, 3.8 and 3.7 for (011), (020), (051) and (511)). The pres-
ence of a peak at (d-spacing=3.04 for (352)) is a good evidence
of titanium incorporation in the zeolite framework. These results
further support the previous findings that the TS-1 films pre-
pared from Sil-1 and TS-1 seeds were comparable in structure and
morphology.

3.1.2. TS-1 film growth

The growth of the TS-1 zeolite film on the Sil-1 seeded support
was investigated and Fig. 5 plots the typical growth curve and the
corresponding growth rate for the synthesis composition of 1 SiO5:
0.02 TiO5: 0.18 TPA,0: 250 H; 0. The film thickness measured from
the sample cross-sections and the mass of zeolite deposited are
plotted in Fig. 5a as a function of synthesis time. The mass of the
deposited zeolite was proportional to the film thickness from the
SEM cross-sections. The film thickness obtained from SEM mea-
surements, while the film thickness was divided by synthesis time
to obtain average film growth. It is clear from the absence of the
induction period in Fig. 5a that the zeolite growth on the seeded
support is immediate. The growth rate accelerates during the first
36 hand reaches amaximum of0.114 m h—! as shown in Fig. 5b. Sim-
ilar results were observed by Hedlund et al. [36,37] that the ZSM-5
film growth immediately on seeded support due to the seeds bypass
the nucleation, while conventional method involved nucleation,
deposition and crystallization [38]. The growth rate decreased as
the reactants were consumed (t>36h). Thicker zeolite films were
obtained by repeating the synthesis using fresh reactant mixtures.
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Fig. 5. The growth behavior of TS-1 films as a function of synthesis time: (a) film
thickness and mass of deposited zeolite; (b) average film growth rate.

Fig. 6 plots the film thickness measured from the SEM cross-section
and the mass increase following deposition. The TS-1 film growth
was in nonlinear, while the ZSM-5 film growth was in linear [36] and
the TS-1 film growth rate is lower than ZSM-5 film. This is maybe
because the growth on substituted zeolite was slower due to the
presence of the substituted framework metals and the reproducibil-
ity of the TS-1 film was not good. The zeolite growth study indicated
that different thicknesses of TS-1 film could be grown on the Sil-1
seeded support.

10 T T T T 0.08

84 £
—_ F0.06 &
= 173
é Film thickness -——— 2

6 o
=z F0.04 2.
Q _
E 2 ./ g
= <—=Mass of deposited zeolite [ &
= =R
= o L0.02 &

21 5

0 T T T T T T 0.00

0 1 2 3 4 5

Crystallization Times (h)

Fig. 6. The film thickness and mass of deposited zeolite as a function of synthesis
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Fig. 7. Surface morphologies of the TS-1 films obtained at different synthesis time. (a) 12 h; (b) 24 h; (c) 48 h; and at different synthesis times of (d) 2; (e) 3; (f) 4.

The SEM observation indicated that zeolite film morphology
and orientation evolved during the synthesis. Fig. 7 displays the
representative SEM images obtained during early stages of zeolite
growth (t=12-48 h) (Fig. 7a-c) and after repeated regrowth of 2, 3
and 4 times (Fig. 7d-f). It can be seen from the micrograph that at
early stage, the deposited zeolites have random orientation as the
growth conformed to the rough support surface. The film roughness
diminishes as the zeolite grows and smooth, intergrown, polycrys-
talline zeolite films are obtained as shown in Fig. 7c. The zeolite
films obtained by repeated regrowth appear rougher than the pre-
vious film (Fig. 7d-f). It is speculated that this could be caused by
the deposition of solution crystallized zeolite on the prior grown
film that were not removed by the washing steps. These zeolites
could increase the surface roughness by providing competing sites
for zeolite growth. The X-ray diffraction data in Fig. 8 also indicates
gradual change in the orientation of the deposited zeolite films with
time and repeated regrowth in agreement with the SEM observa-
tion. The plots of the relative intensity of Iig11)/l051). I;511)/l051)-
Lo20y/l051) and Iig20)/I;352) with time is shown in Table 1.1t is clear
from Fig. 8 and Table 1 that the film orientation gradually changes
from random to preferred (02 0) orientation. It also indicated that
the titanium contents increased with increasing synthesis times.
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Fig. 8. XRD patterns of the TS-1 films with different crystallization time. (a) 12 h;
(b)24h; (c)48h;(d) 72h.
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Table 1

Film orientation change with crystallization time.

Crystallization time (h) Io11) Io20) los1) Iis11) I352)
12 113 89.1 100 89.5 14.6
24 93.4 93.8 100 93.0 56.8
48 96.2 96.8 100 95.6 85.0
72 833 126 100 82.1 85.4

The peak intensity (Ips1) of (051) face is designed to 100, the peak intensities of
other face are calculated by dividing actual intensity of (05 1) face.

3.1.3. Titanium incorporation

The titanium in the synthesis solution could be incorporated
either as framework titanium atom in the TS-1 or extra-framework
titanium and titanium dioxide deposits, and would have an impor-
tant implication on the zeolite reactivity and selectivity. Although
works investigating the effects of different synthesis parameters
on the insertion of titanium atoms in the zeolite framework had
been reported [39,40], their usefulness for TS-1 film preparation
is limited due to the large difference in synthesis composition
and conditions. Fig. 9a and b respectively display the infrared and
UV-vis spectra of TS-1 films prepared from synthesis solution
containing x TiO,/SiO, of 0.01-0.05. The FTIR spectra of the TS-1
films display the characteristic bands for MFI zeolite at 1220 cm™1!,
1100cm~!, 800cm~1, 550cm~! and 450 cm~!. The infrared signal
at about 965cm~! is commonly agreed to originate from Ti-O-Si
and often taken as indication of titanium substitution in the zeolite
framework. The Iggs/Iggo ratio was used by Serrano et al. [41] as a
measure of the titanium content in zeolite. Fig. 9c plots the Iggs/I300
ratio for the different titanium content of the synthesis solution. A
maximum was observed at x TiO,/SiO, of around 0.02.

The UV-vis spectra (Fig. 9b) of the TS-1 film display a signal at
210 nm attributed to tetra-coordinated titanium [42]. The absence
of the absorption band at the wavelength of 270-280 nm indicates
that no hexa-coordinated titanium species is present in the sam-
ples [43]. However, anatase TiO, is clearly present in samples with
x TiO,/SiO, above 0.03 as a signal around 330 nm existence [44].
The plot of the Iyg5/Ig0p ratio in Fig. 9c clearly shows a decreasing
trend above x = 0.03. Finally, a plot of y TiO, /SiO, measured by X-ray
fluorescent spectroscopy in Fig. 10 shows that the titanium content
of the TS-1 films displays a similar maximum at the infrared data
for Iggs/Iggo ratio at x=0.02. This is according with the literatures
which reported the maximum Ti (IV) incorporated into the TS-1
framework corresponds to a Ti/Si ratio of approximately 0.02-0.03
[45-47].

3.2. Phenol hydroxylation reaction

There are many reports [48-51] on the use of TS-1 zeolite as
catalyst for phenol hydroxylation reaction to hydroquinone and
catechol as shown in the reaction Scheme 1. In this reaction, dihy-
droxybenzenes and benzoquinone are the desired product and
byproduct. Although not as widely studied, reactions on TS-1 films
had been reported by several authors [35,52,53]. This includes our
recent report on the reaction of styrene to phenylacetaldheyde
over TS-1 film catalyst [35]. TS-1 film catalysts prepared from Sil-1
and TS-1 seeds exhibited similar reaction performance and pheny-
lacetaldehyde selectivity increased with in-framework titanium
content. The 1-pentene epoxidation reaction [52-54] and selective
oxidation of aniline to azoxybenzene [55,56] were carried out in
miniature reactors coated with TS-1 film catalyst.

3.2.1. Seeds and substrate

The phenol hydroxylation reaction was conducted on the porous
alumina tube and Sil-1 seeded tube and trace conversions of 0.19%
and 0.21% were observed for the respective tubes. It is therefore pos-
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Fig. 9. The FT-IR (a), UV-vis (b) spectra and Iggs/Iso0 ratio (c) of the TS-1 films
synthesized with different Ti/Si ratios.

sible to conclude that both the porous alumina tube and Sil-1 seeds
are inactive for the reaction. The phenol hydroxylation reaction was
also investigated for TS-1 films grown from Sil-1 and TS-1 seeded
ceramic tubes and the results are summarized in Table 2. The TS-1
films grown from 1 SiO;: 0.02 TiO,: 0.18 TPA,0: 250 H,0 at 448K
for 48 h display similar comparable in structure and morphology as
shownin Figs. 2 and 3. The 4.0 pm thick films weigh 20 mg and have
Ti/Si ratio of 0.197 according to XRF. Table 2 shows that the two TS-1
films exhibit very similar reaction behavior regardless of the pre-
cursor seeds. The reaction conversion increases with reaction time
and the selectivity to dihydroxybenzenes increases with time with
benzoquinone as the main reaction byproduct. The hydroquinone-
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Table 2
The catalytic performances of TS-1 films with different seeds.
Reaction Time (h) S-TS-1 T-TS-1
Xen (%) Spi (%) HQ:CAT Xpn (%) Spi (%) HQ:CAT
1 2.63 85.0 0.05 2.83 86.9 0.10
2 4.19 88.8 0.08 4.52 89.8 0.11
3 5.80 93.3 0.12 5.14 91.5 0.19
4 6.69 97.2 0.32 6.49 91.4 0.40
5 8.56 95.9 0.43 8.31 93.8 0.46
6 10.1 96.3 0.50 10.2 95.6 0.51

S-TS-1: TS-1 films with Sil-1 seeds; T-TS-1: TS-1 films with TS-1 seeds; Xp,(%): phenol conversion; Sp;(%): dihydroxybenzenes selectivity; HQ:CAT: the hydroquinone-to-

catechol molar ratio.
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to-catechol ratio increases sharply after fourth hour of reaction. The
change trend is similar to the literatures [48,57,58]. Thus, the ini-
tial fear that the Sil-1 seeds could lead to a dilution of the titanium
content of the prepared TS-1 film and possible nonuniformity and
maldistribution of zeolite composition resulting in poorer reaction
performance is shown to be unfounded.

The ceramic support tube is a reservoir of impurities including
aluminum, various alkali and alkaline earth metals that could con-
taminate the TS-1 film during the film synthesis. Aluminum could
inhibit titanium incorporation and impart unwanted acidity to the
prepared zeolite film [59-61]. Furthermore, trace amounts of alkali
can effectively render TS-1 inactive [62,63]. Although TS-1 was less
sensitive to alkaline earth [64,65], there present could affect film
growth and orientation. Therefore, a reaction comparison was made
between a supported 7.9 wm thick TS-1 film (38 mg) and a TS-1
powder catalyst (38 mg) as shown in Table 3. The TS-1 film was pre-
pared from 1 SiO;: 0.02 TiO,: 0.18 TPA,0: 250 H,0 at 448 K for 48 h
through the same synthesis of three times and a Ti/Si ratio=0.02.
While the TS-1 powder collected from the bottom of the vessel with
the Ti/Siratio 0.02 and particle size approximately 400 nm. The film
and the powder catalysts gave comparable phenol conversions of
14.8% and 14.4% for a reaction time of 6 h. Both catalysts gave selec-
tivity to dihydroxybenzenes of 96%. However, the TS-1 film is more
selective to catacheol compared to the powder catalyst (i.e., HQ/CAT
ratio of 0.51 vs. 0.93). It is possible to conclude from the reaction
results that impurities originating from the substrate appear not to
significantly affect the activity and general selectivity of the catalyst
to dihydroxybenzenes. It is believed that the difference in product
distribution between film and powder catalysts is more due to mass
transfer effects rather than reaction kinetics. The limited geometric
area of the TS-1 film made access to the internal catalyst area of the
film difficult and therefore it is expected that most of the reaction
occurred in a shallow layer near the film surface. Indeed, it had been
established by previous researchers that catechol is preferentially
formed on the surface of TS-1 crystals [66] and this could explain
the higher catechol yield from TS-1 film.

Table 3
The catalytic performances of TS-1 films with different Ti/Si molar ratio and thickness.
Xpn (%) Spi (%) HQ:CAT
Nominal Ti/Si molar ratio (x) 0.01 Ti/Si molar ratio according to XRF 0.0110 10.3 99.2 0.47
0.02 0.0197 12.4 99.2 0.47
0.03 0.0174 7.26 87.3 0.50
0.04 0.0158 6.09 86.2 0.46
0.05 0.0162 3.76 84.2 0.42
TS-1 film thickness (um) (x=0.02) 2.2 TS-1 catalyst weight (mg) 10 6.79 99.9 0.47
3.9 19 10.1 99.5 0.50
4.5 22 135 98.1 0.46
7.5 36 14.7 97.2 0.51
7.9 38 14.8 96.1 0.51
10 67 14.9 96.1 0.52
Mass of TS-1 powders 38 mg 14.4 96.5 0.93

Xpp (%): phenol conversion; Sp; (%): dihydroxybenzenes selectivity; HQ:CAT: the hydroquinone-to-catechol molar ratio, reaction time: 6 h.
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3.2.2. TS-1 film thickness and nominal Ti/Si ratio

Fig. 11a plots the reaction conversion and product distribution
for phenol hydroxylation reaction over a series of TS-1 films of
different thicknesses. The reaction results are also summarized in
Table 3. The plot shows that conversion increases with the film
thickness reaching a plateau above film thickness of 7.5 wm. The
mass of the catalyst increases in proportion to the deposited film
thickness and therefore an increased catalyst activity is reasonable.
The small interfacial area of the TS-1 film and the inherently slow
diffusion of reactants and products in the zeolite pores rendered
the catalysts below the depth of 7.5 wm inaccessible to the reaction.
Therefore, a constant conversion is obtained for TS-1 films thicker
than 7.5 wm, despite the higher catalyst mass.

Fig. 11b also plots the effects of the nominal Ti/Si content of
the synthesis solution on the phenol conversion and product dis-
tribution. Fig. 10 shows the Ti/Si content of the TS-1 films display a
nonlinear relationship with the nominal Ti/Si content of the synthe-
sis solution. The phenol conversion correlates well with the films’
Ti/Siratio. The TS-1 films with high in-framework titanium content
are more active as well as selective for dihydroxybenzenes produc-
tion as reported in our previous work [35]. The lower reactivity and
selectivity for TS-1 films prepared from solution with high Ti/Si con-
tent is due to the presence of anatase TiO, that could catalyze the
decomposition of hydrogen peroxide and over-oxidation of phenol
to benzoquinone. The results showed that the catalytic membrane
reactors (CMR) reduced the intrinsic and external diffusion resis-

Table 4

The catalytic properties of TS-1 films with reaction times.

Reaction times Xpn (%) Spi(%) HQ:CAT
1 13.7 98.1 0.47

2 10.1 90.6 0.45

8 9.26 85.5 0.40

4 6.25 80.4 0.37

5 6.01 73.7 0.37
After calcinations 13.2 98.9 0.47

Xpn (%): phenol conversion; Sp; (%): dihydroxybenzenes selectivity; Spq: ben-
zoquinone selectivity; HQ:CAT: the hydroquinone-to-catechol molar ratio, each
reaction time: 6 h.

tance compared to the TS-1 powder catalyst. Future work will focus
on improving the activity of TS-1 CMR by optimizing the design and
operation conditions of membrane reactor.

3.3. TS-1 deactivation and regeneration

A series of reaction runs was performed to investigate the deac-
tivation and regenerability of the TS-1 film. The TS-1 film was
prepared from 1 SiO,: 0.02 TiO,: 0.18 TPA,0: 250 H,0 at 448K
for 48h, and have a film thickness of 4.8 pum (23 mg) and Ti/Si
ratio=0.0197. The reaction results are displayed in Table 4 for five
successive reactions each lasting 6 h. The TS-1 film was backwashed
with deionized distilled water to remove the surface dirt and con-
taminants adsorbed reactants and products between runs. The
phenol conversion decreased from 13.7% to 6.01% over the five runs
(i.e., total reaction time of 30 h), and the dihydroxybenzenes desired
product decreased from 98.1% to 73.7%. The poorer activity and
selectivity are believed to be due to adsorbed reactants and byprod-
ucts in the zeolite pores that hindered the reaction and diffusion in
the zeolite pore leading to phenol over-oxidation to benzoquinone.
The original activity and selectivity was fully recovered once the
TS-1 film was calcined at 823 K to remove the adsorbed impurities
as shown in table.

4. Concluding remarks

In this work, the TS-1 films on both Sil-1 and TS-1 seeded tubes
were prepared and compared in property. Also this paper first
investigated the effects of synthesis parameters on the insertion of
titanium atoms in the TS-1 film framework. The two TS-1 films were
comparable in structure, morphology and reaction behavior regard-
less of the precursor seeds. TS-1 film growth rate seems to be slower
than the ZSM-5 film due to the presence of the substituted met-
als in the synthesis solution. The synthesis time and times played
important roles in the formation of TS-1 film and could easily adjust
desired TS-1 film thickness. The framework titanium content of the
TS-1 films reached maximum when the Ti/Si ratio of mother liquid
was 0.02. The substrate and Sil-1 seeds appeared not to significantly
affect the activity. The reaction mainly occurred in a shallow layer
near the film surface, which leads to the catechol preferentially
formed due to mass transfer effects rather than reaction kinetics.
Thus, the film thickness had a slight effect on the reaction conver-
sion, unlike on the use of TS-1 powder as catalyst. The conversion
kept constant when the film thickness was over 7.5 wm due to the
inherently slow diffusion of reactants and products in the zeolite
pores rendered the catalysts below the depth of 7.5 pum inaccessible
to the reaction. The dihydroxybenzenes production increased with
increasing framework titanium content, while the lower reactivity
and selectivity for TS-1 films with the films Ti/Si ratio exceeded 0.02
due to the presence of anatase TiO,. The TS-1 films could be reused
several times after simple treatment.

Therefore, future work will concentrate on improving the reac-
tion conversion of TS-1 film CMR. One way is to make TS-1 films
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grow on hollow fibers and structured supports to increase the
geometric area of the catalyst. This can reduce the external and
intrinsic diffusion resistance. Another is to introduce TS-1 film into
a microreactor as CMR. A microreactor could enhance reaction per-
formance due to eliminate the external mass transfer and rapid heat
and mass transfers [11,13,67,68]. It is desirable to control the degree
of crystal intergrowth during crystallization to obtain rougher cat-
alyst film. This also favors improving faster diffusion by changing
the surface structure of the catalyst. Further study on mechanism,
modelling and other details is under way.
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