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1. INTRODUCTION

Multiphase reactions involving a solid catalyst and liquid
reactants are important in chemical synthesis.1,2 The TS-1-
catalyzed hydroxylation of aromatic molecules using hydrogen
peroxide as liquid oxidant is of academic and industrial interest.3,4

It is considered an economical, clean, and safe production
process.5 The use of powder catalyst poses a problem in product
separation and catalyst reuse. Efforts weremade to form the TS-1
powder into beads and pellets, but the results were unsatisfactory
because of the sensitivity of the reaction to the inorganic and
organic binders used in the forming process.6,7 Structured
supports and packing are commonly used to improve transport
processes in separations and reactions.8,9 They promote mixing
and contact by providing a large interfacial area. Solid catalysts
were deposited on packing materials by Dechaine and co-
workers10 and used for reactive distillation of acetone to diace-
tone alcohol.

This work investigates the use of TS-1-coated stainless steel
packing materials for selective oxidation of styrene to phenyla-
cetaldehyde and benzaldehyde using hydrogen peroxide. Thin
TS-1 films were grown on glasses,11,12 solid and porous stainless
steel,13,14 and ceramics15�18 by both conventional and micro-
wave heating methods.19 TS-1 films were also prepared on silica
and carbon nanofibers20,21 and even within the microchannels of
silicon and stainless steel microreactors.22�25 Indeed, zeolites
had been deposited on surfaces by methods ranging from self-
assembly to highly ordered, close-packed layer26,27 and defect-
free membranes capable of molecular sieving separation.28�30

Prior works15�17 by the authors reported the preparation and

reaction performance of TS-1 catalytic membrane contactors
prepared by growing thin TS-1 films on porous tubes seeded with
zeolite nanoparticles by either dip-coating or slip-casting techni-
ques. The purpose of this work is to examine the preparation of
thin TS-1 zeolite film coating on substrates of complex geometry.
The TS-1 coating was achieved by, first, self-assembling the
zeolite seeds using organic linkers, followed by regrowth to
obtain a uniform catalyst layer. The thin adherent TS-1 layer
was examined by electron microscopy and analyzed by X-ray
diffraction (XRD), Fourier transformed infrared spectroscopy
(FTIR), ultraviolet�visible spectroscopy (UV�vis), and X-ray
photoelectron spectroscopy (XPS). The TS-1-coated stainless
steel packing materials were tested in a batch reactor for selective
oxidation of styrene to phenylacetaldehyde and benzaldehyde by
hydrogen peroxide.

2. EXPERIMENTAL SECTION

2.1. Materials. The stainless steel packing rings (SSR) were
supplied by the Shanghai Research Institute of Chemical In-
dustry and consisted of coiled stainless steel wire of 0.1 mm
diameter. The stainless steel packing rings come in two sizes and
shapes: SSR1 have a diameter of 1 mm and height of ∼60 mm,
and SSR2 have a diameter of 1.5 mm and height of ∼60 mm.
Tetraethyl orthosilicate (98%, Tianjin Kermel), tetrabutyl ortho-
titanate (98.5%, Beijing Xingjin), and laboratory-synthesized
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ABSTRACT: Titanium silicalite-1 (TS-1)-coated on stainless
steel packing rings of complex geometries provided a large
interfacial contact area for improving mass transport processes.
Zeolite seeds were assembled using organic linker, and a thin
uniform layer of TS-1 catalyst was deposited on the surface by
hydrothermal regrowth. The chemical, structural, and catalytic
properties of the TS-1 layer were examined. An order of
magnitude higher styrene conversion rate was obtained from
the TS-1-coated substrates compared with powder. The catalyst
was sensitive to pretreatment, and heat treatment in nitrogen
provided a 30% higher conversion rate than the air-calcined
samples. The N2-pretreated catalyst displayed lower activity loss and better regenerability.
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tetrapropylammonium hydroxide (17 wt %) were used in the
synthesis of the zeolites. Hydrogen peroxide (H2O2, 30%),
styrene (98%), and acetone (99.5%) for the reaction study and
the ethanol (99.7%) and isopropyl alcohol (IPA, 99.7%) solvents
were purchased from Tianjin Kermel Chemical Reagents Ltd.
Co. Nitric acid (65�68%) and 3-aminopropyltrimethoxysilane
(APTS, 98%) were supplied by Dandong Reagents Co and
Jianghan Fine Chemical Co, respectively.
2.2. Preparation of TS-1 Films on Stainless Steel Packing

Rings. Seeding is a critical part of many thin film coating and
deposition processes.31�34 The schematic drawing in Figure 1
illustrates the procedure for the assembly of silicalite-1 (Sil-1) seeds
and deposition of TS-1 films on the surface of stainless steel packing
rings. The stainless steel packing rings were first degreased by
successive 10 min sonication in 0.5 M nitric acid solution, acetone,
and ethanol before a thorough rinsing in distilled water. After drying
in an oven at 373K, the packing ringswere seededwith 200 nmSil-1
seeds prepared byhydrothermal synthesis froma synthesis gelwith a
molar composition of 1 SiO2/0.22 TPA2O/19.2 H2O for 8 h at 398
K.16,35 The seeds were recovered and purified by a series of
centrifugation and washing steps before dilution to give a colloidal
sol of 0.07 wt % Sil-1 seeds in ethanol. The seeding proceeds by first
grafting an organic linker, APTS, on the stainless steel surface,
followed by the deposition of a layer of Sil-1 seeds. This was
accomplished by immersing the treated packing rings in an auto-
clave containing the seeds at 373 K for 4 h as described in our prior
work.36 The seeded packing rings were dried in an oven at 373 K
and calcined at 523 K for 6 h.
The titanium silicalite-1 was deposited and grown on the

surface of the seeded packing rings from a clear synthesis solution
with a molar composition of 1 SiO2/0.02 TiO2/0.16 TPA2O
/250 H2O under hydrothermal conditions at a temperature of
448 K.16 The reaction was quenched by rapid cooling, and the
zeolite-coated packing rings were rinsed with ethanol and water
and dried overnight in an oven at 333 K, followed by calcinations
in air or pyrolysis in nitrogen at 823 K for 6 h at a heating rate of
0.3 K 3min

�1. The pyrolyzed catalysts were also heat-treated in
air at a lower temperature. The pretreatment served to remove
the organic template molecules from the zeolites and convert the
zeolite coating into an active catalyst.

2.3. Catalyst Characterizations and Activity Test. The
zeolite-coated samples were examined by scanning electron
microscope (SEM, KYKY-2800B and JEOL 6700F) and char-
acterized by a D/Max 2400 Rigaku X-ray diffractometer
equipped with Cu KR radiation source (λ = 0.1542 nm) and
operated at a voltage of 40 kV and 50 mA to determine the
thickness, microstructure, crystallinity, and phase composition of
the deposited zeolite. The chemical composition was analyzed by
energy dispersive X-ray (EDX) and XPS. The bulk compositions
of TS-1 powders collected from the bottom of the synthesis
batch were determined by X-ray fluorescence spectroscopy
(XRF, SRS3400). The samples were analyzed by a Bruker
EQUINOX55 Fourier transformed infrared spectrometer and
Jasco V-550 UV�vis spectrometer.
The oxidation of styrene to phenylacetaldehyde and benzal-

dehyde was carried out in the laboratory batch reactor shown in
Figure 2. The main product and byproduct of the reaction were
phenylacetaldehyde (PAC) and benzaldehyde (BAL), respec-
tively. Mixing was done using a multiblade impeller, and in a
typical reaction, the catalyst and 2.1 mL hydrogen peroxide
aqueous solution were added to a solution of 9.4 mL of styrene in
27.8 mL acetone to give a reaction mixture of molar composition
of 1 styrene/0.3 H2O2/1.5 H2O/4.6 CH3COCH3. The reaction
was run at 343 K and lasted 5 h. Samples were withdrawn using a
pump and analyzed by a gas chromatograph (GC7890F, Shanghai
Techcomp Limited) equipped with a flame ionization detector.

Figure 1. Deposition process of TS-1 zeolites on stainless steel packing rings.

Figure 2. Schematic drawing of the reaction setup.
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A SE-30 capillary column (l 50 m�Φ 0.32 mm� 0.5 μm) was
used, and the styrene conversion, product selectivity, and yield
were reported.15

3. RESULTS AND DISCUSSION

3.1. Seeding and Coating of Stainless Steel Packing Rings.
Figure 3a, b is scanning electronmicrographs of the stainless steel
packing rings before seeding and zeolite coating. It can be seen
from the micrographs that the packing rings were made by
winding 100-μm-diameter wires into the ordered and random
cylindrical coils (Figure 3a and b). Analysis by the energy-
dispersive X-ray spectrometer indicated that the wires contained
67.7 wt % iron, 16.7 wt % chromium, and 8.3 wt % nickel. From
Figure 3c, it can be seen that the surface of stainless steel packing
rings was smooth. Attempts to deposit and grow zeolites on the
smooth wire surface by direct synthesis method were unsuccess-
ful due to the poor adhesions of the nucleated zeolite seeds.
Seeding eliminated unwanted contributions from the support
and could be used to regulate the growth and microstructure of
the deposited zeolite.37�39 It was not possible to obtain a
continuous seed layer on the smooth wire surface by conven-
tional dip-coating and slip-coating methods, and the uneven
coating resulted in poor zeolite deposition.
The seeds were assembled on the surface of the wires forming

the packing rings using organic linkers. It can be seen in Figure 3d
that despite the complex geometry, a uniform layer of seeds was
deposited using this technique. The seeds were covalently
attached to the �Si(OR)3 group of the APTS molecule and
linked by the amino head groups (Lewis base) to the stainless
steel surface (Lewis acid). Conducting the seeding at 373 K
ensured the complete condensation and firm attachment of the
Sil-1 seeds to the stainless steel surface.36 SEM examination
indicated that a monolayer of close-packed Sil-1 seeds was
obtained over the entire surface of the packing ring, as shown
in the Figure 3d insert.

Titanium silicalite-1 zeolite was grown on the seeded stainless
steel packing rings by hydrothermal regrowth from a dilute
synthesis solution containing titanium precursor. Prior works
showed that it was not necessary to employ TS-1 seeds to deposit
and grow TS-1 films on surfaces, and seeds of Sil-1 isomorph
were easier to prepare with consistent size and composition.15,16

Figure 4 displays the SEM micrographs of the zeolite-coated
stainless steel packing rings following heat treatment in air (CP1)
and nitrogen (CP2) to remove the organic template molecules.
The TS-1 grown on the seeded support formed a continuous
layer of a well-intergrown, polycrystalline film of uniform 4-μm
thickness over the entire surface of the packing rings. The zeolite
growth extends through the seed layer to the surface, forming a
single polycrystalline film (Figure 4b inset).
Figure 4a, b shows that high temperature pyrolysis in nitrogen

prevented the cracks and delamination of zeolite that were
prevalent in samples calcined in air (Figure 4c, d) under a similar
temperature program. This is due in part to the large stress
generated when the zeolite lattice contracts with the rapid
removal and gasification of the trapped organic templates during
calcinations. Pyrolysis slowed the gasification of the organic SDA
and prevented formation of defects. Similar slow gasification can
be achieved using low-temperature ozonidation in preparing low-
defect zeolite membranes.40�42 Slow heating and cooling rates
were necessary precautions to minimize the effects of a large
difference in the thermal expansion coefficients of the stainless
steel and zeolite.
Fejes et al.43 reported that heat treatment of Ti-substituted

ZSM-5 zeolite results in a loss of framework titanium with
accompanying lattice shrinkage and a blue shift in IR spectra.
Table 1 shows nitrogen pyrolysis preserves the framework
titanium in the TS-1 film. The table shows the framework
titanium is significantly lower for the TS-1 prepared by air
calcination. The X-ray diffractions of the stainless steel packing
rings before and after zeolite coating are shown in Figure 5a, b
along with the zeolite powder collected from the bottom of the
synthesis batch (Figure 5c). The TS-1 film (CP2) grown on the

Figure 3. (a, b) SEM images of the stainless steel packing rings, (c) surface of the stainless steel rings, and (d) seeded stainless steel rings support.
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stainless steel ring displays the characteristic diffraction peaks
of MFI zeolite at (011), (020), (051), (�303), (�313), and
(�532) in the 2θ region between 5� and 30�, as shown in
Figure 5b. Additional peaks found in the zeolite powder taken
from the film coating also belong toMFI zeolites, confirming that
the deposited zeolite was a pure MFI.
3.2. Titanium Species in TS-1-Coated Stainless Steel Pack-

ing Rings. The nature and amount of titanium in the calcined
TS-1 film (CP2) were determined by FTIR, UV�vis, and XPS
techniques. The FTIR and UV�vis were frequently used to
characterize the titanium environment in the zeolites. The FTIR
spectra of coated and uncoated stainless steel rings are shown in
Figure 6a. The CP2 sample displayed a broad peak at 800 cm�1

assigned to symmetric Si�O�Si vibration inMFI,44 whereas the
960 cm�1 band was interpreted to belong to the stretching
vibration of SiO4 units bound to titanium atoms and often taken
to indicate the presence of framework titanium atom in TS-1.45

The weak 960 cm�1 absorption band was due to the thiness of the
zeolite coating, which was in agreement with previous reports.15,16

The corresponding UV�vis spectra of the coated and uncoated
samples are shown in Figure 6b. The broad absorbance peak at
∼210 nm in the UV�vis spectrum of CP2 belongs to the
tetrahedrally coordinated, framework titanium.46 The character-
istic signals of anatase TiO2 at 330 nm and nanophase TiO2 at
270 nmwere not detected.47 The CP1 catalyst shows absorbance
at 330 nm for extraframework anatase TiO2 in addition to
210 nm attributed to the framework titanium.
The deposited TS-1 was analyzed by XPS to determine the

surface elemental composition and oxidation state of the
sample.48 The high resolution photoelectron spectra of O 1s
and Ti 2p3/2 of TS-1 films from CP1 and CP2 samples are shown
in Figure 7. Prior works by Uguina and co-workers49 reported
that tetrahedral titanium has a Ti 2p3/2 binding energy higher
than 460 eV, whereas the lower binding energy component
(458.5 eV) belongs to titanium in octahedral coordination. The
O 1s binding energy of 533 eV shown in Figure 7a belongs to
the oxygen from O�Si�O.50 The XPS spectrum of the CP2
showed that the tetrahedral titanium species predominated in the

Figure 4. (a) SEM images of the TS-1 catalysts, (b) surface and cross-section of TS-1 films supported on stainless steel rings after calcinations in
nitrogen protection, and (c, d) surface and cross section of TS-1 films supported on stainless steel rings after calcinations in air atmosphere.

Table 1. Catalytic Performance of the SSR Substrate, TS-1 Film and TS-1 Powdera

product selectivity (mol %) H2O2 utilization

catalyst massb (g) Ti/Sic Ti/Sie XSTY (mol %) conversion rate (R) SAA SPAC SBAL SSO X (%) SH2O2
(%)

SSR 1.000 3.0 0.5 79.0 4.0 75.0 12.0

TS-1 film (CP1) 0.077 0.014 0.015 12.0 25.6 91.0 67.0 24.0 5.0 50 73

TS-1 film (CP2) 0.080 0.018 0.019 16.0 32.8 99.1 90.1 9.0 0.4 55 90

TS-1 Powder (P1) 0.400 0.019d 0.018 11.4 4.7 98.6 82.1 16.5 0.8 42 85

TS-1 powder (P2) 0.400 0.020d 0.019 11.2 4.6 98.9 82.9 16.0 0.7 40 85
aCP1, P1: calcinations in air atmosphere. CP2, P2: calcinations in nitrogen protection. R: millimoles of styrene converted per gram of catalyst per hour
(mmol 3 g

�1
3 h

�1). XSTY: conversion of styrene. SAA: sum of the selectivity of benzaldehyde (BAL) and phenylacetaldehyde (PAC). SPAC, SBAL, SSO:
selectivity of phenylacetaldehyde (PAC), benzaldehyde (BAL), and styrene epoxide. SH2O2

: mole percent H2O2 consumed in the formation of
oxyfunctionalizated product. bNet weight of TS-1. cTitanium content calculated by XPS. dTitanium content calculated by XRF. eTitanium content
calculated by EDXS.
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deposited zeolite, which was in good agreement with the FTIR
and UV�vis results shown in Figure 6a and b, respectively. XPS

spectra of CP1 in contrast showed mostly octahedral titaniums.
Table 1 shows the Ti/Si ratios from XPS and EDXS are
comparable and are close to the value of 0.02, indicating that
most of the titanium supplied in the mother liquor was incorpo-
rated in the zeolites. This value is comparable to TS-1 zeolites
prepared by conventional synthesis.3,51

3.3. Catalytic Activity of TS-1-Coated Stainless Steel Pack-
ing Rings. The selective oxidation of styrene to styrene oxide is
typically carried out using peroxybenzoic acid in Prilezhaev
reaction (Scheme 1), whereas the TS-1-catalyzed reaction pro-
duces phenylacetaldehyde (PAC) and benzaldehyde (BAL), as
shown in Scheme 2.52 Reaction data for the TS-1-coated packing

Figure 5. (a) XRD patterns of the stainless steel rings, (b) TS-1 film
supported on stainless steel rings, and (c) TS-1 powder collected from
the bottom of autoclave.

Figure 6. The FTIR (a) and UV�vis (b) spectra of stainless steel rings
and TS-1 films supported on stainless steel rings calcined in air and
nitrogen atmosphere.

Figure 7. TheO 1s (a) and Ti 2p3/2 (b) spectra of TS-1 films supported
on stainless steel rings calcined in air and nitrogen atmosphere.

Scheme 1. Prilezhaev Reaction Scheme for Selective Oxida-
tion of Styrene
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rings (i.e., CP1 and CP2) as well as TS-1 powders collected from
the same synthesis batch are summarized in Tables 1 and 2. The
TS-1 powders calcined in air (P1) and pyrolyzed in nitrogen (P2)
have comparable reaction performance (Table 1). The TS-1
powders displayed similar conversion of 11% and selectivity for
phenylacetaldehyde of 82%. There was no significant difference
in H2O2 conversion and H2O2 efficiency between the two
powder catalysts, as shown in Table 1. TS-1-coated packing
rings heat-treated in nitrogen (CP2) were better, with ∼40%
higher styrene conversion and better selectivity to phenylacetal-
dehyde, in addition to having higher H2O2 efficiency. An order of
magnitude higher styrene conversion rate of coated TS-1 film

catalyst is attributed to the large interfacial contact area provided
by stainless steel packing rings leading to improved mass transfer
processes.10

A reference reaction carried out with uncoated stainless steel
rings gave a low styrene conversion of∼3%with benzaldehyde as
the main product (YBAL = 2.25%) and trace phenyacetaldehyde
(YPAC = 0.12%), as shown in Table 1 and Figure 8. The styrene
conversion and phenylacetaldehyde yield were higher for the
TS-1-coated rings. TS-1-coated packing rings heat-treated in air
(CP1) exhibited higher catalytic activity with styrene conversion
and phenylacetaldehyde selectivity of 12% and 67%, respectively.
Styrene conversion of 16% and phenylacetaldehyde selectivity of
90% were obtained from TS-1-coated packing rings pyrolyzed in
nitrogen (CP2). Only a small amount of epoxide (YSO = 0.06%)
was produced by CP2 catalyst. It can be seen from the plots of
phenylacetaldehyde and benzaldehyde yields in Figure 8 that the
CP2 catalyst has the highest phenylacetaldehyde yield of 14.4%.
According to Zhuang and co-workers,52 the isolated titanium

centers and Brønsted acid sites originating from framework
titanium species favor phenylacetaldehyde production, whereas
the Lewis acid, extra-framework titaniums catalyze the formation
of benzaldehyde. Yang and co-workers53 showed that extra-
framework titanium species specifically catalyze the car-
bon�carbon bond cleavage that leads to the formation of
benzaldehyde. The Lewis acid sites from iron could explain
why benzaldehyde was the main product of styrene oxidation
over the stainless steel rings. The TS-1-coated rings prepared by
air calcination (CP1) displayed higher styrene conversion with
conversion rate of 25.6 mmol 3 g

�1
3 h

�1. The CP1 catalyst also
displayed higher phenylacetaldehyde yield than the uncoated
ring, but the amount of benzaldehyde was still significant due to
the presence of Lewis acid sites from naked SSR support and the

Scheme 2. Styrene Oxidation Reaction over TS-1 Catalysts According to Zhuang et al.52

Table 2. Catalytic Performance of This Work and Reported in Other Papersa

catalyst mass (g) XSTY (%) conversion rate (R) TOF (h�1) SPAC (%) SBAL (%) ref

powder 1 9.4 81.8 18.2 55

powder 0.2 35.4 2.95 5.9 74.2 22.8 56

powder 0.1 21.1 3.71 9.75 41.3 26.5 57

powder 0.416 56 2.24 1.1b 44 29 58

powder 0.2 38.9 3.2 10.1 80.5 17.8 this workb*

film (CP1) 0.077 12.0 25.6 85.8 67.0 24.0 this work

film (CP2) 0.080 16.0 32.8 102.6 90.1 9.0 this work
a XSTY = the conversion of styrene; SPAC, SBAL = the selectivity of phenylacetaldehyde (PAC) and benzaldehyde (BAL); R =mmol of styrene converted
per gram catalyst per hour (mmol 3 g

�1
3 h

�1); TOF =moles of styrene converted per mole of Ti in the catalyst per hour. bMoles of H2O2 conversion for
producing styrene oxide þ secondary products per mole of Ti per hour. b*The reaction conditions are similar to ref 56.

Figure 8. Benzaldehyde and phenylacetaldehyde yields on various
catalysts (SSR, 1 g; CP1, 0.077 g TS-1; CP2, 0.08 g TS-1; P1, 0.4 g;
and P2, 0.4 g).
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extra-framework titanium species in this catalyst. The CP2
catalyst prepared by pyrolysis under nitrogen atmosphere dis-
played higher framework titanium content compared with the air
calcined CP1 catalyst. The CP2 catalyst reached a styrene
conversion and phenylacetaldehyde yield of 16% and 14.4%,
respectively. This catalyst gave a conversion rate of 32.8 mmol 3
g�1

3 h
�1, ∼30% higher than the CP1 catalyst. Iron and extra-

framework titaniums are known to decompose H2O2.
54 Indeed,

CP1 catalyst has significantly lower H2O2 efficiency of 73% when
compared with 90% obtained from CP2 catalyst. The H2O2

efficiency of CP2 catalyst is even higher than the powder catalyst
P2 (85%), further proof of the improved mass transport pro-
cesses on packing ring supported catalysts.
The TS-1 powder calcined in air (P1) recovered from the

preparation TS-1-coated stainless steel rings displayed conver-
sion and selectivity that was higher than literature reports
(Table 2). A 0.2 g portion of powder catalyst gave a styrene
conversion of 38.9% and conversion rate of 3.24 mmol 3 g

�1
3 h

�1

and TOF of 10.1 h�1 under reaction conditions comparable to
the work of Kumar and co-workers.56 The phenylacetaldehyde
selectivity of 80.5% belonged to the upper range of reported
values.55�58 The CP1 and CP2 catalysts have high conversion
rates of 25.6 and 32.8 mmol 3 g

�1
3 h

�1 and corresponding TOFs
of 85.8 and 102.6 h�1. This represents nearly an order of
magnitude enhancement in reaction rate from the powder
catalyst recovered from the same batch of zeolites synthesis.

Although rapid mixing could disperse the powder catalyst well
and facilitate the transport of the reactants to the catalyst surface,
the external mass transfer through the liquid phase remained
important.1 The structured packing provides a large interfacial
area and promotes mixing, resulting in higher external mass
transfer rate. In addition, the thin catalyst layer has shorter
diffusion pathways for the reactant and products. Prior works15,16

showed that the selective oxidation reaction occurred mostly on
the top layer of the zeolite film and beyond a certain thickness the
conversion remained unchanged. A combination of these factors
is responsible for the observed high reaction rate of the TS-1-
coated packing rings.
3.4. Deactivation and Regeneration of TS-1 Coated Stain-

less Steel Packing Rings. The deactivation and regeneration of
TS-1 catalyst-coated packing rings, CP1 andCP2, were examined
in a separate study.59 The catalyst deactivation was observed in a
series of four reaction runs each lasting 5 h. Reaction residues on
the catalyst were removed by washing with distilled water after
each run. The plots of styrene conversion and phenylacetalde-
hyde yield are shown in Figure 9a. The CP1 catalyst displayed
rapid deactivation, with the conversion decreasing from 12 to
8%. Correspondingly, the phenylacetaldehyde yield decreased
from 8 to 3.2%. In a parallel set of experimental study, air
calcination at 823 K and 5 h was used to regenerate the spent
CP1 catalyst.60 The phenylacetaldehyde yield decreased with
increasing number of runs due to the loss of catalyst, but the

Figure 9. Reaction study of CP1 and CP2 catalyst (CP1 and CP2,
treated by simple washing; CP1-2 and CP2-2, calcined in air).

Figure 10. Themass ofCP1 andCP2 catalysts (calcinations after each run)
with reaction runs.

Table 3. Recycling of the TS-1-Coated Packing Rings Heat
Treated in Nitrogen (CP2)a

XSTY (%) initial TOF (h�1)

run time (h) CP2b CP2�2c CP2 CP2�2 Ti/Si molar ratiod

1 1 6.0 6.0 193.0 193.0 0.019

2 1 5.6 5.8 185.2 191.9 0.019

3 1 4.5 5.5 155.1 189.6 0.018

4 1 2.7 5.4 94.3 188.5 0.016
aXSTY = the conversion of styrene; TOF = moles of styrene converted
per mole of Ti in the catalyst per hour. bTreated by simple washing with
distilled water. cTreated by calcinations at 823 K after washing with
distilled water. dThe titanium content calculated by EDXS.
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selectivity of phenylacetaldehyde remained unchanged after four
reactions runs.
The plot of styrene conversion in Figure 9a shows that the

catalyst could not be completely regenerated, and there is
irreversible loss of catalyst activity after successive runs that
appear to correlate well with the loss in catalyst mass observed in
the CP1 catalyst (Figure 10). There is a nearly linear correlation
between mass and catalyst activity loss for CP1 catalyst. It is
speculated that the cracks and defects in CP1 catalyst caused by
rapid removal of organic structure-directing agent (SDA) by air
calcinations provide transport routes for oxygen to the support,
resulting in oxidation at the support�zeolite interface, weaken-
ing the adhesion of the zeolite. This could explain the significant
loss in catalyst mass and activity observed in Figures 9a and 10.
The TS-1-coated CP2 packing rings deactivate less than the

CP1 catalyst, as seen in Figure 9b. The styrene conversion
decreased from 16 to 12.5% after four reaction runs with
∼22% drop in activity compared with 34% for the CP1 catalyst.
The reaction results showed CP1 and CP2 catalysts suffered
from deactivation caused by strongly adsorbed organic mol-
ecules. The selectivity of phenylacetaldehyde decreased from 90
to 51%, and the desired product phenylacetaldehyde yield
reduced from 14.4 to 6.4%. The reaction data of CP1-2 and
CP2-2 in Figure 9 represent the loss of activity due to loss in
catalyst mass caused by delamination. Unlike CP1 catalyst, the
original activity and selectivity of CP2 catalyst was fully recovered
after calcination. Analysis of the CP2 catalyst after reaction
showed that the catalyst Ti/Si ratio remained unchanged
(Table 3), and the catalytic film remained firmly attached to that
stainless steel surface, as shown in Figure 11. The zeolite coating
on CP2 being more uniform and having less defects (cf.
Figure 4a, b) is an efficient diffusion barrier for oxygen, limiting
the corrosion of the stainless steel that could lead to film
delamination. Indeed, many studies have showed that zeolite
coatings were efficient corrosion-barrier and had proposed them
as corrosion-resistant coatings.61

4. CONCLUSIONS

This work successfully demonstrated that catalyst-coated
structured packing materials could significantly increase the
reaction rate by improving transport processes. The structured
packingmaterials are designed to provide large interfacial contact
area while minimizing pressure drop in the reactor. The thin
catalyst layer also affords short diffusion paths for reactants and
products. Indeed, the TS-1-coated packing rings exhibited an
order of magnitude higher conversion rate than the TS-1 powder
prepared from the same batch of catalyst.

The use of organic linkers was instrumental in depositing a
uniform seed layer for zeolite growth. Most of the titanium was

incorporated into the zeolite framework; however, pretreatment
in air resulted in film deterioration and an increase in extra-
framework titanium. TS-1 delamination was attributed to rapid
zeolite contraction from the fast removal of the organic template
molecules, resulting in crack formations. Heat treatment in
nitrogen preserved the film structure as well as the framework
titanium and led to a higher conversion rate and better pheny-
lacetaldehyde selectivity. A significant increase in the reuse
efficiency and a very high regenerability over the CP2 catalyst
were achieved in comparison with the CP1 catalyst. The struc-
tured packing catalysts could be reused several times.
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