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The major drawback of direct oxidation technology (onsite
hydrogen peroxide production followed by its conversion
into organic oxides without refining) is the design and prepa-
ration of the bifunctional catalysts used therein. Herein we
present a bifunctional catalytic material (NHTS), which is
synthesized by a revised semi-in-situ method that allows a
noble metal to be distributed throughout the titanosilicate
framework and also results in a redistribution of active Ti
species throughout the crystals, thereby enriching the sur-

face of the hollow crystals with catalytic species. This com-
pound has been characterized by various techniques and its
activity and selectivity for the direct epoxidation of propylene
investigated. The results indicate that NHTS shows a very
ordered MFI topology, with the noble metal incorporated in
the framework, and a hollow structure, which makes it a
good alternative for catalytic oxidations.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2009)

Introduction

Microporous crystalline titanium silicalite with an MFI
topological structure (i.e. TS-1), whose discovery and appli-
cation are regarded as milestones in the zeolite and hetero-
geneous catalysis fields,[' can catalyze a large number of
oxidation reactions with a variety of reactants, such as the
conversion of alkanes to alcohols and ketones, secondary
alcohols to ketones, secondary amines and ammonia to di-
alkylhydroxylamines and hydroxylamine,>3 as well as al-
kene epoxidation, phenol oxidation, ketone ammoximation,
etc.,i using hydrogen peroxide (H,O,, HP) as oxidant.[>-!
The oxidation of organic substances with HP is regarded as
an attractive route for the production of organic oxides
since, in contrast to conventional technologies, it does not
produce by-products. The transition of key reactions, such
as phenol oxidation, ketone ammoximation, and alkene
epoxidation, from the laboratory to the factory has either
already happened or is likely to happen in the very near
future.[78]

HP is a versatile and environmentally friendly oxidant.[!
However, as the existing manufacturing processes for HP
production are very complex, expensive, and energy-inten-
sive, it is a relatively expensive reagent!!”! and price has be-
come an obstacle to the route’s commercial acceptance.['!]
One of the best ways to reduce this cost is to generate HP
in situ from H, and O,.'>!3] Such a direct HP synthesis
process not only has the potential for significant cost sav-
ings but also produces an effective, environmentally friendly
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oxidant without the waste or high costs associated with
traditional manufacturing processes.'¥ Moreover, a re-
cently developed direct technology involving onsite HP syn-
thesis followed by its conversion into organic oxides with-
out refining (i.e. coupling the direct synthesis of HP from
H, and O, with the oxidation of reactants in one reaction
zone — a one-pot process) is considered to be a very prom-
ising technology with huge potential for savings in terms
of capital and production costs.['>!%l The key point of this
technology is the design and preparation of the catalysts
used therein,['7-18 which are bifunctional and mostly consist
of a noble metal and titanium silicalite. Noble metals, in-
cluding platinum, palladium, etc., supported on titanosilic-
ate have been explored as catalysts previously. At present,
however, the main difficulty in this process is the efficient
preparation of HP in situ — only low H, and O, efficiencies
are encountered in joint processes,['”) which makes the pro-
cess economically unviable for the moment. The key to this
process therefore involves improving the H, and O, effi-
ciencies?*2!l by either preparing new catalysts or recon-
sidering known catalysts.

One of the best methods for obtaining high yields in oxi-
dation processes involves fast removal of the target oxi-
dation products initially formed in order to avoid their fur-
ther oxidation into less valuable products (especially fully
oxidised products such as CO, and H,0).*?! In most
heterogeneous catalytic oxidations, however, diffusion is the
key limiting factor, although this can be overcome by the
use of porous catalysts, such as molecular sieves, which al-
low rapid diffusion of target products out of the catalysts.
The presence of micropores in molecular sieves can limit
the diffusion of molecules to their internal catalytic sites.
Thus, molecular diffusion in catalysts with a hollow struc-
ture (with intra-particle voids) is faster than that in a solid
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structure with the same particle size and pore radius due to
the greater ease of molecular diffusions to internal active
sites.[?3-241 One of the aims of our research is to design and
prepare porous catalytic materials with such a hollow struc-
ture. In recent publications, we have presented a titanosilic-
ate with a hollow structure®*2> and another with bifunc-
tionality, which we synthesized by a semi-in-situ method[?¢!
and is a hollow titanium silicalite combined with a noble
metal (denoted as NHTS). In this work, we re-synthesize
NHTS using a revised “semi-in-situ” method (also known
as a reprocess method) and present detailed information re-
garding NHTS, especially in comparison with other sam-
ples [including TS-1 and TS-1 with a supported noble metal
(Pd/TS-1) prepared using the conventional impregnation
method]. The samples were characterized by various analyt-
ical techniques, including X-ray fluorescence, powder X-ray
diffraction, Fourier transform infrared spectroscopy, UV/
Vis diffuse reflectance spectroscopy, X-ray photoelectron
spectroscopy, transmission electron microscopy and N, ad-
sorption-desorption isotherms. Their catalytic performance
in the epoxidation of propylene with H, and O, as oxidant
was also investigated and the differences are discussed
herein.

Results and Discussion

X-ray Fluorescence (XRF)

The XRF analysis results for NHTS are listed in Table 1
along with those for TS-1 and Pd/TS-1 for comparison. It
can clearly be seen that NHTS and Pd/TS-1 contain PdO,
Si0, and TiO,, whereas TS-1 contains only SiO, and TiO,.
Moreover, the SiO, and TiO, contents of NHTS and Pd/
TS-1 decrease slightly upon introduction of Pd into the tita-
nium silicalite matrix (TS-1), which matches well with what
would be expected given the presence of 0.44 and 0.47 wt.-%
PdO in NHTS and Pd/TS-1, respectively. There are no
great changes in the TiO,/SiO, ratio between the semi-in-
situ synthesized sample (NHTS) and the conventional im-
pregnated one (Pd/TS-1), which may demonstrate that in-
troduction of the noble metal during the reprocess pro-
cedure does not affect the composition of titanium silicalite,
in other words, incorporation of Pd into the framework
does not alter its chemical composition as the oxide form
of titanium silicalite.

Table 1. XRF analysis data, relative crystallinity, and Iygo//550 val-
ues for NHTS, TS-1, and Pd/TS-1.

Samples PdO SiO, TiO, Relative  Iogp/Iss
crystal-
linity
[wWe-2%] [wt-%]  [wt-%) [~0]
NHTS 0.44/043  97.35 221 105 0.696
TS-1 - 97.74 2.26 100 0.675
Pd/TS-1 0.47/0.31  97.30 223 93 0.667

[a] The first figure is for the fresh catalyst and the second for the
recycled catalyst.
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X-ray Diffraction (XRD)

The X-ray diffraction patterns of the samples are shown
in Figure 1 (normal patterns are shown on the left and en-
largements of the 20 region between 22 and 25° on the
right). The main diffraction peaks for NHTS and Pd/TS-1
are clearly the same as those of the typical titanium silicalite
with an MFI topological structure.?”-?81 This indicates that
the introduction of Pd into the TS-1 framework has no ef-
fect on its crystal structure. The relative crystallinities of
NHTS and Pd/TS-1 were calculated according to the
method described in literature,*” with TS-1 as standard;
the results are listed in Table 1. The relative crystallinity of
NHTS increases slightly to 105 %, whereas the relative crys-
tallinity of Pd/TS-1 decreases slightly to about 93%. These
changes indicate that the different impregnation methods
have different effects on the ordering, with the reprocess
method increasing the ordering (for NHTS) and the con-
ventional impregnation method decreasing it (for Pd/TS-1).
Furthermore, it can be seen that the XRD patterns of
NHTS and Pd/TS-1 (Figure 1, parts A and C) show no
characteristic signals for pure Pd (simple substance) or PdO
species, thus indicating the very high dispersion of Pd spe-
cies in the titanium silicalite matrix (TS-1).130-31]
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Figure 1. XRD patterns for NHTS (A), TS-1 (B), and Pd/TS-1 (C).

Fourier Transform Infrared Spectra (FT-IR)

The main absorption bands in the FT-IR spectra of
NHTS, TS-1, and Pd/TS-1 (Figure 2) are found at 550, 800,
960, 1100 and 1230 cm™!, in agreement with the typical FT-
IR spectra of TS-1 reported in the literature.’ It is well
known that an absorption band near 960 cm™' is due to the
stretching mode of tetrahedral SiO4 bonded to Ti atoms
and is considered to be a fingerprint absorption of frame-
work Ti, especially Ti-containing silicalites.*** The exis-
tence of a band at 960 cm ! is always consistent with a low
symmetry of the framework structure,[>>3¢ therefore the de-
crease in symmetry of the framework structure is indirect
evidence for the incorporation of Ti into the MFI struc-
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ture.?7 In our case, the characteristic “fingerprint” band is
clearly detected at around 960 cm™!, although for NHTS it
is shifted to 967 cm™'. This is likely due to the change of
the coordination structure resulting from either incorpora-
tion of the noble metal in the crystal framework or by the
deposition of the noble metal into microporous channels.
The peak area ratios for the band at 960 cm™! and that at
550 cm™! for all samples (Iog0/Isso represents the relative Ti
content in the framework and can thus represent the sym-
metry of the framework) are summarized in Table 1, where
it can be seen that the peak area ratio for NHTS is slightly
higher than that of TS-1 whereas the peak area ratio for Pd/
TS-1 is slightly lower. This is in agreement with the ordering
suggested by XRD and means that an irreversible change
in the framework symmetry of TS-1 occurs upon incorpora-
tion of the noble metal and that the change that occurs
during the reprocess method (for NHTS) is larger than that
which occurs following the conventional method (for Pd/
TS-1). These differences are also likely to affect the catalytic
performance.
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Figure 2. IR spectra for NHTS (A), TS-1 (B), and Pd/TS-1 (C).

UV/Vis Diffuse Reflectance Spectra (UV/Vis)

The presence of isolated, intra-framework, tetrahedral
Ti** ions was also indirectly verified by UV/Vis spec-
troscopy (see Figure 3). It is well known that additional evi-
dence for the presence of isolated Ti ions in tetrahedral lo-
cations in the silicate lattice can be obtained from the dif-
fuse reflectance UV band, which is indicative of a charge-
transfer process from the ligand oxygen to an unoccupied
orbital of the central Ti ion in isolated Ti(OSi)4 or Ti(OSi)3-
(OH) units.?¥! Figure 3 (A) shows that NHTS gives only
one strong UV absorption band at 210 nm, thus indicating
the existence of isolated, intra-framework, tetrahedral Ti**
ions only, whereas TS-1 and Pd/TS-1 give UV absorption
bands (Figures3, B and C) at 210 (strong band) and
330 nm (a mild one), which clearly shows the existence of
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both isolated, intra-framework, tetrahedral Ti** ions and
extra-framework anatase-type TiO, in TS-1 and Pd/TS-1.
Moreover, the absorption intensities of the intra- and extra-
framework bands are almost the same before introduction
of the noble metal and afterwards, thus indicating that the
introduction of a noble metal by the conventional impreg-
nation method does not severely affect the framework Ti
structure of titanium silicalite. The framework is very stable
under such conditions, even when undergoing impregnation
with the noble metal, washing with deionized water and
calcination at high temperature. However, the reprocess
procedure also affects the coordination of Ti by avoiding
the formation of extra-framework Ti, thereby ensuring that
essentially all the Ti** ions in NHTS have a tetrahedral co-
ordination (intra-framework). A single broad absorption
band centered at around 485 nm, assigned to the absorption
of noble metal species,**! also appears in theUV/Vis spectra
of NHTS and Pd/TS-1 (Figures 3, A and C), thus confirm-
ing the incorporation of noble metal species into NHTS
and Pd/TS-1 and therefore the above XRD analysis.

Relative absorptivities
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Figure 3. UV/Vis spectra for NHTS (A), TS-1 (B), and Pd/TS-1
(©).

X-ray Photoelectron Spectra (XPS)

The main XPS Pd 3d peak for Pd particles or foils ap-
pears at a binding energy (BE) of 335.0 eV, while for PAO
this peak appears at a BE of 336.8 V.41l The XPS Pd 3d
peaks for NHTS and Pd/TS-1 (Figures 4, A and B) appear
at 335.3 and 335.6 eV, respectively. In order to help the un-
derstanding of our readers, we have fitted the Pd 3d spectra
shown in Figure 4 to two doublets — one belonging to Pd
metal and the other to PdO — as this allows us to determine
the true BE values and proportion of each species more
precisely. The fitted figure shows that the peak area ratio of
Pd metal and Pd metal oxide is about 5:3 and 3:2 for NHTS
and Pd/TS-1, respectively. These values suggest that the
state of Pd in NHTS and Pd/TS-1 is most likely a simple
substance state mixed with a small amount of oxide state,
in other words the states are neither a pure simple substance
4435
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state nor a pure oxide one. This further indicates the pres-
ence of interactions between the metal and the titanium sil-
icalite matrix and that these interactions alter the micro-
structure, especially the electronic structure of Pd.[*®! These
changes would affect the catalytic performance in propylene
epoxidation.

XPS Pd 3d

334 336 338 340
Binding energy [eV]

Figure 4. XPS Pd 3d spectra for NHTS (A) and Pd/TS-1 (B).

The detection of octahedral and tetrahedral Ti ions by
XPS analysis is a common analytical technique — the tetra-
hedral Ti 2p 3/2 peak is usually found at a BE of 460.0 eV
whereas the octahedral Ti 2p 3/2 peak is found at a BE of
458.0 eV.*243 In order to better visualize the spectra and
to allow us to get more reliable information concerning the
state of the Ti** ions and to quantify the proportion of
tetrahedral and octahedral Ti** species, we also fitted the
Ti 2p 3/2 spectra to two doublets — one belonging to tetra-
hedrally coordinated titanium species and the other to octa-
hedrally coordinated titanium species. The fitted XPS Ti 2p
spectra of NHTS, TS-1, and Pd/TS-1 are shown in Figure 5,
where it can be seen that NHTS has only one Ti 2p 3/2
peak at a BE of about 460.0 eV. This means that NHTS has
only tetrahedrally coordinated titanium species whereas TS-
1 and Pd/TS-1 have both octahedrally and tetrahedrally co-
ordinated titanium species (two Ti 2p 3/2 peaks with BEs
of about 458.0 and 460.0 eV, respectively). The ratio of oc-
tahedrally to tetrahedrally coordinated Ti species, as calcu-
lated from the peak area ratio, are approximately 0, 0.8,
and 1.0 for NHTS, TS-1, and Pd/TS-1, respectively. The
ratios for TS-1 and Pd/TS-1 show that the amount of tetra-
hedrally coordinated Ti species in Pd/TS-1 is lower than
that in TS-1. All these observations are in agreement with
the UV/Vis spectral analysis, which suggests that the intro-
duction of Pd by the conventional impregnation method
affects the framework Ti structure of titanium silicalites by
decreasing the number of tetrahedrally coordinated Ti spe-
cies (for Pd/TS-1) whereas the reprocess procedure (for
4436
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NHTYS) affects the Ti coordination, thereby ensuring that
the Ti species in NHTS are almost all intra-framework spe-
cies (and therefore have a tetrahedral configuration).

XPS Ti 2p
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Figure 5. XPS Ti 2p spectra for NHTS (A), TS-1 (B), and Pd/TS-
1 (C).

Transmission Electron Microscopy (TEM)

The representative TEM images of NHTS, TS-1, and Pd/
TS-1 shown in Figure 6 (Figures 6, A,, B, and C) show that
particles of all samples are highly crystalline with an
average crystal size of 0.1-0.3 um. As can be seen from this
figure, the majority of NHTS particles are hollow (Figure 6,
A,, many rectangular voids formed in each particle). This
demonstrates that the reprocess procedure introduces Pd
into NHTS and also results in the formation of intra-par-
ticle voids, which means that NHTS has both micro- and
mesopores. TS-1 and Pd/TS-1, on the other hand, have a

50nm [
[—

Figure 6. TEM images of NHTS (5 h; A;), NHTS (A,), TS-1 (B),
and Pd/TS-1 (O).
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solid structure (Figure 6, B and C, with micropores), which
means that the conventional impregnation method does not
affect the morphology of the intra-particle voids in TS-1.
These findings were confirmed by N, adsorption-desorp-
tion isotherms (see below). Furthermore, the TEM images
in Figures 6 (A, and C) confirm that NHTS and Pd/TS-1
show no obvious particles of pure Pd (simple substance) or
PdO species, thereby indicating that, at relatively low Pd
contents, both the semi-in-situ and conventional impregna-
tion methods result in a very high dispersion of Pd species
in the titanium silicate matrix, in agreement with the XRD
results.[4443]

N, Adsorption-Desorption Isotherms

The N, adsorption-desorption isotherms of NHTS, TS-
1, and Pd/TS-1 are shown in Figure 7. NHTS (Figure 7, A)
shows a typical type IV adsorption-desorption curve (ac-
cording to the IUPAC classification) with an obvious hys-
teresis loop in the isotherm, thus suggesting that NHTS has
a hollow structure.l”>?3) The isotherms for TS-1 and Pd/
TS-1 (Figure 7, B and C), in contrast, are typical type II
adsorption curves, which means that they both have a solid
structure (with only micropores). These results also confirm
that the reprocess procedure results in the both the incorpo-
ration of Pd into NHTS and the creation of intra-particle
voids, thereby confirming the results of the TEM analysis.
The results for all three samples, including the BET specific
area and cumulative pore volume, are listed in Table 2,
where it can be seen that the incorporation of Pd into the
framework using different methods (reprocess method and
conventional impregnation) results in different porous pa-
rameters. Thus, the BET surface area and pore volume of
NHTS (reprocess method) are 424 m?>g ! and 0.32 cm3g !,
respectively, whereas for Pd/TS-1 (conventional impregna-
tion method) and TS-1 (not modified by noble metal) they
are 389 and 412m?g ! and 0.21 and 0.24 cm3g™!, respec-
tively. This means that the surface area and pore volume
decrease after the incorporation of Pd into the titanium sil-

Relative volume [mL/g]
=

00 02 04 06 08 10
Relative pressure [p/p,]

Figure 7. N, adsorption/desorption isotherms for NHTS (A), TS-
1 (B), and Pd/TS-1 (C).
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icalite framework by the conventional impregnation
method (for Pd/TS-1). This decrease corresponds to that in
the corresponding microporous segments. In contrast, an
increase in surface area and pore volume is found for
NHTS (compared with TS-1), and this increase corre-
sponds almost exactly to formation of the mesopores (sub-
tracting the parts corresponding to the micropores from the
total surface area or pore volume). This means that the hol-
low structure formed in NHTS has a greater capacity to
accommodate extraneous molecules than a solid one, which
could affect its catalytic performance.

Table 2. Pore parameters and epoxidation catalyst performance for
NHTS, TS-1, and Pd/TS-1.

Samples Surface area Pore volume  Cpol®  Spol
[m2g™ [em3g] [wt.-%]  [mol-%]
SMiC[b] BET VMic[b] Total
NHTS 381 424 0.17 0.32  2.5/2.3 95.1/924
TS-1 389 412 0.18 0.24 - -
Pd/TS-1 368 389 0.16 0.21  0.9/0.3 73.4/65.6

[a] The first figure is for the fresh catalyst and the second for the
recycled catalyst (used twice). [b] Microporous part.

Catalytic Epoxidation Results

The catalytic epoxidation properties of TS-1, Pd/TS-1,
and NHTS are listed in Table 2, where it can be seen that
TS-1 has no catalytic activity under the reaction conditions
used whereas NHTS and Pd/TS-1 exhibit good activity. The
catalytic activity (Cpo) is 2.5% for NHTS and 0.9% for Pd/
TS-1 and the selectivity (Spo) is 95.1% for NHTS (the other
products are 1,2-propanediol and two types of methoxypro-
panol), whereas that for Pd/TS-1 is 73.4% (the other prod-
ucts are the same as for NHTS). These figures show that
NHTS is a better epoxidation catalyst than Pd/TS-1.
Furthermore, a contrast catalytic experiment with TS-1
with the appropriate amount of commercial HP added was
performed, and the positive results provide valuable infor-
mation regarding the direct epoxidation process. Similarly,
the formation of HP from H, and O, under our reaction
conditions was proven in a separate experiment without ad-
dition of propylene, therefore it can be deduced that the
formation of HP occurs over the Pd particles whereas pro-
pylene epoxidation occurs over the Ti species in the frame-
work. 2% It is likely that the limiting step in this reaction is
the formation of HP from H,/O, on Pd, which would nicely
explain why TS-1 has no catalytic activity (it has no Pd,
therefore HP cannot be synthesized in situ from H, + O,).
Moreover, Pd particles alone have no catalytic activity since
they cannot epoxidize propylene to PO in the absence of Ti
species. In contrast, both NHTS and Pd/TS-1 have catalytic
activity since they both contain Pd and Ti species, which
may provide further evidence that this direct process involve
HP production in situ followed by its conversion into target
organic oxides (mainly PO). The catalyst-recycling results,
which are also listed in Table 2, show that the activity of
NHTS decreases only slightly (Cpo drops from 2.5 to 2.3 %)
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with almost the same high selectivity (Spo drops from 95.1
to 92.4%) whereas the activity of Pd/TS-1 decreases sharply
(Cpo drops from 0.9 to 0.3%), as does the selectivity (Spo
drops from 73.4 to 65.6%), after being reused twice. These
results show that most of the catalytic activity and selectiv-
ity of NHTS is maintained, whereas the activity and selec-
tivity of Pd/TS-1 drop more rapidly, in other words the
catalytic activity and selectivity of NHTS are better than
those of Pd/TS-1. The above catalytic results show that
NHTS is an excellent catalyst for the production of PO in
a one-pot process that couples the direct synthesis of HP
from H, and O, with the epoxidation of propylene in a
single reaction. The better performance of the NHTS cata-
lyst is due to the lower stability of Pd/TS-1 in the epoxid-
ation reaction (metal leaching). Despite the fact that the
coordination state of the catalysts does not change (as con-
firmed by UV and XPS), metal leaching from the spent Pd/
TS-1 catalyst was found. The metal contents for the spent
catalysts are listed in Table 1, where it can be seen that the
Pd content for the spent NHTS catalyst remains essentially
unchanged (drops from 0.44 to 0.43) whereas that of the
spent Pd/TS-1 catalyst decreases from 0.47 to 0.31. These
differences may be a result of the preparation conditions
(reprocess procedure, semi-in-situ synthesis), which results
in the introduction of stable Pd particles into NHTS and
the formation of a hollow structure that facilitates molecu-
lar diffusion; all of these factors are likely to affect the cata-
lytic performance. In order to verify this explanation, we
performed the reaction between propylene and HP in the
absence of H,/O, and the reaction between H, and O, un-
der the same conditions but without propylene. As reported
previously,[*! the first reaction proceeded rapidly under our
conditions in the presence of regular TS-1, thus showing
that the original (reprocess) method produces a more active
and selective titanosilicate. The second experiment con-
firmed the ability of the Pd component to produce HP.
These results (not given here) therefore show that our
method produces a more active and selective titanium sil-
icalite than the conventional impregnation method. The Pd
component in NHTS is also more active in HP production
than that in Pd/TS-1.

“Semi-in-situ” Synthesis of NHTS

The reason for calling this treatment a reprocess, or semi-
in-situ, synthesis is easily illustrated by a simplified scheme
(see Scheme 1). The Si, Ti, and Pd sources, etc. are not
added in the same step and the Pd source used therein is
not the final active Pd species, therefore calling the whole
synthetic process a “semi-in-situ”?®! one is accurate. It can
clearly be seen from this scheme that the role of the surfac-
tant (CTAB) is as a protective agent to avoid aggregation
of the noble metal particles produced by the reducing agent
(N,H4H»0), thereby guaranteeing the high dispersion of
these species into the NHTS framework during the re-
processing step (as demonstrated by XRD and TEM). The
large intra-particle voids inside the NHTS crystals, which
4438
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decrease the pore diffusion limitations and facilitate molec-
ular transport to the catalytic sites, are formed during the
dissolution-recrystallization stage (as illustrated by TEM
and N, adsorption-desorption isotherms).”! Due to the
importance of the hollow structure of the NHTS particles,
much more consideration was given to their formation
mechanism, therefore to describe this mechanism in more
detail, we determined an intermediate structure by TEM
(Figure 6, A;) after a shorter recrystallization time (5 h).
This image suggests that the dissolution process mainly dis-
solves the particles’ cores (each particle is formed from ag-
gregated nanocrystals and therefore has multiple cores) due
to their lower crystallinity than the external shell, as also
found by Wang et al.[>31 Moreover, the hollow structure of
the particles in NHTS seems to differ from the hollow nan-
oporous zeolite single crystals (ZSM-5 nanoboxes with uni-
form intracrystalline hollow structures),?*! which are cap-
sule-like, probably because NHTS is a new type of titanium
silicalite with bifunctionality whereas the other materials>*!
are pure silicon-based molecular sieves or aluminium sil-
icalite-based molecular sieves (ZSM-5). Moreover, in anal-
ogy to the hollow TS-1 crystals formed previously via a
dissolution-recrystallization process,>) NHTS has many
rectangular pores in each particle. The dissolution-
recrystallization reprocess performed during the synthesis
of NHTS can form intra-particle voids, which results in re-
moval of some of the Ti and Si species from the framework
in the intermediate and their subsequent dissolution (they
are mainly dissolved from the particles’ core, as discussed
above).[?Y This means that the solution contains Ti, Si, and
Pd species (added in this step) at this point. Before the hy-
drothermal treatment step in the reprocess, these species are
enriched at the surface of the intermediate due to the capil-
lary action in this intermediate and, due to the presence of
the protective agent (surfactant CTAB), noble metal par-
ticles, or species produce upon reduction by the reducing
agent (N,H4H,O), become highly dispersed on the surface
of intermediate. During the reprocess step, however, these
species form NHTS (with an MFI topological structure), in
the presence of the template agent (TPAOH), during the
recrystallization process under reaction conditions analo-
gous to those used for the hydrothermal synthesis of pure
silicon ZSM-5 or TS-1 molecular sieves whilst at the same
time stably incorporating noble metal species into the
framework. It should be noted that, during the whole semi-
in-situ procedure (dissolution-recrystallization reprocess),
but especially in the later stages, the dissolution and
recrystallization processes are conducted simultaneously.
The later stages of this reaction are a dynamic and balanc-
ing process. Indeed, this semi-in-situ reaction, which in-
cludes partial dissolution and recrystallization of the inter-
mediate (titanium silicalite material) during the synthesis of
NHTS, both combines a noble metal with the titanosilicate
framework and does so stably and modifies the distribution
of active Ti species throughout the crystals,>3! thereby en-
riching the surface of these hollow crystals with catalytic
species (both Pd species and Ti species). All these factors
are likely to affect the catalytic performance.
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Scheme 1. Simplified scheme showing the “semi-in-situ” synthesis of NHTS, including the reprocess, the introduction of Pd species, and

the formation of intra-particle voids.

Conclusions

NHTS, a new hollow titanium silicalite with a noble
metal incorporated into the framework, has been obtained
by a semi-in-situ synthetic method, which involves the ad-
dition of a noble metal source to the reaction mixture and
isolation of an intermediate product under organic-alkaline
conditions. This revised semi-in-situ process results in incor-
poration of the noble metal into the titanosilicate frame-
work and the redistribution of active Ti species throughout
the crystals, thereby enriching the surface of the hollow
crystals with catalytic species. The characterization results
suggest that the as-synthesized NHTS shows a very ordered
MFTI topology and is a good catalyst for the direct epoxid-
ation of propylene with high selectivity. The catalyst is eas-
ily separated and recycled and may therefore find industrial
applications.

Experimental Section

Materials: Tetraethyl orthosilicate (TEOS), tetrapropylammonium
hydroxide (TPAOH, 25 wt.-% in H,0), tetrabutyl orthotitanate (ti-
tanium butoxide, TBOT), 2-propanol, hexadecyltrimethylammon-
ium bromide (CTAB), ammonia (NH5-H,0, 30 wt.-% in H,0), pal-
ladium chloride (PdCl,), hydrazine hydrate (N,H4H,O, 85 wt.-%
in H,0), hydrogen peroxide (H,0O,, 30 wt.-% in H,0), and meth-
anol (all analytical grade) were purchased from Beijing Chemical
Co. (China), as were propylene (polymer grade) and N,, O,, and
H,; (99.995 vol.-%).

Synthesis: NHTS was synthesized following a slightly modified
semi-in-situ procedure (herein the reprocess method) described in
the literature.*®l Thus, 42 g of TEOS was thoroughly mixed with
14.5 g of TPAOH solution and 110 g of distilled water. Subsequent
hydrolysis at 75 °C for 3 h gave a hydrolyzed TEOS solution, to
which a solution composed of 1.3 g of TBOT and 8.5 g of anhy-
drous 2-propanol was added slowly with stirring. The mixture ob-
tained was stirred at 75 °C for 3 h and then transferred to a stain-
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less steel autoclave, which was heated under autogenous pressure
at 170 °C for 2 d. The resultant mixture of crystallization products
was filtered, washed with distilled water, dried at 120 °C for 5 h,
and calcined at 550 °C in air for 5 h, to give the intermediate prod-
uct. This product obtained was then mixed with TPAOH and a
CTAB solution containing PdCl, and NH3-H,O in an intermediate
product (g)/ TPAOH (mol)/CTAB (mol)/PdCl, (g)/NH;-H>O (mol)/
water (mol) ratio of 100:1.0:0.1:2.0:1.0:25. After stirring for 2 h,
the appropriate amount of N,H4H,O was added to the mixture,
which was then transferred to an autoclave and the reprocess pro-
cedure carried out under autogenous pressure at 140 °C for 48 h.
After cooling and pressure release, subsequent filtration, washing,
drying, and calcination gave NHTS. Before characterization and
testing, the product was heated from room temperature to 150 °C
under pure N, at a rate of 2 Kmin !, and kept at that temperature
for 3 h. The catalyst may be auto-reduced under these conditions
by thermal decomposition of the NH; ligands.[*7]

For comparison, TS-1 molecular sieves and TS-1 with a supported
noble metal (Pd) were also synthesized.

TS-1 molecular sieves were prepared according to the procedure
described by Thangaraj et al.*8! Thus, 22.5 g of TEOS was thor-
oughly mixed with 7.0 g of TPAOH solution and 59.8 g of distilled
water. Subsequent hydrolysis at 60 °C for 1.0 h gave a hydrolyzed
TEOS solution, to which a solution containing 0.8 g of TBOT and
4.2 g of anhydrous 2-propanol was added slowly with vigorous stir-
ring. The mixture obtained was stirred at 75 °C for 3 h to obtain
a clear, transparent colloid, then transferred into a stainless steel
autoclave and heated under autogenous pressure at 170 °C for 6 d.
The resulting crystallization products were filtered, washed with
distilled water to a pH of 8-9, dried at 120 °C for 5 h, and then
calcined at 550 °C in air for 5 h to give the required TS-1 molecular
sieves.

TS-1 molecular sieves with incorporated Pd (Pd/TS-1) were synthe-
sized according to the conventional impregnation method.

Characterization: The Pd content, and that of other elements, in
the samples was determined by X-ray fluorescence (XRF) analysis
using a Rigaku 3271E X-ray fluorescence spectrometer. Powder X-
ray diffraction (XRD) data were recorded with a Siemens D5005
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(30 kV, 30 mA) using nickel-filtered Cu-K, radiation; diffraction
patterns were collected under ambient conditions in the 20 range
4-40°. FT-IR spectra were recorded in vacuo, and at ambient tem-
perature, with a Nicolet 8210 infrared spectrometer in the range
400-1600 cm ' using KBr pellets. The diffuse reflectance UV/Vis
spectra were obtained with a Perkin—Elmer Lambda 20 UV/Vis
spectrometer. X-ray photoelectron spectra were recorded with a
PHI Quantera scanning X-ray microprobe (SXM) instrument in
vacuo at ambient temperature. TEM experiments were performed
with a Tecnai G>F20S-TWIN electron microscope with an acceler-
ation voltage of 300 kV. The nitrogen isotherms at the temperature
of liquid nitrogen were measured using a micromeritics ASAP
2010M system.

Catalytic Test: Epoxidation of propylene with H, and O, as oxi-
dant was carried out in a stainless-steel autoclave equipped with a
Teflon® beaker and an electric stirrer. In a typical experiment, the
reactor was charged with 1.0 g of catalyst, 40 g of methanol, and
2 g of deionized water. After addition of propylene to a pressure
of 0.8 MPa, the vessel was continuously pressurized with hydrogen
and oxygen (molar ratio 1:1) until the pressure reached 2.0 MPa.
The slurry was heated from room temperature to 40 °C under pres-
sure and vigorous stirring, kept at 40 °C for 1 h, and then cooled
down to below 10 °C. At the end of the reaction, the catalyst was
filtered off (and reused after drying). Analysis of the liquid phase
was performed with an Agilent 6890N gas chromatograph coupled
to a flame ionization detector (FID) and a 30-meter FFAP capil-
lary column. As the main product here is propylene oxide (PO),
the PO concentration (Cpo, determined with respect to an external
standard) and PO selectivity (Spo) were calculated based on the
amount of propylene oxide (mol-%) in the products (as also deter-
mined with respect to an external standard).
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