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Preface

The discovery of titanosilicates opens up new possibilities of developing hetero-
geneous catalytic processes for selective oxidation reactions, which has made a
breakthrough in the area of zeolite materials and catalysis. Although the first
generation of titanosilicate TS-1 dates back to almost 30 years ago, the research
activities are still being continued worldwide in design and synthesis of novel
titanosilicates, insight into active sites as well as developing practically useful
catalytic technologies. In this sense, a series of titanosilicates differing in crys-
talline structure and pore dimension have been synthesized successfully. Particular
efforts have been devoted to searching for the oxidation catalysts which have
larger pore dimensions useful to process bulky molecules. Derived from lamellar
precursors, so-called layered zeolites are constructing an important family in
zeolite materials. Different from those with three-dimensional crystalline struc-
tures already formed in hydrothermal synthesis, the layered zeolites possess
structural diversity and their structures are mendable by post modification.

Focusing on recent research advances in a new generation of titanosilicate
Ti-MWW that comes from a lamellar precursor, this monograph consists of five
chapters. Chapter 1 introduces briefly the catalytic features and research progress
of titanosilicate catalysts. Chapter 2 describes the methods for the preparation of
Ti-MWW, including hydrothermal synthesis and post isomorphous substitution
route either in the presence or absence of boric acid. Chapter 3 figures out the
structural modifications of Ti-MWW, full or partial delamination, and interlayer
pore expansion by, silylation or pillaring techniques. Chapter 4 deals with potential
catalytic applications of thus developed catalysts to innovative selective oxidations
including epoxidation of various alkenes and ammoximation of ketones to oxime.
Chapter 5 gives the prospects for the development and application of Ti-MWW
zeolite in future. The contents range from fundamental knowledge to practically
usable techniques that have been established on this specific titanosilicate.

It is our great pleasure working in this research area with many excellent
experts and students from both China and Japan. We would like to sincerely
thank professors Takashi Tatsumi, Tatsuaki Yashima and Takayuki Komatsu
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Chapter 1
Introduction

Zeolites are a class of crystalline aluminosilicates and silicalites with the silicon
and aluminum cations tetrahedrally linked by the oxygen bridges in the frame-
work, and then three-dimensional (3D) networks are constructed to form the
channels, pores, cages, and cavities [1]. Zeolites thus possess well-defined crys-
talline structures as well as the textural properties of high specific surface area and
high adsorption capacity. The pore windows and channels of zeolites are closely
related to their well-defined crystalline structures, and usually their sizes are of
molecular dimensions in the micropore region [2]. This kind of unique porosity
endows zeolites with molecule sieving abilities for discriminating guest molecules
and separating reactants/products. Even strong electric fields are possibly gener-
ated within zeolite pores, and as heterogeneous catalysts, zeolites then may exhibit
strong quantum effects in combination with the molecular confinement of
micropores [3, 4].

The chemical compositions of the zeolite frameworks are changeable and
amendable, not only in the silicon to metal ratios but also in the types of coor-
dinated metal ions. The Si/Al ratio could be varied in the range of one to infinite,
whereas the transition metals and the elements other than Si and Al are also
incorporated into the zeolite framework via isomorphous substitution, e.g., P [5],
B [6], Ga [7], Fe [8], Ti [9], Sn [10], Ge [11], Zr [12], and V [13], etc., giving rise
to so-called metallosilicates. This widens significantly the application range of
zeolites as multifunctional catalysts.

Zeolites in aluminosilicate forms have long been used as solid—acid catalysts
in petrochemical industry. For example, Faujasite Y (with a structure code of
FAU, recognized by International Zeolite Association, IZA) is widely used as fluid
catalytic cracking (FCC) catalyst, replacing conventional amorphous silica-
alumina catalysts [14—16]. This opened the door for perhaps the biggest revolution
in oil refining industry. Thereafter, the well-known pentasil aluminosilicate ZSM-5
with the MFI topology [17], developed in 1970s by Mobil (now known as
ExxonMobil), is a versatile shape-selective catalyst in petrochemical processes for
producing high valuable aromatics, e.g., para-xylene [18].

In 1983, Taramasso et al. [19] from Enichem group envisaged the first
titanosilicate with the Ti cations isomorphously substituted in the MFI-type

P. Wu et al., MWW-Type Titanosilicate, 1
SpringerBriefs in Green Chemistry for Sustainability,
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2 1 Introduction

Fig. 1.1 Liquid-phase OH OH

oxidation reactions based on H

TS-1/H,0, system @ + @0
OH
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RR’CHOH
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+
30%H,0,,

silicalite-1, which is well known as TS-1. Combining the hydrophobic feature in
aqueous solution and the unique porosity of the MFI framework, those isolated
tetrahedral Ti sites in TS-1 can activate hydrogen peroxide molecules under rel-
atively mild conditions (generally <373 K and 1 atm), and as shown in Fig. 1.1,
they are capable of catalyzing the selective oxidation reactions of a variety of
substrates [20, 21]. These reactions give water as the sole byproduct. Two world-
scale processes, cyclohexanone ammoximation [22] and propylene epoxidation
[23], have now been commercialized based on the TS-1/H,O, catalytic system.
These processes are environmentally benign in terms of greenness and zero waste
disposal. Expanding the catalytic applications of zeolites from solid—acid catalysis
to redox field, the great success of TS-1 is considered as the third milestone in
zeolite catalysis after Y and ZSM-5 zeolites.

The discovery of TS-1 has encouraged the researchers to develop other tita-
nosilicates with different zeolite structures [24-49], especially those with larger
porosities and high cost performance, because TS-1 encounters some shortcom-
ings. TS-1 is less active to the bulky and cyclic molecules owing to diffusion
hindrance imposed by its medium pores of 10-membered ring (MR). TS-1 always
prefers a protic solvent like methanol, which causes the solvolysis of the epoxides
in alkene epoxidation, lowering the selectivity to desirable products [50]. From the
viewpoint of industrial applications, TS-1 still suffers a high cost of catalyst
manufacturing because it requires the use of expensive tetrapropylammonium
hydroxide (TPAOH) as structure-directing agent (SDA) and organic silica source
of tetraethylorthosilicate (TEOS). To be active enough, the hydrothermally
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synthesized crystals of TS-1 needs to be of nanosized order. This then induces
separation difficulties either in catalyst preparation procedure or in catalytic
processes.

In this sense, taking full use of established zeolite preparation techniques such
as hydrothermal synthesis (HT), post-synthesis (PS), dry-gel conversion (DGC)
[51], fluoride method [52], crystallization-promoting agent or additive-assisted
method [27], a series of titanosilicates have been developed. Table 1.1 lists the
representative titanosilicates prepared by various techniques together with their
crystalline and pore structures. In addition to microporous titanosilicates, many Ti-
containing mesoporous materials with much larger nanopores have also been
reported, such as Ti-MCM-41, Ti-SBA-15, and Ti-MCM-48 [53-56]. However,
they are not effective for liquid-phase oxidation with aqueous H,O, as oxidant
because of an extremely high hydrophilicity related to abundant surface silanol
groups.

Among the microporous titanosilicates developed so far, Ti-MWW with the
MWW topology [33, 38, 57], has been proved to be unique in pore structure,
preparation method, oxidation activity and selectivity. MWW zeolite possesses a
unique pore structure of 12-MR side cups on the crystallites exterior as well as two
independent 10-MR channel systems; one contains 12-MR supercages and the
other is of sinusoidal tortuosity (Fig. 1.2) [58]. As the MWW zeolite derives from
a so-called MWW lamellar precursor through the dehydroxylation between the
layers upon calcination, it has structural diversity, e.g., conversion to a hybrid
micro-mesoporous material by intercalating [59], fully or partially delamination
into thin sheets with highly accessible external surface [60, 61], or structural
transfer to interlayer-expanded zeolite structure by silylation with monomeric or
dipodal silanes [62—64]. This would make MW W-based catalysts find much wider
applications.

Although MWW aluminosilicate (generally known as MCM-22) is hydrother-
mally synthesized without difficulty, the synthesis of MWW titanosilicate
(Ti-MWW) has been a challenge until we found that Ti could be effectively
incorporated into the MWW framework when boric acid coexists with it in the
synthesis media [33]. Making good use of structural characteristics of MWW
zeolite, we have also established an original post-synthesis method for preparing
boron-free Ti-MWW [38], and further converted it into a novel catalyst with more
accessible active sites to bulky molecules. This book summarizes our recent works
on preparing such novel titanosilicates and their catalytic properties in liquid-phase
epoxidation of various alkenes as well.
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Table 1.1 List of representative titanosilicates: crystalline structure, pore system and synthesis
methods

Titanosilicate = Structure Pore channels Synthesis Framework References
code (MR) method
TS-1 MFI 10-10 HTS, PS [19]
TS-2 MEL 10-10-10 HTS [24]
Ti-Beta *BEA 12-12-12 HTS, F~ [25-29]
Ti-MOR MOR 12-8 PS [30-32]
Ti-MWW MWW 10-10 HTS, PS, ‘ﬁ'&&‘gﬁ.sz [33-40]
12 supercage DGC, F~ oI O

AR AR et

spedd, pdd, pede

A e e
Ti-ZSM-48  *MRE 10 HTS i o, T [41]

ool S S
K

< ¥V ALY e Fi

et f by e, gt

Poged, g =

“ 1 Foin au W8 WY -

U-Eu\.' v I.r-v.u\- U'--.-I-
N s

s -

LW

Ti-FER FER 10-8 HTS e [42]

(continued)
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Table 1.1 (continued)

Titanosilicate ~Structure Pore channels Synthesis Framework References
code (MR) method
TAPSO-5 AFI 12 HTS T iy TR s U [43]

Ti-ZSM-12 MTW 12 HTS [44]

Ti-MCM-68  MSE 12-10-10 PS [45]

Ti-ITQ-7 ISV 12-12-12 HTS N [46, 47]
Y 5
-

e d R b a4
bt R o
é

Ti-UTD-1 DON 14 HTS [48]

Ti-CDS-1 CDO 10-8 HTS ity " & [49]

HTS hydrothermal synthesis, DGC dry gel conversion, PS postsynthesis, F~ fluoride media
method
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Fig. 1.2 Topology of MWW Side pocket (0.71 nm 0.71 nm)

zeolites (h0I plane)

10 MR channel

Supercage (0.4 nmx0.55 nm)

(0.7Inm=1.81 nm)
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Chapter 2
Synthesis of Ti-MWW Zeolite

Abstract Titanosilicate with MWW topology can be prepared by hydrothermal
method, dry-gel method, and post-synthesis method. At first, the addition of B
atoms in the synthesis gels was identified as the key factor for the successful
synthesis of Ti-MWW under hydrothermal condition. Then, several alternative
methods, for example, hydrothermal method with dual SDAs and post-synthesis
method, were developed to provide B-less or B-free condition, which avoided a
waste of B atoms as well as the framework acidity introduced by B atoms.
Ti-MWW zeolites prepared by different methods varied in particle size and
activity in liquid oxidation reactions, for example, the epoxidation of 1-hexene.

Keywords Ti-MWW . Synthesis « B content - Post-synthesis method
Epoxidation

2.1 Introduction

The first titanosilicate TS-1 has achieved great success in the area of redox
catalysis [1, 2]. It is not only highly efficient but also zero waste disposal, several
zeolite structures with larger pores have been chosen as candidates for synthe-
sizing titanosilicates such as MOR [3], BEA [4], MTW [5]. The purpose is to
overcome the deficiencies that the medium-pore TS-1 catalyst meets with less
activity in the oxidation involving the substrates with large molecular dimensions.
Post-synthesized Ti-MOR with one-dimension 12-MR channels has been proved
to be highly active in the ammoximation of ketones [6] and the hydroxylation of
dutrex [7]. However, Ti-MOR is almost inactive in the epoxidation of alkenes.
Although Ti-MOR zeolite possesses larger-pore channels than TS-1, their channels
are not inter-connective [8]. This makes it lack the potential activity possessed by
the zeolites with three-dimensionally (3D) connected channels. Ti-Beta with a 3D

P. Wu et al., MWW-Type Titanosilicate, 9
SpringerBriefs in Green Chemistry for Sustainability,
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12-MR pore system shows advantages in the epoxidation of cyclic alkenes with
H,O,, but it is intrinsically less active than TS-1 in the reactions involving the
small-size substrates, which is due to the large amount of defects in the Beta
structure [9]. Moreover, the leaching of Ti species during the liquid phase reac-
tions is very obvious for Ti-Beta zeolite. Apart from microporous zeolites, Ti-
containing mesoporous zeolites such as Ti-MCM-41[10] have also been prepared
and they showed high activity only when fert-butyl hydroperoxide (TBHP) was
adopted as the oxidant. The low mechanical and hydrothermal stability, easy
leaching of Ti species in liquid phase reactions, and lower intrinsic activity make
Ti-MCM-41 less active than TS-1 when the substrates do not suffer diffusion
hindrance problems.

MWW-type zeolite, with two independent set of 10-MR channels, was first
constructed from a lamellar precursor by calcination, during which dehydration
and condensation take place to form 3D MWW structure [11]. Those diffraction
peaks related to the layer stacking direction, c-direction, would disappear upon
calcination while other diffraction peaks due to the MWW sheets are almost intact.
Aluminum containing MWW-type zeolite, well known as MCM-22, has shown
great success in the process of benzene alkylation as a solid acid catalyst since it
was found, mainly owing to its unique structure [12]. In addition to two inde-
pendent sets of 10-MR channels, the MWW structure possesses also 12-MR su-
percages (0.7 x 0.7 x 1.8 nm), which turn to be pockets or cup moieties
(0.7 x 0.7 nm) on the crystal outer surface. The intracrystalline supercages and
exterior pockets covering the hexagonal flake-like crystals are considered to serve
as the open reaction spaces for the disproportionation of toluene and alkylation of
benzene. Considering that the MWW-type structure is stable and unique, it is
supposed to show unusual activity as a redox catalyst when the transition metal
cations are incorporated into the framework. Unfortunately, the road for preparing
Ti containing MWW-type (Ti-MWW) zeolite was not as smooth as that of
trivalent cations containing MWW zeolites such as AI-MWW [13], B-MWW [14]
and Fe-MWW [15].

Ti-containing zeolites are prepared mainly by direct hydrothermal method [16],
post-synthesis method [17], and dry-gel conversion (DGC) method [18]. Different
from the aluminosilicates, the synthetic system for preparing titanosilicates with
high activity should contain as small amount of other metal ions as possible,
which means a high siliceous synthetic gel is preferred for preparing Ti-containing
zeolites. However, some zeolite structures such as MOR zeolite cannot be con-
structed in siliceous gels if without the help of AI* and Na* cations [19]. Post-
synthesis method was then employed as another effective way to prepare those
titanosilicates which cannot be directly synthesized by the hydrothermal
method. In this sense, Ti-MOR was successfully post-synthesized using a so-
called “atom-planting” route, which involved the gas—solid reaction between
highly dealuminated MOR zeolite and TiCl, vapor at elevated temperatures [6].
Grafting technique is also a useful post-synthesis method especially in preparing
Ti-containing Mesoporous materials such as Ti-MCM-41[20] and Ti-SBA-15
[21]. The DGC method involves the dehydration of synthetic gels and the
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crystallization assisted by steam that is placed separately from the synthetic gel
powder. The DGC method has achieved a great success in preparing Ti-Beta with
less AI** content and smaller crystal size than conventional hydrothermal syn-
thesis [22].

Hydrothermal synthesis is the most widely used method to prepare zeolites
including both pure silicate zeolites and metal-doped zeolites. However, it is
difficult to obtain Ti-MWW from the synthetic gels only containing silicon and
titanium via hydrothermal method. Since the direct synthesis of Ti-MWW was not
so easy, the post-synthesis method became an alternative. The first success of the
titanosilicate with the MWW topology is Ti-ITQ-2 [23], which was prepared by
grafting titanocene onto the surface of delaminated ITQ-2 silicalite. ITQ-2, con-
taining abundant silanols exposed on the surface, is a delaminated form of the
MWW structure. Nevertheless, Ti-ITQ-2 zeolite shows high activity only when
using TBHP as an oxidant, showing very similar catalytic behaviors to mesoporous
titanosilicates such as Ti-MCM-41. It is the hydrophilic character that leads to a
low activity of Ti-ITQ-2 in H,O, system and Ti leaching during liquid-phase
reactions. Atom-planting technique is another post-synthesis method adopted to
prepare Ti-MWW zeolite, in which gas phase TiCl, was used as Ti source to react
with dealuminated AlI-MCM-22 zeolite [24]. However, severe leaching of Ti
species occurs in the Ti-MWW zeolite obtained by atom-planting method.
Although there are so many difficulties in the synthesis of Ti-MWW zeolite, the
above efforts are not in vain but pave the way for the following study.

The breakthrough in the synthesis of Ti-MWW zeolite with both high crystal-
linity and activity was the introduction of boric acid as structure-supporting agent,
which was based on the synthesis of B-containing MWW zeolite ERB-1 [25]. ERB-
1 zeolite can be synthesized both in the presence and the absence of alkali cations,
which means B** cations can serve as structure-supporting agent. Borosilicate with
the MWW topology can be obtained from the gels with Si/B = 1.5. However,
Ti-MWW zeolite cannot be synthesized in the gels with Si/B = 1.5 unless a large
amount of boron cations were introduced with Si/B = 0.75 [26]. Although the
acidity of B3* ions is much weaker than that of AI** ions, the introduction of B atom
into the MWW framework would inevitably increase the electronegativity and
further affect the performance of the Ti species in catalysis. Hence, several other
methods (Table 2.1) such as F~ ions assisted method, DGC method [27] and post-
synthesis method [28] were also employed to prepare Ti-MWW zeolite with the
aim of decreasing the B content. Ti-MWW zeolites prepared with different methods
varied in particle sizes and activity. These methods can be divided into three
kinds based on the B content in synthetic gels: B-containing method, B-less
method, and B-free method. All the synthesis methods are explained in detail in
following text.
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Table 2.1 A summary of synthesis methods for Ti-MWW*

No. Si source SDAP® Method® Gel Crystal size Ref.
composition (um)d
Si/B  Si/Ti
1 TEOS PI, HMI HTS 075 10 ~ oo PI  (0.2-0.5)* [26]
(0.05-0.1)
HMI 1*0.1
2 Fumed silica OCTMAOH HTS 5-10 30 ~ © 0.15*%0.02 [41]
HEPMAOH
HEXMAOH
3 Fumed silica TMAadOH and HMI HTS 0 20 ~ oo 0.5%0.1 [57]
4 Fumed silica PI, HMI DGC 1-92 30 ~ w© 4-8 [27]
Colloidal silica
5 TEOS PI, HMI F~ 1-15 15 ~ w© 2*%0.2 -
Fumed silica
6  Siliccous MWW PI, HMI PS oo 20~ o0 PI  (0.2-0.5)* [28]
(0.05-0.1)
HMI 1*0.1

# The Ti source used in all the syntheses is tetrabutylorthotitanate (TBOT)

® PI piperidine, HMI hexamethyleneimine, OCTMAOH octyltrimethylammonium hydroxide,
HEPMAOH heptyltrimethylammonium hydroxide, HEXMAOH hextyltrimethylammonium
hydroxide, TMAadOH N,N,N-trimethyl-1-adamantanammonium hydroxide

¢ HTS hydrothermal synthesis, DGC dry gel conversion; F~ crystalized with the assistant of F~
ions, PS postsynthesis

9 Crystal size is presented as the length multiplied by the thickness

2.2 Boron-Containing Ti-MWW Synthesis

With the assistance of boric acid, Ti-MWW zeolite (denoted as Ti-MWW-HTS)
was hydrothermally synthesized for the first time in a series of Ti-content with the
Si/Ti ratios ranging from 10 to co. It can be seen from Table 2.2 that only a small
portion of the B** cations in the synthetic gels was incorporated into the frame-
work of Ti-MWW zeolite, which means that most of the B>* cations were useless
in constructing the MWW structure [26]. The case was exactly the contrary as for
Ti** cations. Ti** cations added in the synthetic gels were all incorporated into the
Ti-MWW-HTS zeolite, although the crystallinity was slightly decreased with the
increase of Ti content. The insertion of Ti** into the framework has been proved
by both UV-Vis and IR measurements.

Two adsorption bands were observed in the UV-visible spectra (Fig. 2.1),
locating around 220 and 260 nm, respectively, which indicate there are two kinds
of Ti species in the as-synthesized Ti-MWW zeolite. The band around 220 nm is
due to the tetrahedral Ti species [29] in the framework of Ti-MWW-HTS zeolite
while the band around 260 nm is attributed to the octahedral Ti species [30] on the
external surface of the zeolite. Irrespective of a high Ti content like Si/Ti ratio of
20 in the gel, anatase phase was never detected, indicating the Ti species were
highly dispersed. The presence of 260 nm adsorption-related octahedral species is



2.2 Boron-Containing Ti-MWW Synthesis 13

Table 2.2 Hydrothermal synthesis of Ti-MWW from different gel compositions

No.  Gel composition® Product composition and surface area
Si/B Si/Ti Ti-MWW-PL Ti-MWW-HMI
Si/B  Si/Ti SSA°(m?>g~") Si/B Si/Ti SSA® (m*g™"

1 0.75 0 11.8 616 136 o 601
2 0.75 100 126 120 625 163 138 621
3 0.75 70 122 63 612 142 79 628
4 0.75 50 114 51 621 124 53 -
5 0.75 30 11.0 31 623 11.6 31 613
6 0.75 20 127 21 540 114 22 =
7 0.75 10 136 10 537 115 9.6 541

Reprinted from Ref. [26], Copyright 2001, with permission from American Chemical Society
% Other gel compositions: PI or HM/SiO, = 1.4; H,0/SiO, = 19

b SSA specific surface area (Langmuir)

¢ Not determined

simply because as-synthesized Ti-MWW-HTS has a lamellar precursor structure.
Those Ti species introduced on the layer surface tend to occupy the octahedral
coordination. This is an unusual aspect greatly different from those titanosilicates
which have the 3D crystalline structures already in as-synthesized form.

Both piperidine (PI) and hexamethyleneimine (HMI) serve as the structure-
directing agents (SDA) in preparing Ti-MWW-HTS zeolite, denoted as Ti-MWW-
HTS-PI and Ti-MWW-HTS-HMI, respectively. They possess almost the same
surface area (Table 2.2), but the particle size of Ti-MWW-HTS-HMI is larger than
Ti-MWW-HTS-PI, which induces the difference of Ti** distribution on the crystal
of Ti-MWW zeolite. As a result, Ti-MWW-HTS-PI with smaller particle size and
larger external surface area possesses more Ti species on the external surface than
Ti-MWW-HTS-HMI, which induces a main adsorption band around 260 nm in
UV-Vis spectra. As for Ti-MWW-HTS-HMI, the main adsorption band changes
from 220 to 260 nm with the increase of Ti content, which means Ti** ions take
place the intracrystalline position in priority. When the as-synthesized Ti-MWW-
HTS zeolites were suffered with calcination treatment, a new band around 330 nm
appeared on both the UV-visible spectra of Ti-MWW-HTS-PI and Ti-MWW-
HTS-HMI, indicating an anatase phase [31] formed probably due to the partial
condensation and aggregation of neighboring surface Ti species upon calcination.
These extraframework Ti species should be removed because it would cause the
unproductive decomposition of hydrogen peroxide in actual reactions, which
would certainly lead to a poor performance of Ti-MWW zeolite as an oxidation
catalyst. An acid treatment was employed to remove the inactive Ti species in the
calcined form of Ti-MWW-HTS zeolite. As indicated by the UV—visible spectra,
the acid treatment decreased slightly the bands around 220 and 260 nm, while it
hardly affected the band around 330 nm. This revealed that the anatase phase can
withstand the acid treatment and hardly be removed from the Ti-MWW-HTS
zeolite once the anatase phase formed during calcination.
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Fig. 2.1 UV-visible spectra of (a) as synthesized and (c) calcined Ti-MWW-PI, and (b) as-
synthesized and (d) calcined Ti-MWW-HMI with the Si/Ti ratio of (a) 100, (b) 50, (¢) 30, (d) 10.
Reprinted from Ref. [26], Copyright 2001, with permission from American Chemical Society

Then the acid extraction was tried on the as-synthesized Ti-MWW-HTS zeolite
with the purpose of removing the anatase phase from the precursor in advance of
the calcination treatment. The XRD pattern of the acid treated Ti-MWW-HTS
zeolite was almost the same as that of calcined Ti-MWW-HTS zeolite, with 001
and 002 diffractions disappeared, which was probably due to the removal of
support such as Ti and organic molecules between the layers. UV—visible spectra
verified that the octahedral Ti species on the external surface of Ti-MWW crystals
were removed selectively upon the acid treatment. Further calcination made the
diffraction peaks more intense and resulted in an anatase-free Ti-MWW-HTS
zeolite as verified by the UV-visible spectra again. It should be pointed out that
the octahedral Ti species cannot be fully removed by acid treatment in the case of
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Ti-MWW-HTS lamellar precursors with Si/Ti ratio lower than 20. Nevertheless,
the tetrahedral Ti species were almost intact in the framework during acid treat-
ment procedure. In such an acid and subsequent calcination procedure, the inactive
Ti species were almost removed and the B content was also decreased a lot. If a
further acid treatment was adopted, a nearly B-free Ti-MWW zeolite was obtained
while the Ti content was almost unchanged during the second round of acid
treatment. As shown in Fig. 2.2, Ti-MWW nearly free of both B and anatase can
be synthesized with PI or HMI as SDA under alkali-free conditions, followed by a

Ti-MWW lamellar precursor

~
#

Ti \l. Acid treatment
\\ 2. Calcination

\\ 3.Acid again

ol
.
ot

Direct calcinatioq;‘ )

&

i

Ti-MWW + anatase TiO,

Fig. 2.2 MWW-type titanosilicate containing only tetrahedral Ti species in the framework was
prepared by a cyclic acid treatment
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cyclic post-treatment, that is, an acid treatment, subsequent calcination and a
further acid treatment.

A detailed study on the performance of Ti-MWW-HTS zeolite in the epoxi-
dation of alkenes revealed that Ti-MWW-HTS showed a superior activity inde-
pendent of the oxidant in comparison with microporous TS-1 and Ti-MOR and
mesoporous Ti-MCM-41 [32]. As compared with Ti-Beta zeolite, Ti-MWW
showed a better performance in the epoxidation of cyclohexene using TBHP as the
oxidant. However, Ti-Beta zeolite showed a higher activity in the case of H,O, as
the oxidant. The stabilities of both structure and active species are most concerned
factors in judging a catalyst. The Ti content was almost unchanged in the liquid-
phase cyclohexene epoxidation, while the B content decreased nearly half of the
fresh catalyst after the first use and further decreased gradually with the reaction—
regeneration cycles (Fig. 2.3a). B atoms much smaller than silicon atoms are
easily cleaved from the framework, forming defects simultaneously. Two kinds of
regeneration treatment were applied including washing with acetone and calci-
nation (Fig. 2.3b). The activity was recovered only 75 % upon washing with
acetone while the turnover number (TON) was totally restored by calcination. The
severe leaching of B atoms would leave vacancy and then cause the Ti migration
upon the rearrangement of the framework occurring in the vicinity of B cations.
The regeneration treatment of calcination was supposed to mend those defects and
then to stabilize the framework as well as the Ti species.

As mentioned above, B atoms involved in the framework was expected to have
weaker influence on the catalytic behaviors of the Ti sites than the Al atoms.
A detailed study of B effect was investigated in the epoxidation of cyclohexene,
which revealed that the B content exhibited almost no influence on the conversion
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Fig. 2.3 Changes of the Ti and B contents (a) and that of the TON for the cyclohexene
conversion (b) with the cycle of reaction—regeneration. Cyclohexene oxidation: 0.05 g Ti-MWW,
10 mmol of substrate, 5 mmol of H,O,, 5 mL of acetonitrile; temp., 333 K; time, 2 h. No. 3
indicates Ti-MWW-PI(100) treated by 2 M HNO3, while No. 6 indicates Ti-MWW-PI(70) treated
by 6 M HNOs. Reprinted from Ref. [32], Copyright 2001, with permission from Elsevier



2.2 Boron-Containing Ti-MWW Synthesis 17

of cyclohexene but increased the selectivity to ring-opening products. The exis-
tence of B atoms in the framework of Ti-MWW zeolite would not poison the Ti
active sites but arouse the ring-opening and solvolysis reactions of the target
epoxide product due to the weak acidity related to the Si(OH)B groups.

The conversion of 1-hexene increased with the increase of Ti content, while the
TON value showed a volcanic shape change (Fig. 2.4). On the contrary, the TON
value decreased with the increase of Ti content when the epoxidation of cyclo-
hexene was carried out over Ti-MWW zeolite. The two different variations were
believed to be related to the molecular size and the distribution of Ti species in the
Ti-MWW crystals. Ti species can be located in three kinds of sites in the Ti-MWW
zeolite, that is, the 10-MR channels, the intracrystalline supercages, and the
external surface 12-MR pockets. 1-Hexene molecules were small enough to diffuse
into the 10-MR channels and access all the Ti species, whereas the cyclohexene
molecules can only reach the supercages and the outer surface pockets. With the
increase of Ti content, the Ti atoms would occupy the intracrystalline positions in
priority then the outer surface, which has been proved by the UV-visible spectra
[26]. When the Si/Ti ratio was higher than 40, the Ti species were almost located
in the inner space of the Ti-MWW crystalline, where the larger molecules are less
easily to access to. As a result, the TON values were decreased as for cyclohexene
and increased as for 1-hexene with the increase of Ti content. However, when the
octahedral Ti species appeared with an extreme excess amount, it is impossible to
remove them completely by acid treatment, certainly causing a decrease of the
TON values in both cyclohexene and 1-hexene epoxidation when the Si/Ti ratio
was lower than 40.
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Fig. 2.4 Dependence of the conversion (a) and the TON (b) on the Ti content for the oxidation
of 1-hexene with H,O,. Ti-MWW-PI catalysts used were prepared from the lamellar precursors
with a Si/Ti ratio of 100 (filled square), 70 (filled circle), 50 (filled up-pointing triangle), 30 (filled
diamond), 20 (filled left-pointing triangle), and 10 (filled right-pointing triangle). Reprinted from
Ref. [32], Copyright 2001, with permission from Elsevier
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2.3 Boron-Less Ti-MWW Synthesis

2.3.1 Synthesis of Ti-MWW Using Linear-Type Quaternary
Alkylammonium Hydroxides

Organic SDAs play important roles in the nucleation and crystallization process of
the zeolite synthesis, including compensating the structural electronegativity,
filling the pore channels to stabilize the whole zeolite structure and interacting
with the inorganic species to direct the formation of zeolite structures [33, 34]. All
the MWW analogues are commonly synthesized with cyclic or polycyclic amine
[26]. HMI was used to synthesize PHS-3 [35] and MCM-22 [26] zeolites under
alkali conditions, while a special organic cations N,N,N-trimethyl-1-adamanty-
lammonium (TMAda*) was employed to construct SSZ-25 [36, 37] with the help
of K* cations. These organic molecules with large molecular sizes seem to prefer
to occupy the interlayer space rather than stabilize the zeolite structure. On the
other hand, linear-type organic ammonium molecules have also been used to
prepare zeolite with MWW topology, such as N,N,N,N'.N',N'-hexamethyl-1,5-
pentanediammonium and 1,4-bis(N-methylpyrrodinium)butane, although their
structure-directing ability is relatively weak [38, 39]. The linear-type organic
additives with relatively smaller sizes are more flexible than cyclic molecules and
may fill both the interlayer space and the intralayer 10-MR channels in MWW
structure. Liu et al. found that a linear quaternary ammonium, octyltrimethylam-
monium hydroxide (OCTMAOH), had the ability to direct borosilicate and tita-
nosilicate with MWW topology under alkali-free conditions [40]. MWW
borosilicate with a high crystallinity was obtained at OCTMAOHY/Si ratio of 0.3,
which was much smaller than the ratio required for HMI or PI. The appropriate
Si/B ratio for a pure MWW borosilicate was proved to range from 10 to 20, while a
structure similar to MCM-56 would emerge when the Si/B ratio was out of that
range. However, a higher B content would favor the synthesis of MWW titanos-
ilicate [41], since the introduction of Ti atoms severely hinder the crystallization
process. More Ti atoms can be introduced into the MWW zeolite when the B
content was maintained at a relatively high level, i.e., with a Si/B ratio of 5. The
particle size of Ti-MWW zeolite synthesized using OCTMAOH as SDA was
smaller than those prepared with PI and HMI molecules, which was supposed to
favor the diffusion of substrate molecules and to improve the catalytic activity.
Similar to above-mentioned synthesis with PI and HMI, there was a broad band in
the UV-Vis spectrum of the Ti-MWW zeolite as-synthesized with OCTMAOH,
indicating tetrahedral and octahedral Ti species co-existed in the obtained
Ti-MWW lamellar precursor. An acid treatment and subsequent calcination can
remove the octahedral and anatase Ti species selectively, with the active tetra-
hedral Ti species remaining in the framework of MWW. Unlike the Ti-MWW
zeolite prepared with HMI or PI, more than half of the Ti atoms were removed
during the post-treatment procedures. That is probably because the Ti species
involved in the part of Ti-MWW zeolite with a relatively poor crystallinity can be
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removed easily, which again suggested that the introduction of Ti atoms largely
decrease the crystallinity. With a smaller particle size, Ti-MWW prepared with
OCTMAOH showed comparable activity with those prepared with PI or HMI,
mainly again due to a poor crystallinity.

The effect of alkali cations as well as another two linear-type ammoniums was
also investigated following the above study. As shown in Table 2.3, OCTMAOH
has stronger directing ability than both heptyltrimethylammonium hydroxide
(HEPMAOH) and hextytrimethylammounium hydroxide (HEXAMOH), and the
addition of alkali cations was helpful to the crystallization process when it was
maintained at an appropriate ratio of K/Si = 0.04-0.06. Both the chemical ele-
ment analysis (Table 2.4) and '>CNMR analysis (Fig. 2.5) verified that the SDA
molecules all well maintained their chemical structures during the crystallization
process. Broadness and overlap of the resonance were observed in the '*C NMR
spectra of Ti-MWW zeolites compared with that of free SDA dissolved in dimethyl
sulfoxide (DMSO), which was presumed to be related to the geometric constrain
and van der Waals interactions with the zeolite frameworks. In the TG analysis,
there were two kinds of weight loss, that is, below 473 K region and above 473 K
region. The former weight loss was due to physical adsorbed water molecules while
the latter was supposed to be caused by the decomposition of the organic SDAs.
After an acid treatment, the weight loss above 473 K was decreased by about
50 wt% (Table 2.4), which indicated that about half of the SDAs were located in
the interlayer space while the other half were remaining stuck in the intralayer 10-
MR channels. These linear-type SDAs can diffuse into different channels without
any constrains, not only filling the pores but also stabilizing the whole structure.
Acid and subsequent calcination post-treatments were still needed to remove the
extra-framework Ti species as well as the alkali cations before they were used as
catalysts. However, the 101 and 102 diffractions overlapped during this post-
treatment procedure (Fig. 2.6), indicating the co-existence of another configuration
of MWW zeolite, MCM-56 [42, 43]. A structural disorder was believed to occur
along the layer stacking direction in MCM-56 zeolite, which possesses larger
external surface than normal MWW zeolite. Hence, the Ti-MWW zeolite prepared
with linear-type organic molecules showed comparable activity with that synthe-
sized with PI molecules in spite of a poor crystallinity. The small particle sizes
and the co-existence of MCM-56 were supposed to compensate the shortage
aroused by the poor crystallinity of Ti-MWW prepared with linear SDA molecules.

2.3.2 Synthesis of Ti-MWW by a Dry-Gel
Conversion Method

Dry-gel conversion has been proved to be a useful method to prepare several
zeolites, such as MFI [44], BEA [45], FER [46], MOR [47], and MTW [48].
Compared with the traditional hydrothermal synthesis method, DGC shows many
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Table 2.4 CHN chemical analysis and weight loss of as-synthesized Ti-MWW

Sample C/N* Weight loss (wt%)"

<473 K >473 K Total
Ti-MWW-HEP 9.7 32 (1.1) 15.5 (7.8) 18.7 (8.9)
Ti-MWW-OCT 11.2 2.9 (1.3) 17.6 (10.5) 20.5 (11.8)

Reprinted from Ref. [41], Copyright 2011, with permission from Elsevier

# Given by chemical analyses

" Given by TGA. The values in parentheses show the amount after acid treatment with 2 M
HNO;

Fig. 2.5 '3C NMR spectra of

OCTMAOH (a) and M}II/ 8

HEPMAOH (c) in DMSO-d6 15 % 7 ™

solution and '*C CP MAS A\ ] d
NMR spectra of Ti-MWW- SRPR . SUSESY 3 SR, e s
OCT (b) and Ti-MWW-HEP 8 DMSO
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[41], Copyright 2011, with
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Fig. 2.6 The XRD patterns
of acid-treated and calcinced
Ti-MWW-OCT (Si/Ti = 50)
(a), Ti-MWW-OCT (Si/

Ti = 100) (b), Ti-MWW-
HEP (Si/Ti = 50) (¢), and
Ti-MWW-HEP (Si/

Ti = 100) (d). The as-
synthesized samples were
treated with 2 M HNO; at
373 K for 20 h, and then
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Reprinted from Ref. [41],
Copyright 2011, with
permission from Elsevier
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advantages, including higher yield, shorter crystallization time, and less organic
material consumption. Moreover, uniform crystals with much smaller particle
sizes were obtained in synthesizing both BEA-type aluminosilicate and titanosi-
licate with DGC method in comparison with the hydrothermal synthesis [18, 49].
The DGC method further favored the crystallization of BEA-type titanosilicate
under Al-free conditions, which was much more difficult in the hydrothermal
synthesis method. The DGC method can be divided into two categories in terms of
the volatility of organic SDAs, that is, stream assisted crystallization (SAC) and
vapor-phase transport (VPT). DGC with volatile SDAs was achieved by the VPT
method, in which the SDAs and water were separated from the dried synthetic
gels. As for non-volatile SDAs, they were added into the synthetic gels with water
placed below them, and then the crystallization was realized with the so-called
SAC method.

The DGC method was also applied to synthesis of Ti-MWW zeolite [27]
(denoted as Ti-MWW-DGC) and the results are listed in Table 2.5. Both colloidal
silica and fumed silica can be used as the Si source. Sodium cations were intro-
duced into the synthetic gels with a Si/Na ratio of 37 when colloidal silica was
used as Si source. By using alkali cations-free fumed silica, the crystallization was
also achieved, which indicated that the alkali cations were not always necessary.
However, too much alkali cations would inhibit the crystallization, yielding
amorphous. The B content was decreased greatly with Si/B = 5, compared with
Si/B = 0.75 in hydrothermal synthesis. The B atoms are much smaller than Si
atoms, which makes it difficult to incorporate the B atoms into the framework. The
higher content of boron acid was supposed to be the driving force for the insertion
of B atoms into the SiO, matrix during the crystallization process. The B content
was highly concentrated as no water existed in dry gels, and it was probably the

Table 2.5 The results of Ti-MWW-DGC synthesized by a dry-gel conversion method

No Silica source Gel composition SDA Time (week) Product composition
Si/Ti Si/B Si/Na Si/Ti Si/B  Si/Na

1 Colloidal 60 5 37 HMI 2 61 17 114

2 Colloidal 60 3 37 HMI 2 58 13 135

3 Colloidal 60 1 37 HMI 2 54 13 325

4 Colloidal 60 5 37 PI 2 66 16 124

5  Colloidal 60 3 37 PI 2 84 14 -

6  Cab-o-sil 60 5 HMI 2 84 14

7  Colloidal + seed (10 %) 60 12 37 HMI 2 63 18 73

8  Colloidal + seed (10 %) 60 12 37 PI 2 63 18 73

9  Colloidal + seed (10 %) 60 5 37 HMI 1 - - -

10 Colloidal + seed (10 %) 60 5 37 PI 1 84 14 454

11 Cab-o-sil + seed (10 %) 60 8 PI 1 58 14 o

12 Cab-o-sil + seed (10 %) 60 5 0 HMI 1 - - -

13 Cab-o-sil + seed (10 %) 60 5 o PI 1 86 14

14 Cab-o-sil + seed (10 %) 30 5 o PI 1 28 13

15 Cab-o-sil + seed (50 %) 30 92 oo PI 1 49 155
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Fig. 2.7 SEM images of Ti-MWW synthesized by hydrothermal method (a) and dry-gel
conversion method (b). Reprinted from Ref. [27], Copyright 2005, with permission from Elsevier

reason why less boron acid was needed in DGC method. The B content was further
decreased to Si/B = 12 when 10 wt% of deboronated MWW zeolite was added as
seed, meaning that the introduction of seed favored the crystallization process.
Moreover, the crystallization process was speeded up upon the addition of seed
and Ti-MWW-DGC with a high crystallinity was obtained within 1 week. The
Si/B ratio even increased up to 92 when 50 % seed was added into the synthetic
gels, the crystallization mechanism of which was not clear. The possibility of post-
synthesis via reversible structural conversion occurring on the seed crystals cannot
be excluded when such a high content seed was added. This aspect will be
described in next section.

Both tetrahedral and octahedral Ti species were formed during the DGC
crystallization process. The octahedral Ti species again can be selectively removed
with an acid treatment, leaving only a sharp band around 220 nm in the UV—
visible spectra. However, the acid treatments lead to the Ti-MWW-DGC zeolite
with a higher Si/Ti ratio than hydrothermal synthesized Ti-MWW zeolite, indi-
cating that more Ti species located in the non-framework sites and thus unstable in
acid treatment. As mentioned above, uniform crystals with smaller particle sizes
were obtained in synthesizing Ti-Beta zeolite with the DGC method. Unfortu-
nately, the particle size of Ti-MWW-DGC was 10-20 times larger than those
obtained by hydrothermal synthesis (Fig. 2.7), which certainly imposed significant
diffusion problems for both the substrates and the products. Thus, Ti-MWW-DGC
showed a much lower activity in the epoxidation of 1-hexene than hydrothermally
synthesized Ti-MWW.

2.3.3 Synthesis of Ti-MWW with the Assistant of F~ Ions

The F~ ion is an important accessory ingredient for zeolite crystallization process.
With the help of F~ ions, Ti-Beta zeolite can be synthesized under Al-free
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Fig. 2.8 SEM images of Ti-MWW synthesized with the assistant of F~ ions using HMI (a) and
PI (b) as SDA

conditions [50]. In addition, F~ ions can stabilize the double 4-MR units in con-
structing those zeolites with extra-large pore channels [51-53], especially gema-
nosilicates. To decrease the amount of B atoms, the F~ ions were also introduced
into the synthetic gels of Ti-MWW zeolite. With the help of F~ ions, Ti-MWW
zeolite with a high crystallinity (denoted as Ti-MWW-F) can be obtained with the
Si/B ratio varying in the range of 1-15. Similar with other zeolites produced from
the F~ medium[54], Ti-MWW-F possessed very large particle size and was ten
times larger than Ti-MWW-HTS. In conventional hydrothermal synthesis method,
Ti-MWW zeolite synthesized with HMI SDA had larger particle size than that
synthesized with PI molecules, which was the opposite case in F~ medium. Thus,
the Ti-MWW-E-PI particle size was two times larger than that of Ti-MWW-F-
HMI (Fig. 2.8). Another special phenomenon was that a band around 330 nm
assigned to anatase TiO, showed up when PI was used as the SDA molecules in F~
medium. When HMI was used as SDA, only tetrahedral and octahedral coordi-
nated Ti species were involved in the Ti-MWW structure. Since inactive anatase
TiO, cannot be removed by acid treatment, the HMI molecules were selected as
SDA when synthesizing Ti-MWW zeolite in F~ medium.

Some of the Ti-MWW-F lamellar precursor formed 3D MWW structure while
some formed an interlayer expanded structure upon the acid treatment which was
meant to remove the octahedral coordinated Ti species (Table 2.6). Although the
inactive octahedral coordinated Ti species were removed as verified by UV-Vis
spectra, the 3D Ti-MWW-F showed very low activity in the epoxidation of
cyclohexene. It was supposed that the large particle size of Ti-MWW-F brought
about diffusion constrains for the substrates of cyclohexane. However, another
interlayer expanded structure obtained upon acid treatment showed largely
enhanced activity than the 3D Ti-MWW-F zeolite. This interlayer-expanded Ti-
MWW structure has been reported as Ti-YUN-1 [55]. Figure 2.9 shows the TEM
images of both 3D Ti-MWW zeolite and interlayer-expanded Ti-MWW zeolite. It
can be obviously observed that the layer spacing of interlayer-expanded Ti-MWW
zeolite was larger than 3D Ti-MWW zeolite by 2-3 A. And the structure was
supposed to be formed by inserting monomeric Si species into the interlayer space
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Table 2.6 Synthesis composition and oxidation of cyclohexene with H,O,

Sample Gel Acid Cyclohexene  H,0; (%)
No. Si/  Si/ HMI/' HF/ Treatment Phase Conversion Conversion
Ti B Si Si (%) selectivity
1 30 6 14 1 50 mL:1 g Expanded 20.8 284 732
3D
2 30 6 1.4 0.84 50 mL:1 g Expanded 13.9 13.9 99.7
3D
3 30 6 14 0.6 50mL:1g 3D MWW 0.53 0.79 66.9
4 40 6 1 1 30 mL:1 g 3D MWW 2.9 33 89.1
5 50 6 1 1 30 mL:1 g 3D MWW 2.1 27 718
6 60 6 1 1 30 mL:1 g Expanded 12.3 14.1 872
3D
7 70 6 1 1 30 mL:1 g Expanded 9.5 155 623
3D
8 80 6 1 1 30 mL:1 g Expanded 10.5 148 709
3D
9 100 6 1 1 30 mL:1 g Expanded 8.3 10.7  77.6
3D

Conditions: cyclohexene, 10 mmol; H,O, (31 wt%), 10 mmol; acetonitrile, 10 mL; cat., 50 mg;
temp., 60 °C; time, 2 h

Fig. 2.9 Edge-on TEM
image views of 3D Ti-MWW
(a) and expanded 3D Ti-
MWW (b). The arrow
indicates the thickness of

10 MWW layers. Reprinted
from Ref. [55], Copyright
2004, with permission from
John Wiley and Sons

(b))
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Fig. 2.10 Possible scheme for the formation of expanded Ti-MWW structure

upon acid treatment (Fig. 2.10), which will be described in detail in Sect. 3.5. With
larger interlayer space, the diffusion constrain was largely released and the sub-
strate of cyclohexene can easily reach the active Ti sites. Thus, Ti-MWW-F
zeolites with interlayer expanded structure showed extremely high activities.

2.4 Boron-Free Ti-MWW Synthesis

2.4.1 Synthesis of Ti-MWW with Dual
Structure-Directing Agents

Organic SDAs play two different roles in synthesizing MWW lamellar precursor,
including filling the intralayer 10-MR channels and stabilizing interlayer spaces.
ITQ-1 [56], pure silica MWW zeolite, was prepared with dual SDAs, HMI and
TMAadOH. TMAadOH with larger molecular size locate in the interlayer spaces
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Fig. 2.11 SEM images of Ti-MWW using dual structure-directing agents with Si/Ti ratio of 50
(a) and 100 (b)

Table 2.7 Chemical composition of Ti-MWW synthesized with hydrothermal method

SDAs %N %C %H C/N TG*
HMI® 3.03 16.45 3.41 5.82 24.6
TMAdaOH + HMI 1.81 13.30 2.77 11.49 21.1
TMAdaOH + HMI® 1.20 7.82 2.07 7.60 13.8
TMAdaOH" 1.01 10.53 1.92 12.16 16.7

# Weight loss by thermogravimetric analysis to 1073 K
" Synthesized with Si/B = 0.75
¢ Acid treatment with 2 M HNO;

while smaller HMI molecules diffuse into the intralayer 10-MR channels. The
structure of ITQ-1 zeolite was constructed by the corporation of these two organic
molecules in the synthetic gels. Stimulated by this crystallization process, Liu et al.
synthesized Ti-MWW zeolite (denoted as Ti-MWW-Dual) under B-free condi-
tions by hydrothermal synthesis method with the help of the above two organic
molecules and K™ ions [57]. In the conventional hydrothermal method, a large
amount of boron acid (Si/B = 0.75) was needed with either HMI or PI as SDA.
Nevertheless, the B content can be decreased to zero in the dual SDAs system. On
the other hand, the amount of organic SDA was decreased a lot, too. When PI or
HMI was used to direct the construction of MWW structure, the ratio of PI/Si or
HMI/Si was about 1.4, while the ratio in the final product was only 0.1. That is,
most of the organic molecules were wasted during the crystallization process. The
total amount of organic molecules in the dual structure-directing system was
enough at the (HMI + TMAadOH)/Si ratio of 0.56, which was less than half of
that used in the system with single SDA. Ti-MWW zeolite with a high crystallinity
can be obtained when the ratio of TMAadOH/HMI ranged from 0.2 to 1.2. The
product with the C/N ratio of 11.49 (Table 2.7), a value between the C/N ratio of
TMAadOH molecule and HMI molecule, contained about 20 % HMI molecules
and 80 % TMAadOH molecules. After an acid treatment, the C/N ratio was
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Fig. 2.12 UV-visible
spectra of as-made Ti-MWW
synthesized using dual 220
structure-directing agents
with the Si/Ti ratio of (a) 100,
(b) 50, (c) 30 and (d) 20
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decreased to 7.60, more close to the C/N ratio of HMI molecules, meaning that
most of the TMAadOH molecules were removed during the acid treatment and the
remaining HMI molecules were hardly washed out of the structure. Hence, it can
be inferred that HMI molecules was stuck in the intralayer 10-MR channels while
the TMAadOH molecules located in the interlayer spaces, which was similar with
that in synthesizing ITQ-1 zeolite.

Although the alkali cations in the synthetic gels of titanosilicates would retard
the insertion of Ti atoms into the framework, minute alkali cations was necessary
in the crystallization process in some special cases, such as the synthesis of Ti-
MWW-Dual zeolite. When the ratio of K*/Si was lower than 0.05, only amorphous
was obtained. The appropriate ratio of K*/Si was set at 0.07 after detailed
investigation. Too much K* cations would cause the formation of other lamellar
structures other than MWW zeolite. The K* cations would be removed by an acid
treatment before Ti-MWW zeolite was used as the catalyst in epoxidation
reactions.

As shown in the SEM images (Fig. 2.11), these crystals of Ti-MWW-Dual
zeolite possessed uniform particle size of 0.5 x 0.5 x 0.1 pm, which was similar
with that of Ti-MWW crystals synthesized with the help of PI by hydrothermal
method. The change of Ti content hardly affects the aggregation and the particle
sizes. A synthetic gel with the Si/Ti ratio of 20 can still yield pure Ti-MWW
zeolite, the crystallinity of which was very high, though. Only very weak band was
observed around 260 nm in the UV-visible spectra (Fig. 2.12) meaning that Ti-
MWW-Dou zeolite has much less octahedral Ti species than those synthesized
with other methods. That is probably because Ti species can be inserted into the
framework more easily without the competition of B atoms in the synthesis gels.
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Fig. 2.13 FTIR spectra of 15
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The existence of framework Ti species induced a band around 960 cm™" in the IR
spectra measured under air condition. The band shifted to 930 cm™" when the
sample was pretreated in vacuum. This was supposed to be related to the absence
of B atoms, because a shoulder band would also appear besides the original band at
960 cm™ ' in the IR spectra of Ti-MWW zeolite synthesized with B atoms pre-
treated in vacuum. However, the real reason is not clear. In the hydroxyl stretching
vibration regions, Ti-MWW-Dou zeolite synthesized in the absence of B atoms
showed a band round 3750 cm ™' with lower intensity than that synthesized with
the help of B atoms (Fig. 2.13). The band around 3750 cm ™" appearing in the IR
spectra of Ti-MWW samples after evacuation was attributed to the terminal Si-OH
groups. B atoms with small cation radii were loosely incorporated into the
framework of Ti-MWW zeolite probably inducing much more defects and more
Si—-OH groups. Hence, the Ti-MWW zeolite synthesized in the presence of B
atoms was more hydrophilic, which was caused by the existence of numerous
terminal hydroxyl groups.

With the presence of K* cations, Ti-MWW zeolite was almost inactive in the
epoxidation reactions. After an acid treatment, the K* cations would be almost
completely removed and Ti-MWW-Dual showed good performance as the cata-
lysts in the epoxidation reactions, which means the existence of K* cations indeed
poisoned the Ti active sites. In the epoxidation of 1-hexene, the Ti-MWW-Dou
zeolite showed higher activity than that synthesized with sole organic agent,
although the particle sizes of the former was a little bit larger. The absence of B
atoms favored the insertion of Ti atoms, decreased the amount of defects and
enhanced the hydrophobicity, which is the reason why Ti-MWW-Dual synthesized
with the coexistence of HMI and TMAadOH molecules was more active.
Ti-MWW-Dual zeolite was also stable enough to resist the leaching of Ti species
during liquid phase reactions, the activity of which was remained even after fifth
catalytic runs.
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Fig. 2.14 X-Ray diffraction patterns of as-synthesized B-MWW (Si/B = 11) (a), deboronated
MWW (Si/B > 1000) (b), Ti-MWW (Si/Ti = 30) precursor (c), and sample c treated with 2 M
HNO; and calcined (d). Reprinted from Ref. [28], Copyright 2002, with permission from Royal
Society of Chemistry

2.4.2 Synthesis of B-Free Ti-MWW Through Reversible
Structure Conversion

The lamellar zeolite can be converted to a rigid 3D zeolite upon calcination, during
which condensation between silanols on the up and down layers would take place.
And the reversibility of this process was supposed to hardly happen because of the
strong Si—O-Si bonds connecting the layers. However, several cases involving the
change from 3D zeolite to 2D layered zeolite have been found recently. Germa-
nosilicate UTL zeolite with double 4-MR structures rich in Ge atoms easily
hydrolyzes to lamellar zeolite with layers similar to FER layers in mild acid
conditions, which is also believed to be a promising way to expand the family of
layered zeolites [58, 59]. Another example is the reversibility between the 3D
MWW structure and its lamellar precursor. That is, 3D MWW structure can be
changed to MWW lamellar precursor with the help of amine molecules [28].
The reversibility can be applied to preparing MWW titanosilicate in the absence
of B atoms using a post-synthesis method (denoted as Ti-MWW-PS) [28]. This
method involves the preparation of high silica MWW zeolite and the incorporation
of Ti atoms during the structural conversion process. The structural changes can be
revealed by the XRD patterns as shown in Fig. 2.14. The 001 and 002 diffraction
peaks disappeared after calcination and deboronation procedures which indicated
that a rigid 3D MWW structure was formed. When the deboronated MWW zeolite
(Si/B > 1000) was subjected to the structural conversion process in the presence
of Ti source (TBOT), the 001 and 002 diffraction peaks were restored, meaning the
lamellar structure was again obtained. Several organic amines including HMI, PI,
pyridine, and piperazine were employed to direct this conversion process. How-
ever, the reversible structural conversion only occurred in the presence of HMI and
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Fig. 2.15 Graphic description for the postsynthesis of boron-free Ti-MWW via reversible
structure conversion

PI molecules, which were two typical structure-directing agents for preparing
MWW zeolite. Reorganization seemed to have happened between the MWW
structure and the structural-directing agents in the conversion process. The highly
siliceous MWW zeolite (Si/B > 1000) was prepared through severe acid treatment
of the calcined MWW borosilicate, creating numerous vacancies in the framework.
The alkalinity provided by the amine molecules in the conversion process would
cleave the Si—O-Si bonds between layers, making the interlayer space larger to
favor the diffusion of Ti precursors into the vacancies (Fig. 2.15). All the Ti atoms
in the synthetic gels can be inserted into the framework, indicating that the

Table 2.8 1-Hexene oxidation over various titanosilicates with acetonitrile as a solvent®

Cat Si/Ti 1-Hexene H,0,
Conversion % TON Conversion % Efficiency %
Ti-MWW-OCTMAOH 95 16.5 176 19.2 86
132 14.6 215 17.3 84
Ti-MWW-Dual 35 42.6 180 52.5 81
103 422 488 51.2 82
Ti-MWW-HMI 46 37.5 213 40.3 93
72 22.4 198 25.6 88
Ti-MWW-PS 58 60.7 480 67.9 93
100 49.8 500 50.1 92
Ti-MWW-DGC 58 1.7 42 7 33
84 2.4 69 19 16
Ti-MWW-F 70 51.1 465 58 88.1
356°  16.3 706 19.7 82.7

# Reaction conditions: bath reactor; cat., 50 mg; substrate, 10 mmol; H,O,, 10 mmol; MeCN
10 mL; temp., 333 K; time, 2 h
° Ti-MWW with expanded structure
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post-synthesis method was effective for Ti incorporation. Both tetrahedral and
octahedral Ti species were found in the Ti-MWW zeolite prepared by structure
conversion method, which was the same as hydrothermal synthesized Ti-MWW
zeolite. The extra-framework Ti species was selectively removed by an acid
treatment, resulting in a highly active catalyst. The B-free Ti-MWW-PS zeolite
showed improved catalytic activity compared with the B-containing and B-less
Ti-MWW zeolite, i.e., TON and epoxide selectivity in the epoxidation of both
bulky cyclohexene and linear alkyl alcohol, which was assumed to be due to the
decrease of B-related acidity and framework electronegativity (Table 2.8).
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Chapter 3
Structural Modification of Ti-MWW:
A Door to Diversity

Abstract Post-treatment converting 3D Ti-MWW zeolite to 2D Ti-MWW zeolite
with the aid of ammonium molecules and subsequent calcination can largely
increase the hydrophobicity of Ti-MWW zeolite and its catalytic performance.
Moreover, the Ti-MWW lamellar precursor with weak hydrogen bonds in the
interlayer space can also be structurally modified by swelling, partial or full
delamination, and pillaring. The modified structures including partial or full del-
aminated and pillared structures possessed larger external surface area and higher
accessibility than the conventional 3D Ti-MWW zeolite, which then showed
higher conversion rate in the liquid oxidation reactions, especially, in the epoxi-
dation of large-size cyclohexene molecule.

Keywords Ti-MWW - Structural conversion « Swelling - Partial or full delam-
ination - Pillaring - Silylation

3.1 Introduction

In the big family of titanosilicates, Ti-MWW zeolite was a remarkable one because
of its special lamellar structure. Among the 206 kinds of zeolites [1], more than 20
kinds of zeolites have their corresponding lamellar precursors, forming an
important family. As a special family, the lamellar zeolites show different char-
acteristics from the conventional 3D zeolites with rigid structures. The connection
between the layers of lamellar zeolites is hydrogen bonds, which are much weaker
than the chemical bonds in 3D zeolites, and that is the reason why lamellar zeolites
can be modified. The layered zeolite was first obtained in the hydrothermal syn-
thesis process of 3D zeolites. However, the reason why chemical connection
between layers can be disturbed by such synthesis gel has not been identified yet.
Most recently, two new technologies including both direct synthesis and post-
treatment have been applied to obtain novel layered zeolites. The first is the
successful synthesis of multilayered MFI zeolite [2] with a special designed
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Gemini-type quaternary ammonium surfactant as SDA, which was composed of a
quaternary ammonium head with the ability to direct the formation of MFI
nanosheets and a long alkyl chain to disturb the growth of the nanosheets along the
third direction. Only the 10k reflections are observed in XRD patterns of layered
MFT zeolite, which is indicative of an orientated growth of the zeolite crystallites
along the ac planes as well as an interrupted stacking of comprising layers. With
the same design notion, layered zeolites with topology of BEA and MTW were
also synthesized by adjusting the structure of quaternary ammonium head as well
as the compositions of synthetic gels. The second new method was to hydrolysis
UTL zeolite to lamellar zeolites with FER layers. The clever point of this new
synthesis method was to make full use of the structural peculiarity of UTL zeolite
as well as the instability of germanosilicates. UTL zeolite was made up of FER
layers connected by double four-member ring (D4MR) structure units which are
rich in germanium atoms [3, 4]. Once the UTL zeolite was subjected to water or
mild acid aqueous solution, the D4MR units were all destroyed, leaving FER
layers stacking along the a axis. Then hydrolysis product ICP-1P can be treated as
lamellar zeolite for following modifications. The above new methods have
extended our horizons of synthesizing layered zeolites and it is believed that more
and more layered zeolites can be prepared in the near future.

The driving force for researchers to prepare new layered zeolites is their
modifiable structures. The weak connections between the neighboring layers make
layered zeolites modifiable to yield several analogues with either larger surface
area or larger pore sizes. Layered zeolite with MWW topology was the most
extensively studied one and has been served as the model for studying other
layered zeolites. Most of the post-synthesis modification techniques were first
carried out on aluminosilicate MWW and then expanded to titanosilicate MWW as
well as other lamellar zeolites such as PREFER [5], Nu-6 [6], PLS-4 [7] and so on.
Taking titanosilicate MWW as the example, all the existing modification tech-
niques are summarized in Fig. 3.1, including swelling [8], full delamination [8],
partial delamination [9], pillaring [10], and silylation [11, 12]. As can be seen in
the figure, swelling treatment is to introduce surfactant molecules into the inter-
layered space of lamellar zeolites yielding an intercalated structure. Full delami-
nated structure with only few cell units in one ultra-thin sheet can be achieved by
imposing ultrasonic treatment on the swollen structure. With most of the layer
surface exposed outside, delaminated structures possess much higher surface area
and external surface area than their corresponding 3D structures. In contrast,
partially delaminated structures obtained directly by treating lamellar precursors
with very mild acid aqueous solution and following calcination also possess higher
external surface area than 3D structures but better preserved layer structure than
full delaminated structure. Pillaring treatment involves mixing the swollen mate-
rials with the metal alkoxide, generally tetraethyl orthosilicate (TEOS), followed
by hydrolysis in water and calcination to give final pillared structures with newly
formed mesopore systems in the interlayer space. Moreover, silylation treatment
carried out in acid aqueous solution with the help of monomeric silanes is a kind of
well-controlled pillaring process yielding a structure with enlarged pore channels
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Fig. 3.1 Scheme of structural modification of Ti-MWW

between layers. All the above post-synthesis modifications favor the accessibility
of substrates to active sites either by exposing the active sites outside surface or by
creating opener pore system to decrease the diffusion constrains. The details about
modifications on Ti-MWW zeolite will be described one by one in the following
text.

3.2 Structural Conversion to Enhance the Hydrophobicity

Conversion from 2D lamellar structure to 3D rigid structure can be easily achieved
by calcination, for example, lamellar zeolite PREFER to FER [13] zeolite, PLS-1 to
CDS-1 [14], RUB-39 to RUB-41 [15], etc., during which topotatic condensations
usually happen. However, the conversion from 3D structure to corresponding 2D
structure rarely take place because of the strong Si—O-Si bonds between layers with
the exception of UTL zeolite and 3D MWW zeolite. Germanosilicate UTL can be
changed to layered zeolite with FER layers because the interlayer connection of
Ge—-0O-Ge is very weak under moist or acid conditions and can be easily hydrolyzed
[3, 4]. Another exception is preparing Ti-MWW through post-synthesis of 3D
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Fig. 3.2 Scheme for the structural conversion between Ti-MWW lamellar precursor and 3D
Ti-MWW

MWW zeolite with Si/B ratio higher than 1000, which has been described in Sect.
2.4.2. During this process, 3D structure can be converted to corresponding lamellar
structure with the aid of ammonium molecules, and titanium atoms can also be
inserted into the framework simultaneously. Thus, Ti-MWW zeolite can be pre-
pared under B-free conditions taking advantages of the structural conversion. In
addition, the special structural conversion can be used to enhance the hydropho-
bicity of Ti-MWW zeolite resulting in higher activity especially in liquid phase
reactions with H,O, as the oxidant [16]. Hydrophobicity is very important to ti-
tanosilicate catalysts besides crystallinity, porosity, and surface area. Many meth-
ods have been developed to increase the hydrophobicity including post-
modification of silylation [17, 18] and introducing organic groups using direct
synthesis method [19, 20]. However, the organic groups introduced by silylation
may block the pore channels and cause diffusion constrains. What’s more, rear-
rangement realized usually by calcination lead to the loss of organic groups
introduced either by post-synthesis or direct synthesis methods. As for Ti-MWW
zeolite, enhancing hydrophobicity by structural conversion method successfully
avoided the problems mentioned above.

This structural rearrangement involved treating 3D Ti-MWW zeolite with
ammonium molecules under hydrothermal conditions and following calcination to
yield Re-Ti-MWW zeolite with higher hydrophobicity (Fig. 3.2). Structural con-
version from 3D to 2D can only be achieved by PI and HMI, with other ammo-
nium molecules leading to either structural collapse or other zeolites, indicating
the host—guest interaction between the ammonium molecules and MWW structure.
This structural conversion was completed within 1 day with PI/Si ratio of 0.1.
Although increasing the PI amount made the diffraction peaks of 001 and 002
more intense, the percentage of organic molecules incorporated in the sample was
almost the same in despite of the changing of PI/Si ratio, indicating the PI/Si ratio
of 0.1 was enough to achieve the structural conversion. Although Ti atoms in the
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Fig. 3.3 IR spectra in the region of hydroxyl stretching vibration of the parent Ti-MWW with a
Si/Ti molar ratio of 37 (a), its corresponding PI-treated and further calcined sample (b), the parent
Ti-MWW with a Si/Ti molar ratio of 99 (c), and its corresponding PI treated and further calcined
sample (d). Reprinted from Ref. [16], Copyright 2008, with permission from American Chemical
Society

framework are more fragile than Al atoms, tetrahedrally coordinated Ti species in
the framework of Ti-MWW zeolite were well preserved during this rearrangement
process. The band in UV-Visible spectrum, assigned to the charge transfer from
0O”~ to Ti**, shifted from 220 to 215 nm after structural conversion, probably due
to less water adsorption on the less hydrophilic Re-Ti-MWW zeolite. In contrast, B
atoms suffered a loss during this rearrangement process because of their small
ionic radius than Si atoms.

The IR spectra in the region of hydroxyl stretching vibration and *°Si NMR
spectra gave us more solid proofs for the hydrophobicity/hydrophilicity change of
Ti-MWW zeolite. As shown in Fig. 3.3, these main bands at 3745, 3720, and
3500 cm ™' appeared in the IR spectra of Ti-MWW zeolite and Re-Ti-MWW
zeolite, attributed to terminal silanols on the crystal surface, asymmetric hydrogen-
bonded silanols and silanols nests [21], respectively. The internal silanols probably
originated from the defects as a result of deboronation and incomplete conden-
sation upon calcination. After the rearrangement process, the band at 3720 and
3500 cm ™' related to the internal silanols suffered a great decrease. It can be
calculated that 35-37 % of the hydroxyl groups can be repaired during this
rearrangement process. The 2°Si NMR spectrum (Fig. 3.4) showed that Ti-MWW
zeolite contained two kinds of resonance bands originated from Q* groups in the
region of —105 to —130 ppm and Q groups at —103 ppm [22, 23]. As for Re-Ti-
MWW zeolite, it showed similar 296 NMR spectrum with resonance bands of Q4
groups but less intense resonance band of Q° groups, which was in accordance
with the change in IR spectra. The decrease of Q° groups was due to the decrease
of framework defects during the rearrangement process.

The decrease of silanols or framework defects was believed to enhance the
hydrophobicity of titanosilicate MWW and then resulted in higher activity in
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Fig. 34 2Si MAS NMR spectra of the parent Ti-MWW (Si/Ti = 37) (a) and Pl-treated and
further calcined sample (b). Reprinted from Ref. [16], Copyright 2008, with permission from
American Chemical Society

liquid phase reactions. At first, an experiment to measure the amount of absorbed
water of pre-dehydrated sample was carried out to identify the relative hydro-
phobicity of Re-Ti-MWW. Both Ti-MWW and Re-Ti-MWW zeolite were cal-
cined at 773 K to remove absorbed water and then equilibrated with the water
supplied by the saturated NH4Cl solution. TG analysis showed that the amount
water absorbed by Re-Ti-MWW zeolite was 81-85 % of Ti-MWW zeolite, indi-
cating the hydrophobicity of MWW-type titanosilicate was enhanced due to the
removal of silanols by rearrangement process. Then, both Ti-MWW and Re-Ti-
MWW zeolite were used to catalyze the liquid-phase ammoximation of ketones
and epoxidation of various alkenes to check whether the enhanced hydrophobicity
would favor the catalytic performance. With comparable Ti content and the same
weight ratio of catalyst to substrate, the cyclohexanone and methyl ethyl ketone
conversion over Re-Ti-MWW was enhanced by 6.6 and 9 %, respectively, com-
pared with the original Ti-MWW zeolite. As for the epoxidation of 1-hexene and
propylene, 1-hexene conversion and propylene yield increased with the increase of
Ti content on both Ti-MWW and Re-Ti-MWW, but the latter showed higher
activity by 10-20 %. What’s more, Re-Ti-MWW zeolite also showed higher
activity than Ti-MWW in the epoxidation of bulk alkene molecules, including
cyclohexene, cycloheptene, and cyclooctene. Thus, it can be concluded that
enhanced hydrophobicity due to partial removal of silanols in defect sites indeed
leads to better performance of Re-Ti-MWW zeolite.

During the rearrangement process, the migration of Si species into neighboring
hydroxyl nests or dehydration of the vicinal silanols to form Si—~O-Si linkage was
believed to have happened to mend the disconnection and increase the hydro-
phobicity. So this rearrangement process with the help of amine molecules has
little influence on framework Ti species but repair the MWW structure leading to a
more rigid and active catalyst.
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3.3 Swelling and Full Delamination of Ti-MWW

The most interesting subject in the area of micropore materials at present is to
decrease the diffusion constrain because the pore size of micropore zeolite are
smaller than 1 nm, which is comparable to the sizes of substrate molecules. Two
general methods including exposing as many active sites outside crystal surface as
possible and creating new pore channels with opener entrance have been used to
solve the diffusion problems. Preparing zeolite crystals with much smaller particle
sizes in the nanometer scale is one of the methods to obtain a material with larger
external surface area, which would also favor the distribution of active sites on the
outer surface [24]. In addition, delamination is a general way to increase
the external surface area of layered zeolites [25]. A pre-swelling process and the
following ultrasonic treatment were always combined to give a delaminated
structure. Surfactant molecules with a long alkaline tail were introduced into the
interlayer space of layered zeolite at first. Under alkaline conditions, the original
hydrogen bonding between the as-synthesized lamellar zeolites is broken and the
silanols are deprotonated to form SiO~ moieties, the repulsion between which
would make interlayer space larger to favor the intercalation of surfactant mole-
cules. The alkaline condition is usually supplied by tetrapropylammounim
hydroxide (TPAOH), which is carefully selected to avoid competing with the
surfactant molecules to enter into the interlayer space and balance the SiO™ groups
[25]. An expanded structure is obtained in the pre-swelling treatment and then an
ultrasonic treatment is carried out to give the final delaminated structure with
largely enhanced surface area. Delamination is a versatile method and has got
great success over many zeolites, such as titanosilicate PREFER [5], aluminosil-
icate Nu-6 [6] and so on. Titanium containing delaminated MWW zeolite was also
obtained via post-synthesis method. Pure silicate MWW was at first delaminated to
ITQ-2 and then titanium species were grafted to the abundant silanols exposed
outside the surface [26]. However, Ti/ITQ-2 acted more like titanium containing
mesoporous material, with superior performance only under anhydrous conditions.
Moreover, Ti/ITQ-2 suffered serious Ti leaching and structural degradation during
the liquid phase reactions.

Since the synthesis technology of Ti-MWW zeolite has been well developed,
delamination can be directly realized over Ti-MWW zeolite to yield a titanium
containing catalyst with high activity. Figure 3.5 shows a typical procedure for
preparing delaminated materials, Del-Ti-MWW. To get active catalysts, octahe-
drally coordinated Ti species should be removed from the as-synthesized Ti-
MWW zeolite by acid treatment before it was subjected to swelling process. 001
and 002 diffraction peaks were almost disappeared after the acid treatment because
most of the organic SDA molecules intercalated in the interlayer space were
removed, which decreased the interlayer space from 2.7 to 2.63 nm [8]. Never-
theless, acid treatment only caused partial destruction of Ti-MWW zeolite while
the following calcination would lead to a complete condensation of the layers
giving a 3D Ti-MWW zeolite (Fig. 3.5b). Swelling process was performed over
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Fig. 3.5 XRD patterns: as-
synthesized Ti-MWW (a),
calcined Ti-MWW (b),
swollen Ti-MWW with
CTMABTr and TPAOH at
353 K (¢), and delaminated
Ti-MWW, Del-Ti-MWW
after calcination (d)
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the acid treated sample in an alkaline solution containing TPAOH and surfactant
hexadecyltrimethylammonium bromide (CTAB). The swollen Ti-MWW zeolite
(Fig. 3.5¢c) showed a diffraction peak at lower 2@ with the corresponding d space
of 3.9 nm indicating an expanded structure was formed as a result of the inter-
calation of surfactant molecules. After ultrasonification and calcination, the
mesophase-related structure collapsed and a delaminated material with less
intensive diffraction peaks was obtained (Fig. 3.5d).

The use of TPAOH was meant to cleave the connection between the neigh-
boring layers. With the increase of TPAOH, the diffraction peaks due to the
expanded structure became more intense while those due to the MWW layers
disappeared gradually indicating more disorder structure was obtained. The sur-
face area and outer surface area also increased with the increase of TPAOH.
However, every coin has two sides. Desilication was the back side, which was
revealed by the weight loss after swelling. As a result, the amount of TPAOH
should be well controlled to successfully cleave the interlayer connection without
dissolving the MWW layers too much. The optimal amount of TPAOH was
decided by the performance of delaminated catalysts used in the epoxidation of
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cyclopentene and cyclododecene. And the highest TON value was obtained when
the weight of TPAOH to the acid-treated Ti-MWW was set at 6.0. Then the effect
of ultrasonic treatment and acidification was also considered. The swollen Ti-
MWW zeolite together with its swelling mixture was further ultrasonically treated
and acidified with concentrated nitric acid to pH < 2, which lead to a further
enhancement of the surface area of the Ti-MWW and activity in the epoxidation
reactions. The ultrasonic treatment in acidic conditions was supposed to force
apart MWW layers that has been intercalated by the organic surfactant molecules.
It can be concluded that a profound delamination was caused by the combination
of swelling and delamination.

Compared with 3D Ti-MWW zeolite, Del-Ti-MWW exhibited a great enhanced
band at 3742 cm™' (Fig. 3.6a) in the IR spectra, which was attributed to the
isolated silanols on the layer surface. Those silanol groups were suggested to form
when the interlayer connection was broken by the swelling solution. 3D Ti-MWW
zeolite showed a weak band around 960 cm™' assigned to the vibration of
framework Ti—O-Si (Fig. 3.6b). Since the UV-visible spectra of Del-Ti-MWW
has proved that tetrahedrally coordinated Ti species were hardly affected in the
delamination process, Del-Ti-MWW also showed an IR band around 960 cm™!
but with much higher intensity, which was caused by the existence of abundant
silanols on the outer surface of Del-Ti-MWW zeolite. HRTEM images were
applied to further elucidate the structure of Del-Ti-MWW. As shown in Fig. 3.7,
the images were taken along the ab plane. The crystals of Del-Ti-MWW contained
many fewer sheets than 3D-Ti-MWW and even single sheet can be found in Del-
Ti-MWW material, which is in agreement with the extremely large surface area of
Del-Ti-MWW.

The catalytic performance of Del-Ti-MWW was compared with other tita-
nosilicates in the epoxidation of alkenes with different sizes (Table 3.1). From
linear alkenes to cyclic alkenes, the TON (turnover number) value decreased
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Fig. 3.6 IR spectra in the region of hydroxyl stretching vibration after the evacuation at 773 K
(A) and IR spectra in the framework vibration region taken with KBr techniques (B). The samples
correspond to 3D Ti-MWW (a) and delaminated Ti-MWW (b). Reprinted from Ref. [8],
Copyright 2004, with permission from American Chemical Society
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Fig. 3.7 HRTEM images of
single sheet (a) and three
sheets (b) in Delaminated
Ti-MWW

sharply for TS-1, Ti-Beta and 3D-Ti-MWW zeolites. In contrary, mesoporous
catalyst Ti-MCM-41 showed very high activity in the epoxidation of cyclic
alkenes while it was nearly inactive in catalyzing linear alkenes, because of the
poor crystallinity of pore walls and hydrophobic nature. Del-Ti-MWW zeolite
showed higher TON value than 3D-Ti-MWW zeolite for both the linear and cyclic
alkenes. As for the bulk substrates, the epoxidation was supposed to happen on the
outer surface. The increased external surface area caused by delamination favored
the accessibility of substrate to active sites. That is why Del-Ti-MWW showed
superior performance than Ti-MCM-41 in the epoxidation of bulk substrates.
Delamination has made Ti-MWW zeolite possess both the crystallinity of mi-
cropores and the large external surface area of mesopores, which largely decrease
the diffusion constrains and increase the catalytic activity.

3.4 Partial Delamination of Ti-MWW

Del-Ti-MWW, a delaminated derivate of titanosilicate MWW described above,
possesses extremely high external surface area and superior activity in liquid phase
oxidation reactions. However, the whole delamination process is somewhat
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troublesome. In addition, the alkaline aqueous solution adopted in the pre-swelling
process lead to a deconstruction of MWW layers in some measure. To overcome
the above shortcomings, a partial delaminated material analogous to MCM-56 then
was proposed [9, 27], and prepared by post-synthesis method over Ti-MWW
lamellar precursor. MCM-56 used to be prepared by hydrothermal method with the
same synthesis gels as MCM-22 but shorter crystal time, which cannot be well
controlled [28, 29].The post-synthesis method is very convenient including a mild
acid treatment at lower temperature and following calcination.

Ti-MWW lamellar precursor contained well resolved 001, 002, 100, 101, 102,
and 310 diffraction peaks. When a mild acid treatment was carried on the Ti-
MWW, those diffraction peaks related to c axis including 001 and 002 disappeared
while 101 and 102 peaks suffered a serious overlap and formed a broad diffraction
peak, indicating that the arrangement along ¢ axis was disturbed. The unchanged
diffraction peaks of 100 and 310 revealed that MWW layers were well preserved
during the mild acid treatment. The newly formed broad diffraction peak can be
taken as a character of Ti-MCM-56 structure. It is suggested that the mild acid
treatment removed part of the SDA molecules in the interlayer space, leading to
disordered stacking style along the ¢ axis.

The temperature of this mild acid treatment should be well controlled. As can
be seen in Table 3.2, only 3D Ti-MWW zeolite can be obtained when a refluxing
acid treatment was carried out. And it has been investigated that the temperature
for acid treatment should be controlled lower than 353 K. Moreover, the size of the
crystal particles also plays an important role in post-synthesis of Ti-MCM-56. Ti-
MWW precursor can be hydrothermally prepared with either PI or HMI molecules
as the SDA. The particle size of Ti-MWW-HMI is much larger than that of

Table 3.2 A comparison of different acid treatments on various MWW lamellar precursors of
metallosilicates

Name MWW type lamellar precursors Products by post-treatment™
SDA Si/MP Crystal size/um  Acid treatment at 303 K Acid refluxing
Thickness Length Si/M° Structure” Si/MP® Structure?

Ti-MWW-PI PI 21 0.05-0.1 0.2-0.5 36 MCM-56 37 3D MWW
Ti-MWW-HMI HMI 32 0.1-0.2 1-1.5 45 3D MWW 62 3D MWW
Ti-MWW-PI-F® PI 23 04-0.5 152 32 3D MWW 37 3D MWW
B-MWW PI 11 0.05-0.1 0.2-0.5 18 MCM-56 35 3D MWW
Al-MWW HMI 14 0.05-0.1 0.3-0.5 16 MCM-56 19 3D MWW
Ga-MWW HMI 15 0.05-0.1 0.3-0.5 17 MCM-56 - -

Fe-MWW HMI 16 0.05-0.1 0.2-0.3 20 MCM-56 25 3D MWW

Reprinted from Ref. [9], Copyright 2008, with permission from Elsevier

* The acid treatment was carried out on the MWW lamellar precursor in 2 M HNOj; for 18 h
followed by further calcination at 803 K for 6 h

® The silicon to metal molar ratio, determined by ICP

¢ Given by SEM

4 Evidenced by XRD

¢ Synthesized in fluoride media at an F/Si ratio of 1
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Ti-MWW-PI. They have different response to the mild acid treatment. The mild
acid treatment over Ti-MWW-HMI resulted in 3D Ti-MWW structure other than
Ti-MCM-56 structure (Table 3.2).To find the real reason for the failure of post-
synthesis of Ti-MCM-56 form Ti-MWW-HMI, another Ti-MWW lamellar
precursor was also prepared with PI as the SDA in the F~ medium, denoted as
Ti-MWW-PI-F. The lamellar precursor of Ti-MWW-PI-F possesses the same
organic ammonium molecules but has much larger particle sizes. Similar to
Ti-MWW-HMI, only 3D Ti-MWW structure can be formed when Ti-MWW-PI-F
was subjected to the mild acid treatment (Table 3.2), which indicates that particle
size other than SDA molecules is the real factor that affects the construction of Ti-
MCM-56 structure. In the case of Ti-MWW precursor with larger particle size,
MWW sheets is more likely to keep the original stacking style even when part of
the pillaring organic molecules are removed. This post-synthesis method can also
be used to prepare other metallosilicates with MCM-56 structure.

With partial MWW layers exposed outside, MCM-56 showed an obvious
uptake in the high-pressure region in the N, adsorption isotherms (Fig. 3.8),
indicating larger external surface area than 3D Ti-MWW. In contrast, Ti-MCM-56
has lower adsorption amount than Ti-MCM-22 in the pressure region lower than
P/Py = 0.4, which was caused by the interlayer blocking due to the deconstruction
of Ti-MCM-56. A further calculation showed that Ti-MWW-56 have smaller
micropore area but larger external surface area than 3D Ti-MWW. Therefore, it
can be concluded that the increase of external surface area is at the expense of
deconstructing the interlayer micropores. The enhanced external surface area can
also be proved by the IR spectra. As shown in Fig. 3.9, the band of 3745 cm™"
assigned to terminal silanols was more intense for Ti-MCM-56 compared with 3D
Ti-MWW, indicating larger part of MWW layers is exposed outside. Those bands
around 3680 and 3500 cm ™' due to the defects of deboronation was much smaller
for Ti-MCM-56, because only mild acid treatment was adopted in preparing Ti-
MCM-56 zeolite.

Figure 3.10 shows the possible mechanism for the formation of partially del-
aminated MCM-56 in comparison to 3D Ti-MWW. Transmission electron

Fig. 3.8 N, adsorption 300F
isotherms of 3D Ti-MWW Teo
(a) and Ti-MCM-56 analogue Mg 2301
(b). Reprinted from Ref. [9], 2
Copyright 2008, with 3 200
permission from Elsevier 5 a
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E
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Fig. 3.9 IR spectra in region 15F
of hydroxyl stretching
vibration of 3D Ti-MWW
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Fig. 3.10 Preparation process for partially delaminated Ti-MCM-56 in comparison to 3D-Ti-
MWW formation

microscopy (TEM) images clearly show that the MWW layers (or sheets) are
closely stacked very along the ¢ direction (i.e., the direction of layer stacking)
(Fig. 3.11a). The pore arrangement fitting in the MWW structure model perfectly
is shown as an inset. Especially, the array of the intralayer 10-MR pores indicated
by the red cycles is located on the same positions along the ¢ axis. On the other
hand, MCM-56 analogue was still composed of the collection of the MWW layers
(Fig. 3.11b). However, the layer stacking mode lacks the regularity given by the
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Fig. 3.11 HRTEM images of 3D MWW and typical post-synthesized MCM-56

Fig. 3.12 The powder XRD
pattern of experimental
spectra (a) and DIFFaX
simulated one of MCM-56
(b). The simulated pattern
was obtained by shifting the
layer along b axis for 0.3 unit
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3D MWW structure. According to the positions of the intralayer 10-MR pores, the
layers could be shifted along the b direction.

According to TEM observation, the simulation of the XRD pattern was per-
formed using DIFFax. The post-synthesized MCM-56 analogue showed a pro-
nounced peak broadening in the XRD pattern (Fig. 3.12a). It was found the
crystals that are composed of two unit cells as well as shifted layers along b axis
for 0.3 unit cell give a reasonable agreement with the simulated XRD pattern of
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MCM-56 (Fig. 3.12b). On the basis of XRD pattern simulation, a model of the
layer arrangement was constructed as shown in Fig. 3.13. The MWW sheets or
layers are arranged in a shifted manner along b axis. The results agreed well with
the above-mentioned TEM image.

The as synthesized Ti-MWW precursor contain both tetrahedrally and octa-
hedrally coordinated Ti species, identified by the adsorption bands around 220 and
260 nm in UV—Vis spectra. After the acid treatment, the octahedrally coordinated
Ti atoms are removed leaving only highly dispersed active Ti atoms in the
framework. The catalytic performance of Ti-MCM-56 was characterized in the
epoxidation of various alkenes with the oxidant of TBHP. Ti-MCM-56 showed
higher activity than TS-1, Ti-Beta, and 3D Ti-MWW in the epoxidation of both
linear and cyclic alkenes. For 3D Ti-MWW zeolite, epoxidation reactions with
bulk substrates or/and oxidant can only take place in the outside pockets and inside
supercages. Ti-MCM-56 with MWW sheets exposed outside can provide more
open reaction space for the bulk reactions, resulting in superior catalytic perfor-
mance. The higher activity of Ti-MCM-56 was verified in the oxidative desul-
furization of dibenzothiophene (DBT). Figure 3.14 shows that TS-1 with small
pore size possesses the lowest conversion rate. Ti-Beta, 3D Ti-MWW and Ti-
MCM-56 converted more than 80 % of the substrates with Ti-MCM-56 having the
highest conversion rate. Ti-MCM-56, with well-preserved MWW sheets and lar-
gely enhanced external surface area, is a promising catalyst for the oxidation
reactions involving bulk substrates as well as bulk oxidants.

Fig. 3.13 The structure
model obtained from
simulation for the post-

3.5 Pillaring of Ti-MWW

Swelling of lamellar MWW precursor resulted in an expanded structure with
surfactant molecules intercalated in the interlayer space like a sandwich. Thus, the
interlayer space was greatly enhanced with a d value of 3.9 nm. The large
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Fig. 3.14 A comparison of oxidative desulfurization of dibenzothiophene between various
titanosilicates. Conditions: cat., 0.1 g; solvent (acetonitrile for Ti-MWW, Ti-MCM-56 and Ti-
Beta, MeOH for TS-1), 10 mL; model light oil (DBT, 1000 pL mL~! in isooctane), 10 mL;
H,0, (30 %),136 1L; n (H,O,):n (DBT) = 4; temp., 343 K; time, 3 h. Reprinted from Ref. [9],
Copyright 2008, with permission from Elsevier

interlayer distance was lost when the swollen material was subjected to calcina-
tion. SiO, pillars can be used to preserve the open space between layers even upon
calcination. Pillaring the swollen MWW structure results in a new derivate called
MCM-36, which is made up of both micropores in its crystalline layers and
mesopores in the interlayer space. This pillaring technology has achieved great
success in aluminosilicate MWW precursor and lead to a new pillared alumino-
silicate with higher specific surface area and good accessibility for relatively large
molecules [30, 31]. This method was also applied to pillar lamellar titanosilicate
MWW precursor to Ti-containing MCM-36 structure [10], which was expected to
show higher activity in liquid phase oxidation reactions. Figure 3.15 shows the
preparation procedures for microporous/mesoporous hybrid Ti-MCM-36.

The pre-swelling process was carried out by refluxing the mixture of Ti-MCM
precursor, cetyltrimethylammonium chloride (CTMACI), and TPAOH. Then,
TEOS was introduced into the mixture to provide silica source, followed by
hydrolysis and calcination to yield siliceous pillars between the layers. It is sug-
gested that a mesoporous region between the layers is created by polymeric silica
pillars formed by TEOS hydrolysis.

After swelling and pillaring, the 002 peaks disappeared while a new diffraction
peak with 2@ = 1-2° appeared indicating that interlayer space was expanded and
mesopore region formed during this process. 3D Ti-MWW showed typically type I
nitrogen adsorption isotherm characteristic of micropore channels, with a specific
surface area of 471 c¢m? gfl. As for Ti-MCM-36, the isotherm is characteristic of
a hysteresis loop beginning at P/Py, = 0.4 due to the presence of mesopores. The
specific surface area of Ti-MCM-36 is 674 cm” g~ ', much higher than that of 3D-
Ti-MWW.

As a catalyst, the state of Ti species in the framework of Ti-MCM-36 should be
carefully identified before it is used to catalyze the oxidation reactions. The UV-Vis
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Fig. 3.15 Preparation procedure for Ti-MCM-36 microporous mesoporous hybrid

spectra of Ti-MCM-36 revealed that both active tetrahedral Ti atoms and inactive
TiO, species are involved in this pillared material. UV—Vis spectra have also shown
that the amount of anatase TiO, can be largely decreased when the Ti-MWW
lamellar precursor was treated by a mild acid washing to remove the octahedrally
coordinated Ti species in advance, because the octahedral Ti species can easily form
anatase TiO, during the swelling and pillaring process.

For the epoxidation of 1-hexene, Ti-MCM-36 showed a higher TON value and
H,O, conversion than Ti-MWW [10]. The high activity of Ti-MCM-36 was
believed to come from the contribution of mesopore region in the interlayer space.
The interlayer 10-MR pores of 3D Ti-MWW were enlarged to mesopores favoring
the accessibility of substrates to Ti active sites involved inside the framework.

3.5.1 Interlayer Silylation of Ti-MWW

Ti-MWW lamellar precursor with SDA molecules pillaring MWW sheets has a
layer spacing of 26.93 A. The removal of organic SDA molecules through calci-
nations caused condensation and dehydroxylation between the neighboring layers
forming 10-MR pore channels in the interlayer space, which resulted in a decreased
layer spacing of 25.09 A. Once 3D MWW structure with interlayer 10-MR pore
channels formed, the accessibility of bulky substrates to the supercages is seriously
restricted. The above described post-treatment techniques including swelling,
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delamination, and pillaring are used to create more open reaction space. Then
another interlayer expanded material called Ti-YUN-1 with interlayer newly
formed 12-MR channels was obtained occasionally when the Ti-MWW lamellar
precursor was subjected to an acid treatment [32, 33]. The above-mentioned
Ti-MWW lamellar precursor was synthesized by the structural conversion method.
This special phenomena only happened when the Si/Ti ratio was higher than 70.
HRTEM images and computational approach revealed that the structure of
Ti-YUN-1 was probably constructed through interlayer pillaring with monomeric
Si or Ti species [34].

Inspired by the construction mechanism of Ti-YUN-1, silanes were introduced
to silylate the Ti-MWW lamellar precursor in order to obtain an interlayer
expanded structure [11, 12]. The silylation process was achieved by refluxing the
mixture of silanes, Ti-MWW lamellar precursor and HNOj solution at 373 K for
20 h. Under such condition, silanes such as diethoxydimethylsilane (DEDMS)
reacted with the silanol groups on the layer surface and then connected the up-and-
down layers to form an interlayer expanded structure called IEZ-Ti-MWW. Unlike
Ti-MWW lamellar precursor, the diffraction peaks related to the ¢ axis remained
intact when the silylated sample was subjected to calcination. Characteristic of
well resolved 001 and 002 diffraction peaks, the XRD pattern of silylated sample
was very similar with that of its corresponding lamellar precursor. However, well
resolved diffraction peaks in the 2@ region of 10-25° other than relatively broad
ones, indicating ordered linkages between the MWW sheets may form during the
silylation process instead of hydrogen bonding in the precursor. According to the
XRD patterns, the layer spacing of IEZ-Ti-MWW was 27.58 A, larger than both of
the lamellar precursor and 3D Ti-MWW. However, the cell parameters along a and
b axes for the three samples were almost the same, indicating silylation caused a
structural change mainly along c axis.

Silylation involved removing some of the SDA molecules out of the interlayer
space to make room for the silanes and then silanes diffusing into the interlayer
space to react with the silanol groups on the layer surface. Therefore, the silylating
conditions should be well controlled to match the above two dynamic processes
well. Monomeric Si species come from the framework without additional Si source
when constructing structure of Ti-YUN-1. In the contrary, silanes were added into
the silylation procedure to provide enough Si source. Several silanes including
TEOS, triethoxymethylsilane, trimethylethoxysilane and DEDMS were consid-
ered. To connect the up-and-down sheets of MWW by forming Si—O-Si linkages,
the silylating agents should contain at least two active ethoxy groups. However,
trimethylethoxysilane only has one active group and it was supposed to connect
with one of the layers and then connected to the other by calcination. Table 3.3
shows the catalytic performance of IEZ-Ti-MWW prepared with different silanes.
TEOS with four active groups cannot avoid self-condensation in such acidic
aqueous solution forming amorphous species adhere to the surface, resulting in a
decrease of crystallinity. As a result, IEZ-Ti-MWW showed the lowest activity in
the epoxidation of cyclohexene. The other three silanes with at least one methyl
group in the molecules can effectively prevent the self-condensation leading to
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Table 3.3 The catalytic properties shown by 3D Ti-MWW and IEZ-Ti-MWW prepared with
different silylating agents in the oxidation of cyclohexene®

Silylating agent Cyclohexene oxidation
Conversion (mol%) Product selectivity H,0, (mol%)

(mol%)

Oxide Others” Conversion Selectivity
None 4.1 325 67.5 5.6 69.6
TEOS 8.8 433 56.7 9.4 929
Triethoxymethylsilane 19.2 535 46.5 20.4 90.3
Trimethyethoxylsilane 19.8 54.6 45.4 21.0 94.3
DEDMS 20.7 57.1 429 19.9 98.3

Reprinted from Ref. [12], Copyright 2009, with permission from Royal Society of Chemistry

# Reaction conditions: cat., 0.05 g; cyclohexene, 10 mmol; H,0,, 10 mmol; MeCN, 10 mL;
temp., 333 K; time, 2 h

b 2-Cyclohexene-1-ol, 2-cyclohexene-1-one, glycols

I[EZ-Ti-MWW with much higher activity than the one prepared with TEOS, among
which the one silylated by DEDMS showed the highest activity and selectivity.
In theory, every unit cell of MWW lamellar precursor has two pillaring sites,
which means the amount of silanes should also be well controlled. It is supposed
that too small amount of silanes would result in a disordered structure due to
incomplete silylation while excess silane molecules would react with each other to
form amorphous impurity attached on the layer surface. XRD patterns have
showed that too small amount of silylation agents lead to IEZ-Ti-MWW with very
weak 001 and 002 diffraction peaks. With the increase amount of the silylation
agents used, the peaks become more intense, meaning a more ordered structure
was obtained. IR spectra (Fig. 3.16) were also employed to monitor the silylation
process. All the samples showed two bands at 2580 and 2926 cm ™', assigned to
the stretching vibration of CH, groups originating from the HMI molecules. The
remaining HMI molecules were supposed to be involved in the intralayer 10-MR
pores that were hard to be removed by mild acid washing in the silylation pro-
cedure. After silylation, two new bands appeared in the IR spectra at 2970 and
850 cm ™', attributed by the CH; asymmetric stretching vibration and the rocking
of CH; groups attached to Si, respectively. This can be taken as the evidence for
the incorporation of silane molecules into the framework. The two bands became
more intense when increasing the amount of silanes but leveled off when the
weight ratio of silane to precursor is set at 0.15, which was in agreement with the
theoretical optimal amount. The number of silane molecule that incorporated into
every unit cell can be calculated based on the incorporated carbon and the
chemical composition of the sample. According to the chemical analysis, the
number of inserted DEDMS molecules increased from 1.9 to 3.1 molecules per
unit cell when weight ratio of silane to precursor increased from 0.05 to 0.30. It
should be noted that the number of incorporated DEDMS almost unchanged when
the weight ratio of added DEDMS to precursor was larger than 0.15, which is in
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Fig. 3.16 FT-IR spectra of (a) acid treated Ti-MWW with 2 M HNOj;, and IEZ-Ti-MWW
prepared by silylation with (b) 0.025 g, (c¢) 0.05 g, (d)0.07 g, (e) 0.1 g, (f) 0.15 g, (g) 0.3 g of
DEDMS per gram of the precursor in 2 M HNOj without calcination. The silylation resulted in
bands at 2970 and 850 cm ™" assigned to the asymmetric vibration CH; groups and the rocking
vibration of Si—-CHj, respectively. Reprinted from Ref. [12], Copyright 2009, with permission
from Royal Society of Chemistry

agreement with the results of IR spectra and XRD patterns. These samples that
prepared with different amount of silane molecules also behaved differently in
epoxidation of 1-hexene and cyclohexene. The linear type alkene of 1-hexene is
small enough to diffuse through the 10-MR pore entrance to reach the intracrystal
supercages without constrains. Therefore, there was no obvious difference of
activity between the 3D Ti-MWW and the silylated samples. However, the
epoxidation of the bulky cyclohexene molecules can only take place at Ti active
sites in the side pockets and supercages. As for the interlayer connected 3D
Ti-MWW structure, cyclohexene cannot access the Ti species in the supercages
and only can be catalyzed by the Ti species in the outer-surface side pockets. With
the expanded structure, IEZ-Ti-MWW provided more opener reaction space for
the bulky cyclohexene molecules and therefore increased the activity. Among
all the silylated samples, the one prepared with the optimal amount of DEDMS
molecules showed the highest activity with the TON value of 233 in catalyzing the
epoxidation of cyclohexene.

Monomeric Si species with two methyl groups were inserted into the frame-
work after silylation, which has been verified by IR spectra. >°Si NMR spectra
(Fig. 3.17) also proved the introduction of methyl groups with the appearance of
resonance band at —12 ppm assigned to Si(CH;),(OSi),groups (D%). D* groups
were also detected by '*C NMR spectra with the resonance band at —2.0 ppm.
Along with the appearance of D? band, the band at —103 ppm attributed to silanol
groups suffered a great decrease, indicating DEDMS molecules consumed the
silanos on the up-and-down surface and formed D® groups as pillars in the
interlayer space. The obtained organic—inorganic hybrid material was then cal-
cined to change the methyl groups to hydroxyl groups, yielding Q* groups in the
structure with a resonance band at —90 ppm in the 2°Si NMR spectrum



56 3 Structural Modification of Ti-MWW

Q4

Intensity /a.u.

50 0 -50 -100 -150
Chemical shift /ppm

Fig. 3.17 *°Si MAS NMR spectra of (a) Ti-MWW lamellar precursor, (b)after silylation with
DEDMS in 2 M HNO; without calcination, and (c)after further calcination at 823 K. The
silylation consumed a portion of the silanol groups (Q°) and developed at —12 ppm a signal
assigned to =Si—(CHj), groups (D?) instead, which were converted to =Si(OH), groups 0%
around —90 ppm after calcination. Reprinted from Ref. [12], Copyright 2009, with permission
from Royal Society of Chemistry

(Fig. 3.17c). The appearance of D groups after silylation and Q* groups upon
calcination again identified the fact that silanes were successfully inserted into the
MWW structure.

TEM images are supposed to be the most direct technique to elucidate the real
structure of IEZ-Ti-MWW zeolite. As shown in Fig. 3.18a, the TEM images taken
along 001 incidence showed ordered arrays of 12-MR side cups were the same as
3D Ti-MWW zeolite, indicating silylation did not alter the structure within the
MWW planes. The other TEM image (Fig. 3.18b) collected along 100 incidence
showed an ordered pore structure along the stacking direction, suggesting that
IEZ-Ti-MWW also had 3D connected structure analogue to 3D Ti-MWW. The
layer spacing of 27.4 A calculated from the TEM images of IEZ-Ti-MWW indi-
cated that the structure was expanded compared to the conventional 3D Ti-MWW
structure, which was the result of ordered silylation process. Although the real
structure of IEZ-Ti-MWW should be identified by synchrotron X-ray diffraction,
the new 12-MR pores constructed by two inserted Si atoms from silanes and the
other ten Si atoms from the up-and-down layers were formed during silylation and
the following calcination.

IEZ-Ti-MWW with interlayer expanded structure is able to provide more wide
diffusion path for bulky molecules to access the intracrystal supercages. And it is
expected to have better performance than the conventional 3D Ti-MWW catalyst.
IEZ-Ti-MWW and 3D Ti-MWW with different Ti contents were both used to
catalyze the epoxidation of cyclohexene. With the increase of Ti content, the
conversion of cyclohexene showed a great enhance over IEZ-Ti-MWW while only
limited increase was observed as for 3D-Ti-MWW zeolite. With diffusion con-
strains, the Ti active sites in 3D Ti-MWW cannot be fully used by cyclohexene
molecules. Therefore, IEZ-Ti-MWW showed superior performance than the 3D
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Fig. 3.18 TEM images of
IEZ-Ti-MWW taken along
(a) [001] incidence and

(b) [100] incidence. FDs are
also inset in the images

Ti-MWW with comparable Ti content. It has also been proved that lamellar MWW
precursors with other metal atoms in the framework can also be silylated to
interlayer expanded structure with higher performance in either reactions or
adsorptions.

3.5.2 Synthesis of Ti Containing Interlayer Expanded
MWW Structure Via a Combination of Silylation
and Ti Insertion

Silylation of Ti-MWW lamellar precursor with monomeric silanes such as
DEDMS constructed an interlayer expanded structure with 12-MR channels in the
interlayer space. Although the pore size of the newly formed 12-MR pores is larger
than that of the 10-MR pores in the conventional 3D Ti-MWW zeolite, the
interlayer structure still showed diffusion constrains when very bulky substrates
were involved. To pursue larger interlayer space, dipodal silanes were introduced
to construct the interlayer structure and were expected to result in 14-MR pores.
Unfortunately, the silylation with dipodal silanes led to an interlayer expanded
structure with the same layer spacing as that obtained by monomeric silanes,
implying an unsuccessful silylation process. It was supposed that the interlayer
space of the lamellar precursor was too narrow to allow the dimeric silanes to
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diffuse in. Then the pre-swelling process was considered to increase the interlayer
space large enough to accommodate the dimeric silane molecules. Unlike the one-
step silylation process with monomeric silanes, silylation process with dimeric
silanes involved both swelling and silylation, during which Ti active sites were
supposed to be severely affected. To obtain an active titanosilicate MWW with
interlayer 14-MR pore channels, the insertion of titanium atoms was carried out
after the interlayer expanded structure was constructed.

Borosilicate MWW was at first swollen in the mixture of TPAOH and sur-
factant molecules CTAB at room temperature to avoid dissolving the MWW layer
structure. Compared with high-temperature swelling process, the swollen structure
obtained by low-temperature process was reversible and can be changed back to
lamellar precursor by an acid treatment, indicating this swelling process was very
mild. TPAOH molecules were used to provide the alkaline conditions and cleave
the interlayer connection of hydrogen bonding. To protect the MWW layers from
desilication, the amount of TPAOH should be well controlled. The interlayer
spacing showed a peak value of 4.5 nm when the amount of TPAOH was 2.5 g per
gram of the precursor B-MWW zeolite. An overlap between the diffraction peaks
of 101 and 102 appearing on the XRD patterns of swollen B-MWW zeolite can be
taken as the clue for the success of this low-temperature swelling process. Then,
the mixture of swollen B-MWW zeolite, 1,2-dichlorotetramethyldisilane, and
HNOj; aqueous solution was refluxed to yield interlayer expanded B-MWW zeo-
lite, denoted as IEZ-MWW(SiSi). The mechanism of silylation with dimeric
silanes was the same as that carried out with monomeric silanes. Therefore, the
amount of dimeric silane should also be well controlled to obtain an ordered
interlayer expanded structure without amorphous impurity. The layer spacing
changed from 2.8 to 3.5 nm when the amount of silanes varied from 1 to 4 mmol
per gram of swollen B-MWW zeolite. The layer spacing of the IEZ-Ti-MWW
zeolite obtained with monomeric silane was 2.75 nm and the length of Si—Si bond
was 2.332 A, indicating the most possible layer spacing of IEZ-MWW(SiSi)
zeolite should be about 3.0 nm. IEZ-MWW(SiSi) zeolite obtained with the
2 mmol silanes per swollen B-MWW zeolite possessed the most close layer
spacing with the theory value and the amount was taken as the optimal dosage
(Fig. 3.19). The extreme large layer spacing was supposed to be caused by the
condensation of the silane molecules between the interlayer spacing when excess
silane molecules were added to the silylation mixture, which was the same case as
the TEOS molecules in pillaring process. The resonance bands belonging to the
SDA molecules of HMI can be observed by '*C NMR spectra. After low-
temperature swelling process, the resonance bands assigned to HMI became
weaker because part of them were removed and some new resonance bands
assigned to CTAB molecules appeared, indicating the intercalation of surfactant
molecules. The resonance bands assigned to HMI almost disappeared and the
bands belonging to CTAB molecules were weaker after the swollen B-MWW
zeolite was subjected to silylation process. Thus, the acid washing during silylation
process can only remove part of the surfactant molecules. Besides, a new band at
round O ppm appeared after silylation, which can be attributed to the methyl
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Fig. 3.19 XRD patterns of
as-synthesized B-MWW (a),
after swelling with CTABTr at
room temperature (b), and
after silylation with CIMe,Si-
SiMe,Cl silane,
IEZ-MWW(SiSi) (c)
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groups in the silane molecules connected to the up-and-down layers. Then, the
following calcination at 723 K removed almost all the surfactant molecules in the
IEZ-MWW(SiSi) structure while a new band around —6 ppm appeared, indicating
a new C species formed upon calcination. Some of the methyl groups in silane
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molecules intercalated in the interlayer space would be calcined to hydrogen
groups, leaving (OH)(CHj3)Si(0OSi), species in the structure corresponding to the
resonance band at round —6 ppm.

After the well-ordered interlayer expanded structure with newly formed 14-MR
pore channels has been constructed, the Ti insertion was realized by a liquid—-solid
phase reaction with H,TiFg as the Ti source. With more opener reaction space,
Ti-IEZ-MWW(SiSi) showed a higher activity than both 3D Ti-MWW and IEZ-Ti-
MWW (Si) analogues with smaller interlayer pore channels especially when the
reactions involved bulky substrates like cyclohexene (Fig. 3.20). Thus, the com-
bination of pre-swelling, interlayer silylation with dipodal silane and post-
isomorphous substitution of transition metal cations would lead to promising redox
catalysts for processing bulky molecules.
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Chapter 4
Catalytic Properties of Ti-MWW
in Selective Oxidation Reactions

Abstract Ti-MWW/H,0, has formed a new catalytic system that is useful to a
variety of liquid-phase oxidation reactions such as the epoxidation of linear
alkenes, cyclic alkenes, functionalized alkenes, the ammoximation of ketones, the
oxidation of amines and sulfides, etc. Using H,/O, instead of H,O, aqueous
solution as oxidant, Au/Ti-MWW is applied in the gas-phase epoxidation of
propylene to propylene oxide. In this chapter, the catalytic properties of Ti-MWW
in these reactions will be discussed in detail in comparison to other titanosilicates.

Keywords Catalysis - Ti-MWW . Titanosilicate - Epoxidation - Ammoximation -
Selective oxidation

4.1 Overview

The discovery of TS-1 zeolite with the MFI structure by Taramasso et al., in 1983
[1], is a landmark in the heterogeneous catalysis of selective oxidation. TS-1 is the
first molecular sieve containing a redox metal cation, Ti4+, in the framework and
showing excellent activity and selectivity for many industrial important organic
selective oxidation reactions with H,O, aqueous solution. Many research evi-
dences have confirmed that tetrahedrally coordinated, isolated Ti** ions in the MFI
structure are the origin of catalytic behavior [2, 3]. Typical reactions, catalyzed by
TS-1, include epoxidation of alkene, hydroxylation of alphatic or aromatic com-
pounds, ketone ammoximation, and conversion of alkanes to alcohols and ketones
[4]. So far, there are three kinds of commercial plants using TS-1 as catalyst
known in operation, they are hydroxylation of phenol to dihydroxy benzenes [5],
ammoximation of cyclohexanone [6], and selective oxidation of propylene to
propylene oxide (PO) [7]. These successful applications have been universally
considered as a new era of green chemical industrial processes based on zeolite
catalysis. However, there are also many drawbacks within industrial applications.
The medium pore of TS-1 is too small, which restricts its application to both
substrates and oxidant with relatively small molecular size. Besides, the high cost
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of manufacturing of TS-1 catalyst is another major constraint. To overcome these
drawbacks, many titanosilicates such as TS-2 [8], Ti-Beta [9, 10], Ti-ZSM-12 [11],
Ti-MOR [12], Ti-ITQ-7 [13], Ti-MWW [14], and Ti-containing mesoporous
materials such as Ti-MCM-41 [15] and Ti-SBA-15 [16] have been prepared, and
also their catalytic properties have been investigated.

Among these catalysts, Ti-MWW is expected to be served as a candidate that is
highly active and stable. Besides 2D sinusoidal channels of 10-MR running
throughout the structure parallel to the ab-plane, the MWW structure contains an
independent channel system, which is comprised of 12-MR supercages [17, 18].
The supercages turn to be pockets or cup moieties at the crystal exterior. The
unique pore system of intracrystalline supercages and abundant pockets covering
the hexagonal faces of thin crystals have been proved to serve as an open reaction
space in many reactions. As one of the most representative lamellar zeolites, Ti-
MWW could be converted into fully delaminated material Del-Ti-MWW [19],
partially delaminated materials Ti-MCM-56 [20], interlayer-pillared material Ti-
MCM-36 [21], and interlayer-expanded material Ti-YNU-1 [22, 23] and IEZ-Ti-
MWW [24, 25]. In comparison with Ti-MWW, these titanosilicates generally
preserve the basic structure of MWW zeolite but also possess more open pores or
more accessible active sites to the reactants.

Till date, Ti-MWW shows a unique solvent effect and high catalytic activities for
the epoxidation of linear alkenes and various functional alkenes with H,O, aqueous
solution [26-33], and it is capable of catalyzing the ammoximation of ketones and
aldehydes such as methyl ethyl ketone and cyclohexanone, with a ketone conversion
and oxime selectivity both as high as 99 % [34, 35]. Moreover, Ti-MWW is extre-
mely robust and shows a longer lifetime than the conventional TS-1 catalyst in the
liquid-phase ammoximation of cyclohexanone with ammonia and hydrogen per-
oxide in a continuous slurry reactor [36]. Due to the deactivation in the ammoxi-
mation of cyclohexanone in the continuous slurry reactor, the core-shell-structured
Ti-MWW @meso-SiO, have been fabricated and exhibits significantly prolonged
lifetime in comparison to the parent Ti-MWW catalyst, which would develop a clean
process for producing cyclohexanone oxime [37]. Ti-MWW is also an efficient
catalyst in the oxidation of amines [38] and sulfides [39]. Using H,/O, instead of
H,0O, aqueous solution as oxidant, Au/Ti-MWW, which is achieved by deposition—
preposition method, is applied in the gas-phase epoxidation of propylene to PO [40].

Ti-MWW/H,O, has formed a new catalytic system that is useful to a variety of
liquid-phase oxidation reactions. In this section, the catalytic properties of Ti-MWW
in these reactions will be discussed in detail in comparison to other titanosilicates.

4.2 Epoxidation of Alkenes Over Ti-MWW

The success of TS-1 with MFI structure, in catalyzing the selective epoxidation of
various alkenes in the liquid-phase using hydrogen peroxide as an oxidant, is a
great milestone in the field of heterogeneous catalysis [41, 42]. Ti-Beta [9, 10],
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Ti-ITQ-7 [13], Ti-MCM-41 [15], and Ti-MCM-48 [43] were developed to over-
come the diffusion constraint in the application of TS-1. However, these catalysts
are still less active than TS-1 in the reaction of reactants with small molecular
diameter. On the contrary, Ti-MWW not only showed high activity in the selective
epoxidation of propylene, allyl chloride (ALC), allyl alcohol (AAL), and diallyl
ether, but also exhibited excellent activity in the epoxidation of cycloalkenes [30].
Besides, Ti-MWW showed a unique solvent effect on catalytic performance,
which is different from that of TS-1 and Ti-Beta.

4.2.1 Epoxidation of Propylene Over Ti-MWW

PO is an important bulk chemical which is widely used as the intermediate in the
production of polyurethane polyols, glycol ethers, dipropylene glycol, industrial
polyglycols, lubricants, surfactants, oil demulsifiers, and isopropanolamines, and is
also used as a solvent and soil sterilant [44, 45]. Conventional manufacturing
processes for PO are mainly chlorohydrin process, TBHP process (Halcon
method), and ethylbenzene hydroperoxide process (Shell method). The by-pro-
duction of stoichiometric amount of waste salts as well as a large quantity of
chlorine-containing water in the chlorohydrin process cause serious problems such
as equipment corrosion and environmental pollution. In the Halcon process, the
desired PO is co-produced together with fert-butanol, which appears to be the main
limitation or disadvantage of this method. The process of ethylbenzene hydro-
peroxide also cannot avoid the production of by-product like ethylbenzene, and it
suffers the disadvantage of higher energy consumption. In a word, all these PO
processes co-produce a large amount of wastewater together with organic and/or
inorganic by-products, which need to be recycled or disposed [46]. The direct
epoxidation of propylene with hydrogen peroxide to PO is thus a more attractive
route owing to the easy handling and cleanness of the process. BASF thus has
developed a TS-1/H,O,/methanol catalytic system for PO production, and has
announced its commercialization in 2009 [7, 47]. Nevertheless, this innovative
process may still be facing some drawbacks such as the zeotropic problem of
methanol and PO in routine separation, and moreover, the formation of solvolysis
by-products of glycol ethers as a result of ring-open reactions of PO with
methanol.

The liquid-phase epoxidation of propylene with H,O, aqueous solution to
produce PO have been performed over Ti-MWW and other titanosilicates with
different topology [33]. The catalytic results are listed in Table 4.1. The epoxidation
of propylene gives PO as a main product. PO undergoes further reactions such as
solvolysis and successive oxidation. As shown in Scheme 4.1, the solvolysis of PO
by alcohol or water over acid sites of titanosilicates produces glycol ethers and diol,
while the deep oxidation probably gives alcoholic hydroperoxides. Nevertheless, the
by-products detected were mainly diol and monomethyl ethers (MME). The reac-
tions were carried out in aprotic acetonitrile for Ti-MWW, Ti-Beta, and Ti-MOR,
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Table 4.1 The results of propylene epoxidation over various titanosilicates in different solvents®.
Reprinted from Ref. [33], Copyright 2007, with permission from Elsevier

No. Catalystb Solvent  Amount npo (mmol) PO selectivity® Xmo2  Umnooz
(g) (%) (%) (%)

1 Ti-MWW(@38) CH;CN  0.10 19.9 99.9 75.8 88.0

2 Ti-MWW(@38) CH;CN  0.15 23.9 99.9 83.0 94.0

3 TS-1(42) CH;CN  0.10 7.2 99.8 25.0 96.0

4 TS-1(42) CH;0H 0.15 19.7 97.8 76.4 86.0

5 Ti-Beta(76) CH;CN  0.15 0.9 90.0 5.8 49.0

6 Ti-MOR(90) CH;CN  0.15 1.1 88.0 4.0 87.0

# Conditions: H,O,, 30 mmol; solvent, 10 g; temp., 313 K; pressure, 0.25 MPa; time, 1 h
° The number in parentheses indicates the Si/Ti molar ratio
¢ Propylene glycol (PG) and its monomethyl ethers (MME) were the main by-products

while in protic solvent of methanol for TS-1. The most suitable solvent for Ti-MWW
was acetonitrile and for TS-1 was methanol. It is widely accepted that the use of
different solvents results in different active species. Species I, with a stable 5-MR
structure formed by the coordination of ROH (or H,O) to Ti centers and hydrogen
bonding to Ti-peroxo complex, is believed to be the active intermediates in protic
alcohols, whereas species Il is assumed to contribute to the oxidation of substrates in
aprotic solvents (Scheme 4.2). Under the optimum reaction conditions, Ti-MWW
showed a PO yield of 79.7 % and PO selectivity of 99.9 %. Although Ti-MWW
contained a relatively high content of boron, the originated acid sites did not show
great influence on the ring opening of PO in acetonitrile. Under the same reaction
conditions of Ti-MWW except for solvent, TS-1 showed slightly lower PO yield,

OH
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)\/0 J\ ot "
¥ )\/)
OH
+ )\/0 H
isomers

Scheme 4.1 Possible by-products produced in propylene epoxidation with H,O,
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Scheme 4.2 Five-membered ring Ti hydroperoxo intermediate proposed in the liquid-phase
oxidation

65.7 %, and PO selectivity of 97.8 %, which would be due to the unique pore system
of MWW structure favoring the adsorption and access of substrate molecules to the
Ti active sites. Ti-Beta and Ti-MOR exhibited much less active and selective than
Ti-MWW and TS-1. The lower activity of Ti-Beta was found to be caused by a high
density of connectivity defects, resulting in extreme hydrophilic properties.
Although Ti-MOR had 12-MR pore, the large crystals as well as one-dimensional
channels hinder the diffusion of reactants to active sites.

To investigate the solvent effect on the propylene epoxidation over Ti-MWW,
the solvent of CH5;CN, acetone, CH;OH, 1,2-dichloroethane, DMF, THF, 1,4-
dioxane, and water have been used in this reaction [33]. The catalytic results are
listed in Table 4.2. As reported previously, the most suitable solvent for the
epoxidation of alkene over TS-1 is protic solvent of methanol. However, methanol
and product PO are difficult to separate because they have similar boiling point and
can easily form zeotropic compounds. Moreover, the protic solvent of methanol
easily leads to the ring-opening reactions of PO to produce glycol ethers, which
would decrease the selectivity of PO. However, the most suitable solvent for the
epoxidation of propylene over Ti-MWW is aprotic solvent of CH3;CN. The PO
yield of Ti-MWW decreased in the order of CH3;CN > acetone ~ 1,2-
dichloroethane > CH;0OH > H,0 > THF > DMF.

The stability and reusability of Ti-MWW in the liquid-phase propylene epox-
idation was compared with that of TS-1 (Fig. 4.1) [33]. The catalytic reactions
were carried out in CH3CN for Ti-MWW and in methanol for TS-1, respectively.
The used catalyst was regenerated by washing with acetone and drying at 393 K
and then used repeatedly in the next epoxidation reactions. After fourth runs, the
activity of propylene epoxidation decreased to 0.08 for Ti-MWW and 0.06 mol-
PO (cat™® h)~' for TS-1. But the catalytic activity decreased more quickly in the
case of TS-1, probably because the methanol cause the solvolysis of PO to sub-
stances with higher boiling points such as propylene glycol (PG) and its MME.
The by-products would cover the active sites to form coke and then lead to pore-
blocking, which caused the deactivation of the catalyst more easily. In the case of
Ti-MWW, the element analysis and the UV-visible spectrum of the fifth reused
catalyst indicated that the nature of Ti sites did not change during the catalytic
reactions [33]. After calcination, the activity was restored to the level of fresh
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Table 4.2 Effect of solvent on liquid-phase propylene epoxidation over Ti-MWW?®. Reprinted
from Ref. [33], Copyright 2007, with permission from Elsevier

Solvent npo (mmol) PO selectivityb (%) X202 (%) Unnoz (%)
CH;CN 23.9 99.9 83.0 94.0
Acetone 8.6 96.0 38.7 74.0
CH;0H 5.1 96.0 35.8 48.0
1,2-Dichloroethane 8.2 97.4 38.6 71.0
DMF 0.8 47.8 5.28 454
THF 34 99.4 11.5 99.1
H,O 4.2 98.0 26.4 52.4

# Reaction conditions: cat., 0.15 g; H,O,, 30 mmol; solvent, 10 g; pressure, 0.25 MPa; time, 1 h;

temp., 313 K

® Propylene glycol (PG) and its monomethyl ethers (MME) were the main by-products

Fig. 4.1 The reuse of
Ti-MWW and TS-1 in PO
production. The used catalyst
was regenerated by acetone
washing and then drying at
353 K, except for No. 5
which was further calcined at
823 K. Reprinted from

Ref. [33], Copyright 2007,
with permission from
Elsevier
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sample for both catalysts, indicating that the deactivation is due to the pore
blocking by high boiling substance, which could be removed by calcination to

regenerate the catalysts.

4.2.2 Unique Trans-Selectivity of Ti-MWW in Epoxidation
of Cis/Trans-Alkenes with Hydrogen Peroxide

In the epoxidation of lower olefins, Clerici et al. reported that TS-1 was capable of
producing epoxy derivatives with cis-configuration by starting from a mixture of
alkenes containing cis/trans mixture of hex-2-enes [48]. The cis-selectivity of
TS-1 is attributed to the higher reactivity of cis isomer in the epoxidation of
various Cy4 olefins. This result conflicts with the shape-selectivity because the cis-
isomer with relatively larger molecular size is expected to be less active than the
trans-isomer. However, in the case of Ti-MWW, the catalytic feature in the
epoxidation of olefinic stereoisomers is totally opposite [27, 49]. Ti-MWW
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exhibits a singularity never observed on conventional titanosilicates, that it
selectively epoxidizes the trans-isomer to give a selectivity of ca. 80 % for cor-
responding trans-epoxide from an alkene mixture with a cis/trans ratio of 50:50.

The epoxidation of hex-2-ene isomers with a cis/trans ratio of 41:59 was
conducted over titanosilicates with various structures with hydrogen peroxide
(Table 4.3). The products were 2,3-epoxyhexanes with both cis- and trans-con-
figurations, and diols formed from a successive hydrolysis of epoxides over acid
sites. A small amount of diol was obtained, especially for Ti-Beta, owing to the
rather strong acidity relating to the framework Al. Both Ti-MCM-41 and amor-
phous SiO,-TiO, exhibited high selectivity for diols due to the presence of silanol
groups. Ti-Y, prepared by post-treating Y zeolite with TiCl, vapor, contained a
large amount of silanol groups on the Al-deficient sites, thus also showed high
selectivity for diols. These acidic silanol groups contributed to the hydrolysis of
epoxides to diols. Ti-MWW showed the highest specific catalytic activity and
higher efficiency in H,O, utilization. It is interesting that Ti-MWW exhibited an
extremely high selectivity for the epoxide with trans-configuration, while TS-1,
TS-2, and Ti-MOR produced the cis-isomer more selectively.

The unique performance of Ti-MWW has been observed not only for hex-2-
enes but also for other olefins such as 2-heptenes, 3-heptenes, and 2-octenes [27,
49]. Although the epoxidation activity decreased in the order of 2-heptenes, 3-
heptenes, and 2-octenes, because of increasing steric constraint effect, the trans-
selectivity for corresponding epoxide remained at high level. These phenomena
further confirmed that Ti-MWW has a unique behavior in the epoxidation of cis/
trans-alkene.

To confirm whether the unique frans-selectivity of Ti-MWW is due to a result
of external factors, the epoxidation of hex-2-enes has been carried out in different
solvents. Ti-MWW exhibited the highest catalytic activity in MeCN, but low

Table 4.3 Epoxidation of hex-2-ene isomer with hydrogen peroxide over various titanosili-
cates®. Reprinted from Ref. [27], Copyright 2002, with permission from American Chemical
Society

Catalyst Si/Ti  Conversion/  Selectivity/ Selectivity/ ~ H,O»/
mol % mol % mol % mol %

Epoxide Diols cis trans Conversion Efficiency

Ti-MWW 46 50.8 99 I 98 1 551 92
TS-1 42 29.1 96 4 66 34 325 89
TS-2 95 13.6 96 4 67 33 18.0 77
Ti-Beta 40 159 91 9 73 27 358 45
Ti-MOR 79 2.6 99 1 52 48 39 66
Ti-Y 43 3.8 40 60 55 45 84 46
Ti-MCM-41 50 3.1 36 64 62 38 210 15
Si0,-TiO, 85 0.8 37 63 61 39 76 10

 Catalyst, 50 mg; hex-2-enes (cis/trans = 41:59), 10 mmol; H>O,, 10 mmol; MeCN, 10 mL;
temp., 333 K; time, 2 h



70 4 Catalytic Properties of Ti-MWW

activity in the protic solvent such as alcohols and H,O. This behavior was opposite
to that of TS-1, which prefers the protic solvents. Although the conversion rate for
hex-2-enes varied in different solvents, the selectivity for trans-epoxide was
slightly changed and maintained in the range of 73-83 % [27, 49].

Ti-MWW exhibited a unique selectivity for trans-configuration product, which
was not observed on other titanosilicates in the epoxidation of cis/trans-alkenes
with H,O,. To account for the reason, mechanistic investigation was carried out to
clarify it [27]. Firstly, the liquid-phase adsorption of cis/trans-hex-2-ene was
compared among Ti-MWW, TS-1, and Ti-Beta. TS-1 with medium pore showed
higher adsorption capability than Ti-MWW and Ti-Beta owing to its hydropho-
bility framework, but adsorbed more selectively to the trans-isomer. Ti-MWW and
Ti-Beta adsorbed two isomers almost nonselectively. If the diffusion was the rate-
determining step in the epoxidation, TS-1 would show a higher activity for the
trans-isomer to give a higher selectivity for the trans-epoxide than Ti-MWW and
Ti-Beta. Therefore, the stereoselectivity of titanosilicates is hardly ascribed to the
adsorption and diffusion of reactants.

It is necessary to confirm what reaction space of MWW zeolite is involved in
the epoxidation of linear alkenes. The epoxidation of hex-2-enes was carried out in
the presence of various poisons with different molecular sizes. Tripropylamine
(TPA), which is able to enter both channels and open cages of MWW structure due
to its small molecular size, reasonably poisoned all the Ti sites to deactivate Ti-
MWW dramatically. On the other hand, bulky poisoning reagents of 2,4-dimeth-
ylquinoline (DMQ) and triphenylamine (TPhA) are considered to be too large to
enter 10-MR channels of both MFI and MWW structures and selectively poison
the active sites existing on external surface, and thus selectively block the Ti sites
located in open space such as external cups. The results indicated that the DMQ
and TPhA have little negative impact on the catalytic activity. Therefore, it can be
concluded that the Ti sites within the cups on the external surface contribute little
to the epoxidation of linear alkenes. However, it should be noted that Ti-MWW
was lacking Ti species on the external surface due to serious acid treatment during
preparation and thus showed negligible activity derived from the external cups.

The hypothesis was further confirmed by the epoxidation with the bulky oxidant
TBHP (Table 4.4). TBHP would interact with Ti active sites to form the inter-
mediate Ti alkylperoxo species (Ti-OOC(CHs3)3). This bulky intermediate would
retard the epoxidation due to significant steric constraint. As a result, both Ti-
MWW and TS-1 showed low activity in the epoxidation of hex-2-enes, when using
TBHP as an oxidant. Ti-Beta with three-dimensional 12-MR channels turned out
to be the most active catalyst. However, it is interesting that the product selectivity
greatly differed from what was observed when using H,O,. The product selec-
tivity, obtained by TS-1, indicated that the Ti species on the external surface of
TS-1 are nonstereoselective. Ti-Beta still remained its cis-selective behavior
irrespective of the oxidant and even made this selectivity more pronounced. This
was because the epoxidation by TBHP was still able to occur within the large
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Table 4.4 Epoxidation of hex-2-ene isomers with TBHP over various titanosilicates”. Reprinted
from Ref. [27], Copyright 2002, with permission from American Chemical Society

Catalyst  Catalyst Si/Ti Conversion/ Product Epoxide = TBHP/mol %
amount/g mol % selectivity/ selectivity/
mol % mol %

Epoxides Diols cis trans Conversion Efficiency

Ti-MWW 0.1 64 1.6 100 0 70 30 2.2 74
Ti-MWW 0.5 64 8.0 99 1 70 30 9.5 84
TS-1 0.5 42 3.1 99 1 47 53 3.6 85
Ti-Beta 0.1 40 144 98 2 93 7 16.7 86

* Hex-2-enes (cis/trans = 41:59), 10 mmol; TBHP (70 wt %), 10 mmol; MeCN, 10 ml; temp.,
333 K; time, 3 h

channels characteristic of cis-selective nature. In the case of Ti-MWW, the use of
TBHP changed Ti-MWW into a catalyst of cis-selectivity nature. As shown in
Scheme 4.3, bulky TBHP restricted the reaction to the external surface, that is,
mainly within the cups. Obviously, the cis-isomer having stereo-fitting with the
cups would approach the Ti species, if located in the bottom of cups, more easily
than the trans-isomer, resulting in high cis-selectivity. Therefore, the cups are
considered to serve as reaction spaces to contribute the cis-selectivity.

The trans-selectivity of Ti-MWW is believed to originate from its 10-MR
channels. The 10-MR system is defined by 2D sinusoidal channels restricted by an
elliptical aperture of 4.0 * 5.9 A [14]. The Ti peroxo species of five-membered
cyclic structure may cause significant transition-state restriction especially within
elliptical channels. The frans-alkenes would suffer less diffusion and hindrance than
cis-alkenes, resulting in a higher epoxidation rate. As shown in Scheme 4.4, the
special shape of 10-MR channels of MWW is more suitable to promote the epox-
idation of trans-isomers. The channels of TS-1 and Ti-Beta are round in shape and
relatively larger than the 10-MR channels of MWW structure in dimension. These
channels are too large to impose steric hindrance on cis/trans-alkenes [27, 49].

Scheme 4.3 12-MR side
cups of Ti-MWW favor the
expodixation of cis-alkenes.
Reprinted from Ref. [27],
Copyright 2002, with /
permission from American Sinusoidal
Chemical Society 10-MR channel

10-MR channel
with supercages

Supercage
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4.2.3 Selective Liquid-Phase Oxidation of Cyclopentene
Over Ti-MWW

Owing to the unique structural properties, Ti-MWW has been proved to be active
and selective in the epoxidation of linear alkenes and also exhibits an extremely
high trans-stereo selectivity in the epoxidation of olefinic geometrical isomers.
Besides, the cycloalkene epoxides with bulky molecular size are also important
chemical intermediates in pharmaceutical and fragrant industry, such as cyclo-
pentene epoxide. Therefore, the catalytic behavior of Ti-MWW in the epoxidation
of cycloalkene, such as cyclopentene, using H,O, or TBHP as oxidant have been
checked and compared with other titanosilicates, such as TS-1 and Ti-Beta [30].
As we have known, the catalytic reaction involved larger substrate molecules
required more open reaction space. Thus, two kinds of Ti-MWW have been
prepared. The catalyst, prepared through acid treatment of Ti-MWW lamellar
precursor and drying, is denoted as Ti-MWW-dry. The sample that was further
calcined in air to remove organic species totally is denoted as Ti-MWW-cal.
Obviously, the former has more open reaction space than the latter. The acid
treatment removed a part of boron together with some structure directing agent of
piperidine intercalating the sheet, causing the formation of T-O-T linkage bonds
partially between the layers. Further, calcination of the acid-treated sample led to
the complete removal of the organic species. The interlayer dehydroxylation
induced a structural change essentially along the c-axis. The formation of ordered
linkages between the sheets constructed the 10-MR pores connected to the su-
percages, which are expected to be not so accessible as uncalcined samples.
Cyclopentene was epoxidized over three kinds of titanosilicates by H,0O, in
several representative solvents (Table 4.5). Besides cyclopentene oxide, the
products due to the solvolysis of epoxide and allylic oxidation were also observed.
Ti-MWW-dry was capable of giving cyclopentene conversion of 25.3 % and
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Table 4.5 Epoxidation of cyclopentene over titanosilicates with H,O, as an oxidant®. Reprinted
from Ref. [30], Copyright 2006, with permission from Elsevier

Catalyst Conversion/mol % Selectivity/mol %
OH (0] OH OR
e O O
OH OH

CH;CN

Ti-Beta 9.9 61.1 8.1 20.0 10.8 0

TS-1 13.3 91.8 1.9 53 1.0 0
Ti-MWW-dry 25.3 92.9 32 1.5 2.4 0
Acetone

Ti-Beta 9.0 63.2 8.9 18.2 9.7 0

TS-1 10.3 72.6 8.8 17.0 1.6 0
Ti-MWW-dry 17.5 91.8 43 2.8 1.1 0
CH;0OH

Ti-Beta 11.9 37.3 5.7 6.5 4.0 46.1

TS-1 16.1 70.6 2.8 33 2.6 20.7
Ti-MWW-dry 25.4 69.2 2.7 2.6 1.8 23.7
C,HsOH

Ti-Beta 11.8 355 2.8 4.8 339 23.0
TS-1 14.3 52.8 12.9 6.3 20.3 1.7
Ti-MWW-dry 12.6 91.2 1.7 53 1.8 0

4 Reaction conditions: cat., 50 mg; cyclopentene, 10 mmol; H,O,, 10 mmol; solvent, 10 mL;
temp., 313 K; time, 2 h. The Si/Ti ratio was 35 for Ti-Beta, 48 for TS-1 and 34 for Ti-MWW-dry,
respectively

cyclopentene oxide selectivity of 92.9 % in the aprotic solvent of MeCN, while it
showed somewhat lower catalytic activity in the solvents of acetone and ethanol.
Although comparable, high cyclopentene conversion was obtained in methanol for
Ti-MWW-dry, low cyclopentene selectivity (69.2 %), due to the solvolysis of
epoxide, was also observed. Since Ti-Beta containing a high portion of hydroxyl
groups in the framework, the ring opening due to the acid-catalyzed hydrolysis of
oxide occurred more easily independent of the solvents adopted. TS-1 showed a
relatively high conversion for cyclopentene, but accelerated greatly the solvolysis
of the oxide. Thus, Ti-MWW-dry has been proved to be a promising catalyst for
the epoxidation of cyclopentene.

Nevertheless, it should be noted that the activity of Ti-MWW depends greatly
on the post-treatment conditions, particularly the calcination. More open reaction
space could be available in Ti-MWW-dry, which allows the substrate with rela-
tively bulky molecular sizes reach the Ti active sites more easily. The difference
between Ti-MWW-dry and Ti-MWW-cal was observed by conducting the
cyclopentene epoxidation over a series of catalysts with various Ti contents. The
conversion of cyclopentene increased reasonably with increasing Ti content for
both kinds of Ti-MWW when the reactions were carried out with HO, under the
same conditions. It was observed clearly that Ti-MWW-dry was superior to
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Fig. 4.2 Liquid-phase
adsorption of cyclopentene
on Ti-MWW1-dry and Ti-
MWW -cal (b). The inset
shows the change of
adsorption amount at the
initial stage. Adsorption
conditions: adsorbent, 0.1 g;
2 wt % cyclopentene in
1,3,5-triisopropyl benzene,
2 g; temp., 273 K. Reprinted
from Ref. [30], Copyright
2006, with permission from ) 0 10 20 30
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Ti-MWW-cal at the same level of Ti content. The selectivity to cyclopentene
epoxide was generally higher than 90 % on both Ti-MWW catalysts.

The liquid-phase adsorption of cyclopentene was carried out in a solvent of
TIPB, which is considered not to adsorb into 12-MR pores of zeolites because of a
large molecular dimension. As the adsorption results in Fig. 4.2, Ti-MWW-dry
adsorbed cyclopentene more rapidly than Ti-MWW-cal within a short time. But
Ti-MWW-cal showed an adsorption capacity about 1.5 times that of Ti-MWW-dry
after the cyclopentene adsorption amount leveled off. In the case of Ti-MWW-dry,
the acid treatment would effectively remove the extra framework Ti species
together with PI molecules intercalating the MWW sheets. Meanwhile, the
interlayer entrance is kept open and penetrated easily by bulky molecules such as
cyclic alkenes, which subsequently made the tetrahedral Ti active sites available to
the oxidation reaction. As a result, Ti-MWW-dry with larger pore was superior to
the calcined catalyst in the oxidation of cyclic alkenes.

Table 4.6 A comparison of cyclopentene epoxidation with H,O, or TBHP over various tita-
nosilicates®. Reprinted from Ref. [30], Copyright 2006, with permission from Elsevier

No. Catalyst Oxidant  Conversion/mol %  Selectivity/mol %

Epoxide Diol  Allylic oxidation®

1 Ti-MWWl1-dry H,0, 24.5 92.9 24 4.7
2 Ti-MWWl-cal H,O, 13.4 88.7 6.0 53
3 Ti-MWWI1-dry TBHP 234 92.9 0.1 7.0
4 Ti-MWW1-cal TBHP 53 88.7 1.5 9.8
5 Ti-Beta H,0, 9.9 61.1 10.8  28.1
6 Ti-Beta TBHP 9.6 57.0 0 43.0
7 TS-1 H,0, 133 91.8 1.0 6.2
8 TS-1 TBHP 3.7 329 0 67.1

# Reaction conditions: cat. 50 mg; cyclopentene, 10 mmol; oxidant, 10 mmol; MeCN, 10 mL;
temp., 313 K; time 2 h
® Products of allylic oxidation
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The importance of the large pore of Ti-MWW-dry in the oxidation reaction
involving large molecules has been further confirmed by the cyclopentene epox-
idation with H,O, or TBHP as an oxidant. In comparison to H,O,, TBHP with
bulky molecular dimension greatly retarded the catalytic activity of Ti-MWW-cal,
whereas Ti-MWW-dry showed comparable conversion for both oxidants
(Table 4.6). The oxidant used has little effect on the catalytic performance of Ti-
Beta, while the medium pore TS-1 was much less active with bulky TBHP as it
proposed serious steric restriction.

4.2.4 Highly Efficient and Selective Production of Glycidol
Through Epoxidation of Allyl Alcohol with H,0,

As discussed previously, taking advantages of this structural diversity, Ti-MWW
has been proved to be active for the epoxidation of linear alkenes and cyclic
alkenes as well. The unusual catalytic performance of Ti-MWW suggested that it
may serve as a potential catalyst for the oxidation of functionalized alkenes.

Glycidol (GLY) is industrially produced by the epoxidation of AAL with H,O,,
hypochlorous acid, or peracetic acid [50]. Among various oxidants, hydrogen
peroxide is the most environmentally benign one, which requires to be catalyti-
cally activated. The conventional tungstate catalyst suffers from many problems
such as activity, regeneration, and stability. TS-1 has been used as the catalyst in
the epoxidation of AAL to GLY [48, 51-53]. However, the initial reaction rate for
AAL epoxidation was reported to be about 30 times slower than the rate of 1-
butene epoxidation. High selectivity to GLY was only observed when dilute H,O,
solution (5 wt %) was used. The low GLY selectivity was mainly due to the
consecutive hydrolysis or solvolysis of intermediate GLY on the residual acid sites
of TS-1. Moreover, the selectivity of GLY decreased from 100 to 2 % when the
AAL conversion increased from 3 to 100 %, especially in the presence of alco-
holic solvents of methanol or ethanol preferred by TS-1. Therefore, TS-1 cannot
maintain a favorable balance between AAL conversion and GLY selectivity.

The catalytic properties of Ti-MWW in the epoxidation of AAL with H,O, to
GLY has been studied in detail. As shown in Scheme 4.5, the main product of the
epoxidation of AAL is GLY, which may be hydrolyzed to glycerol through the
ring opening reaction because aqueous H,O, solution is used as an oxidant.
The by-products of glycerol ethers may form due to the solvolysis of GLY when
alcohols are used as solvent. Both the hydrolysis and solvolysis of GLY are due to
the acidic character of titanosilicates derived from the silanol groups and the
additional bridging hydroxyls of trivalent cations coexisting with Ti in the
framework. Generally, the solvent has significant influence on the intrinsic activity
of Ti species and product distribution in the AAL epoxidation.

Table 4.7 compares the catalytic performance of Ti-MWW with that of TS-1
and Ti-Beta for AAL epoxidation in various solvents. Ti-MWW showed highest
AAL conversion, high GLY selectivity, and high efficiency for H,O, utilization in
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Scheme 4.5 Product distribution in AAL epoxidation. Reprinted from Ref. [28], Copyright
2003, with permission from Elsevier

MeCN and H,0. The epoxidation of AAL was greatly retarded in the protic
solvents of alcohols and also in the aprotic solvents of acetone and dioxane. As
reported previously, the solvents alcohols play important roles in the formation of
a stable five-membered cyclic intermediate species and stabilization of the Ti-
hydroperoxo complex by the coordination of the protic molecule, ROH, to the Ti
center through hydrogen bonding (Scheme 4.2). This species formed in the
channels would gradually impose a steric hindrance on the substrates when ROH
becomes bulky. Indeed, the AAL conversion slightly decreased in the order of
MeOH > EtOH > 1-PrOH. Besides the influence on the catalytic activity, the
protic alcohols caused the opening of the oxirane ring to greatly reduce the
selectivity of GLY. On the other hand, TS-1 exhibited comparable AAL conver-
sion in the protic solvents with relatively small molecular size such as H,O and
MeOH, and aprotic acetone. In contrast to Ti-MWW, TS-1 showed lower con-
version in the epoxidation of AAL. It is obvious that TS-1 is much less effective in
the epoxidation of AAL than Ti-MWW for both the activity and selectivity for
GLY. In the case of Ti-Beta, very low AAL conversion was observed irrespective
in protic solvents or aprotic solvents, and the GLY selectivity was much higher in
MeCN than in the protic alcohols, probably because the basic MeCN may poison
the Brgnsted acid sites of Ti for the ring opening of epoxide. Considering that the
Beta zeolite contains a concentration of acidic silanol groups too high at structural
defect sites, lower activity of Ti-Beta should be ascribed to its hydrophilic char-
acter despite the Al-free form.

The extraordinarily high activity of Ti-MWW in the AAL epoxidation must be
closely related to the unique crystalline structure of MWW topology. Selective
poisoning of the Ti active sites with amines of different molecular sizes have been
carried out to determine which part of Ti sites contribute more to the AAL
epoxidation (Table 4.8) [28]. The poisoning reagents TPA and TPhA were used
with different molecular sizes. The TPA with relatively small molecular size
believed to reach all the Ti sites, and then deactivated Ti-MWW completely as
expected. Nevertheless, TPhA with relatively large molecular size cannot go into
the channels of MWW structure, and thus only deactivated the Ti active sites
located at outer surface of Ti-MWW catalyst. The coexistence of TPhA had little
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Table 4.8 Poisoning epoxidation of AAL over Ti-MWW?®. Reprinted from Ref. [28], Copyright
2003, with permission from Elsevier

Poisoning reagent Conversion/mol % Product selectivity/mol %  H,O,/mol %

GLY Glycerol Conversion Efficiency
None 92.6 99.5 0.5 93.7 98.8
TPA 1.3 87.7 12.3 - -
TPhA 914 99.6 04 94.8 96.5

* Ti-MWW (Si/Ti = 38), 70 mg; AAL, 10 mmol; H,O,, 10 mmol; MeCN, 5 ml; amine,
2 mmol; temp., 333 K; time, 0.5 h

influence on the AAL conversion when compared to the nonpoisoning epoxida-
tion. As Ti-MWW was prepared through severe acid washing toward the lamellar
precursor, the acid treatment would selectively remove the Ti species on the
external surface of the layers and then deeply decrease the Ti concentration within
the side cups and supercages consisting of two cups [14]. Thus, it is assumed that
the extreme high activity for the AAL epoxidation mainly originates from the
intralayer 10-MR channels containing no supercages.

The reason of high GLY selectivity achieved on Ti-MWW should be taken into
account. The outstanding oxidation activity may increase the epoxidation rate to a
high level within a short time before significant solvolysis occurs. Alternatively,
Ti-MWW may contribute little to the acid-catalyzed solvolysis. Concerning this
issue, the hydrolysis of GLY has been carried out and the acidity of Ti-MWW,
TS-1, Ti-Beta and Ti, Al-Beta has been characterized with NH3-TPD [28]. Both
TS-1 and Ti-MWW exhibited comparably low conversion of GLY to glycerol. The
GLY conversion was slightly higher for Ti-Beta and much higher for Ti, Al-Beta.
These results suggested that the weak acid sites in TS-1 and Ti-MWW had little
influence on the GLY solvolysis. The degree of GLY solvolysis increased with the
concentration of acid sites in the catalyst framework. The results of NH3-TPD
further confirmed the above results. Nearly defect-free TS-1 reasonably contained
no acid sites, while Ti, Al-Beta had both weak and strong acid sites. These two
kinds of acid sites were presumably attributed to the silanols at defect sites and
framework Si(OH)AI groups, respectively. Pure silica Ti-Beta showed a low
temperature peak, the same as the Ti, Al-Beta, with slight decrease in intensity. Ti-
MWW contained some acid sites, weaker in strength and lesser in amount than pure
silica Ti-Beta. The acid sites of Ti-MWW were mainly related to the framework B.
Based on the above results, the acid sites of Ti-MWW are too weak to promote the
hydrolysis or solvolysis of GLY effectively to yield corresponding glycerol and its
derivatives. It is possible to completely remove the acidity related to B by repeating
acid treatment on Ti-MWW, but it seems not necessary for AAL epoxidation.

4.2.5 Selective Epoxidation of Diallyl Ether with H,0,

The success in AAL epoxidation encouraged us to search for other applications of
Ti-MWW in synthesizing oxygenated chemicals containing functional groups.
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Allyl glycidyl ether (AGE) is an active monomer with high additional value which
is useful as a diluting agent in synthesizing epoxy resins and alkyd resins, also
used as an important stabilization agent for resins and agrichemicals [54]. AGE is
mainly produced from the dehydrohalogenation between AAL and epichlorohy-
drin (ECH), which is synthesized from a stoichemical reaction of AAL and
chlorine via the chlorohydrine. This process lacks greenness as it coproduces a
large amount of unnecessary by-products. New synthesis methods based on het-
erogeneous catalysts are required to replace the old ones to improve the above-
mentioned drawbacks in the AGE synthesis.

Thus, Ti-MWW and conventional TS-1 catalyst were applied in the epoxidation
of DAE in the presence of various solvents [29]. The epoxidation of DAE showed a
relatively complicated product distribution as DAE contains two C=C bonds and
underwent decomposition partially during the reaction, and furthermore the sol-
volysis reactions depending on the solvents used were also involved in the reaction.
After identifying all the products by GC-MS and using authentic chemicals, the
reaction pathways were clarified as depicted in Scheme 4.6. The main product of
the DAE epoxidation is AGE, which can be successively oxidized to diglycidyl
ether (DGE). Acid-catalyzed reactions also take place with AGE: (1) it is hydro-
lyzed at the ether group to form AAL and GLY; (2) its oxirane ring undergoes the
solvolysis to produce ring-opening products when water (also existing in aqueous
H,O, solution), alcohol, and acetone are used as solvents. The reaction pathways of
DAE firstly hydrolyzed to AAL and then oxidized to GLY are also possible.
Theoretically, GLY can be further hydrolyzed to glycerol. Nevertheless, the
amount of glycerol was negligible, because of trace concentration of GLY.

Table 4.9 compares the catalytic results of Ti-MWW with that of conventional
TS-1 for the DAE epoxidation in various solvents. To compare the product
selectivity at a similar DAE conversion, the catalytic reactions were carried out at
different conditions for Ti-MWW and TS-1, since the former was much more

o (0] o (0] o 0
(0) (0}
Diallyl ether (DAE) Allylglycidyl ether (AGE) Diglycidyl ether(DGE)
N H,0
[H'] [H']
[H*] o OH
OH =~
L O
ROH o OH
Allyl alcohol (AAL) )j\ Glycerin allyl ether
[O]

o/\/

[0}

(e} o~ \/I\\ (0] [¢]
Glycidol Solvolysis products

Scheme 4.6 Product distribution in DAE epoxidation. Reprinted from Ref. [29], Copyright
2004, with permission from Elsevier
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active. Ti-MWW showed highest DAE conversion, similar AGE selectivity, and
high H,0, efficiency in MeCN and acetone, indicating both the solvents were
suitable for Ti-MWW in the DAE epoxidation. The main by-product was DGE
(25-29 %), while the amount of by-products derived from the solvolysis of AGE
were very low. The phenomenon that the aprotic solvent of MeCN with weak
basicity favored the oxidation of functionalized alkenes for Ti-MWW is similar to
the solvent effect on the epoxidation of simple alkene as reported previously [26].
However, Ti-MWW showed low catalytic activity in the presence of protic sol-
vents of water and alcohols and also in the aprotic solvent of dioxane. Water has
been verified to be similarly efficient as MeCN for the epoxidation of AAL over
Ti-MWW [28]. The difference between DAE and AAL is probably due to their
different solubility in water, since the former is almost immiscible with water
while the latter is totally soluble in water. The solvent effect involving water and
alcohols was once assumed to be related to a stabilized five-membered cyclic
intermediate species [48, 55]. The larger the dimension of these intermediate
species has, the more serious the steric hindrance is. Thus, the DAE conversion
decreased slightly in the order of H,O > MeOH > EtOH. Besides, the protic
solvents of alcohols would cause the solvolysis of AGE. In the case of DAE
oxidation over Ti-MWW in MeOH, the by-products consisted of 80 % solvolysis
product of AGE by MeOH, 15 % glycerin allyl ether, and 5 % AAL and GLY.

MeOH and acetone turned out to be the suitable solvents for TS-1 in the
epoxidation of DAE, giving DAE conversion of around 40 %. However, both
acetone and MeOH promoted the solvolysis of AGE, resulting in the oxirane ring-
opening products over 8 %. MeCN, the most suitable solvent for Ti-MWW,
showed somewhat lower conversion in the epoxidation of DAE. EtOH retarded the
reactivity of TS-1, which was simply assumed to be the result of forming bulky
and sterically restricted species as shown in Scheme 4.2. Besides, the utilization of
H>O, on TS-1 observed was lower in comparison with Ti-MWW. Considering that
the epoxidation of DAE was carried out under much weaker reaction conditions
for Ti-MWW, the catalytic results proved that Ti-MWW was obviously more
effective than TS-1 in catalytic activity, epoxide selectivity, and H,O, efficiency
when choosing MeCN or acetone as a solvent.

The epoxidation of DAE consists of many reaction pathways, among which the
consecutive oxidation of AGE to DGE is the main side reaction. From the
viewpoint of producing AGE selectively, which is demanded in industrial and
commercial applications, it is important to consider the issue of consecutive
oxidation and propose some ideas for the selective production of AGE. To
investigate the possibility of producing AGE selectively, the DAE oxidation was
compared with the AGE oxidation using different amount of Ti-MWW [29]. It is
clear that the reaction rate of DAE oxidation is much higher than that of AGE
oxidation, probably because DAE with two C=C bonds have more chance to reach
at Ti active sites in comparison with AGE. The other reason may be related to the
hydrophilicity/hydrophobicity nature between DAE and AGE. DAE with more
hydrophobicity may be easier than AGE to adsorb in the relatively hydrophilic Ti-
MWW catalyst, and the subsequent epoxidation occurs quickly. This big
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Fig. 4.3 Dependence of product yields on the DAE conversion on Ti-MWW (a) and TS-1 (b) at
333 K. Representative reaction conditions: 50 mg and 0.5 h for Ti-MWW; 200 mg and 1.5 h for
TS-1. Reprinted from Ref. [29], Copyright 2004, with permission from Elsevier

difference in oxidation rate between DAE and AGE would make the selective
production of AGE possible.

Figure 4.3 summarizes the dependence of product yield on the DAE conversion
when the DAE epoxidations were carried out over Ti-MWW and TS-1. It should
be noted that much more amount of catalyst and longer reaction time were needed
in the DAE epoxidation over TS-1. The dotted line indicates the formation of AGE
at a selectivity of 100 %. Both Ti-MWW and TS-1 showed similar profiles for the
formation of AGE and DGE. The amount of AGE decreased with the reaction
time, because of the consecutive oxidation of AGE to DGE. The results suggested
that the high selectivity of AGE could be obtained, if the reaction rate was con-
trolled at low level.

4.2.6 Epoxidation of 2,5-Dihydrofuran to
3,4-Epoxytetrahydrofuran

3,4-Epoxytetrahydrofuran (3,4-ETHF) is a useful intermediate in various chemical
synthesis. It gives linear polymers with inherent viscosity and good hydrophilicity
[56], serves as an important substrate for new desymmetrisation methodologies
[57, 58], and provides a useful building block of tetrahydrofuran ring in phar-
maceutical synthesis [59, 60]. At present, 3,4-ETHF is synthesized mainly through
noncatalytic oxidation of 2,5-dihydrofuran (2,5-DHF) with peracids such as
m-choloperbenzoic acid (CPBA) and trifluoroperacetic acid [61], and also using
urea hydrogen peroxide together with phthalic anhydride [59]. All the methods
suffer the disadvantages of production of a large quantity of toxic by-products,
slow reaction rates, low product selectivity, and difficulty in product separation.
The chlorohydrins method and an alternative way have also been applied to the
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synthesis of 3,4-ETHF, which are not environmentally benign because poisonous
and corrosive halogens are involved in both the reactants and by-products. The TS-
1/H,0O, catalytic system has been attempted in the epoxidation of 2,5-DHF [62].
Although it could give high conversion of 2,5-DHF, the 3,4-ETHF selectivity is
somewhat low (70-80 %) due to the solvolysis of 3,4-ETHF in the solvent of
methanol. Thus, Ti-MWW/H,0, catalytic system was applied in the epoxidation
of 2,5-DHF with hydrogen peroxide aqueous solution, attempting to solve the
problems encountered in the conventional methods [32, 63].

As depicted in Scheme 4.7, the possible reaction pathways of the 2,5-DHF
epoxidation could be classified into two parts: the first pathway is the oxidation
taking place on the C=C bond to form 3,4-ETHF, which probably undergoes
consecutive solvolysis in the presence of aprotic solvents such as alcohols and
water. The acid sites of titanosilicates would contribute to the solvolysis of 3,4-
ETHEF to produce by-products. The acid sites including the silanols on defect sites,
titanols, and Ti hydroperoxo species form as a result of the interaction of H,O,
with framework Ti. The second pathway is related to the reactions mainly
occurring on the allylic position, in which both the oxidation and solvolysis are
also involved. A direct bond formation between alcohol oxygen and carbon at

o ]3

3,4-ETHF ROH
HO Solvolysis

o

D bo—

Q

$ G

Scheme 4.7 Product distribution of 2,5-DHF epoxidation. Reprinted from Ref. [63], Copyright
2006, with permission from Royal Chemical Society
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allylic positions of 2,5-DHF to corresponding ether by-products was also con-
firmed to occur. Therefore, the products of 2,5-DHF epoxidation could be sorted
into three parts such as 3,4-ETHF, solvolysis products of 3,4-ETHF, and allylic
oxidation products.

Table 4.10 compares the catalytic results of various titanosilicates with that of a
homogeneous catalyst of m-choloperbenzoic acid (CPBA) for the 2,5-DHF epoxi-
dation. The heterogenous reactions, catalyzed by titanosilicates, were carried out in
the solvent of MeCN expect for TS-1, which used MeOH as solvent. Ti-MWW
exhibited high 2,5-DHF conversion of 97 % and high 3,4-ETHF selectivity of 99 %.
The catalytic activity based on TON decreased in the order of Ti-MWW > TS-
1 > Ti-Beta > Ti-MOR. The homogeneous catalyst, m-CPBA, gave a 2,5-DHF
conversion of 69.0 % and 3,4-ETHF selectivity of 97.4 %, which was much lower
than those obtained with the heterogeneous Ti-MWW/H,O, catalytic system.

The catalytic behavior of Ti-MWW in the 2,5-DHF epoxidation was further
compared with that of TS-1 by applying a series of Ti-MWW and TS-1 with
various Ti contents into the catalytic reactions. The Si/Ti molar ratios are in the
range of 190-50 and 11244 for Ti-MWW and TS-1, respectively. These catalysts
were applied to the epoxidation of 2,5-DHF with H,O, using the same amount of
catalyst but in different suitable solvents. As shown in Fig. 4.4, the 2,5-DHF
conversion increased with increasing amount of catalyst used for both Ti-MWW
and TS-1. It is obvious that Ti-MWW is more active than TS-1 at the same catalyst
loading. Besides, Ti-MWW possessed the advantages in the 3,4-ETHF selectivity
and H,O, utilization efficiency. The superiority of Ti-MWW may be attributed to
its open reaction spaces of 12-MR side pockets and supercages, but more
importantly attributed to its unique porosity such as sinusoidal shape which pro-
vides an easier accessibility to the Ti active sites for substrate molecules [14].

Table 4.10 A comparison of epoxidation of 2,5-DHF over various catalyts®. Reprinted from Ref.
[32], Copyright 2007, with permission from Elsevier

No. Catalyst Si/  Solvent TON® Conversion Product selectivity H,0, (mol %)
Ti (mol %) (mol %)
Oxide Ally® Others’ Conversion Efficiency®

1 Ti-MWW 55 MeCN 229 972 99.8 02 00 99.8 98
2 TS-1 51 MeOH 156 713 740 148 112 99.3 72
3 Ti-Beta 42 MeCN 89 497 98.5 1.5 00 62.9 79
4 Ti-MOR 90 MeCN 67 17.4 99.5 0.5 00 20.2 86
5  m-CPBA" - CH,Cl, - 69.0 97.4 26 0.0 - -

# Reaction conditions: cat., 0.07 g; 2,5-DHF, 5 mmol; H,O, (30 wt %), 5 mmol; solvent, 5 mL; temp., 333 K;
time, 2 h

° Turnover number in mol (mol-Ti)™"

¢ Allylic reaction products

4 Solvolysis products of 3,4-ETHF

¢ H,0, efficiency was calculated by relating all the oxidation products to the amount of H,O, converted. The
consumption of H,O, for the products formed involving secondary and third oxidation has been taken into
account

" The molar ratio of 2,5-DHF to m-CPBA was 1:1.9
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Fig. 4.4 Dependence of 2,5-DHF conversion and 3,4-ETHF selectivity (a), and H,O, conversion
and utilization efficiency (b) on the Ti content of Ti-MWW and TS-1. Reaction conditions: cat.,
0.05 g; 2,5-DHF, 5 mmol; H,O, (30 wt %), 5 mmol; solvent (MeCN for Ti-MWW and MeOH
for TS-1), 5 mL; temp., 333 K; time, 2 h. Reprinted from Ref. [32], Copyright 2007, with
permission from Elsevier

4.2.7 Selective Production of Epichlorohydrin Through
Epoxidation of Allyl Chloride

Epichlorohydrin (ECH) is an important raw material for producing epoxy resins
and synthetic glycerin. The conventional manufacturing methods used in current
industrial processes are the high temperature chlorination of propylene and the
method via allyl acetate. The key step of epoxidation in both processes depends on
chlorohydrins and saponification, which inevitably produce a large quantity of
calcium chloride by-product and halogen-containing wastewater. However,
greener process has been developed based on TS-1/H,O, system, which could
direct epoxidation of ALC to ECH. But ECH is formed efficiently on TS-1 only
when methanol used as solvent, which unavoidably leads to by-products due to the
solvolysis of ECH [64, 65]. Therefore, Ti-MWW/H,0, system was expected to
produce ECH efficiently and selectively in the epoxidation of ALC [31].

As illustrated in Scheme 4.8, the main ALC epoxidation product was ECH. 3-
Chloro-1,2-propanediol (CPDL) was co-produced due to the hydrolysis of ECH
catalyzed by the weak acid sites such as silanols, titanols, or Ti peroxo species (Ti-
OOH). ECH also could undergo solvolysis to produce hydroxyethers with high
boiling points in the presence of protic solvents such as alcohols. Table 4.11 shows
the results of ALC epoxidation with H>O, aqueous solution over different tita-
nosilicate catalysts. The reactions were carried out in solvent of acetonitrile expect
for TS-1, which preferred methanol as solvent. Ti-MWW-PS, prepared by post-
synthesized method, showed an ALC conversion of 83.4 % and an ECH selectivity
of 99.9 % (Table 4.11, No. 1). Ti-MWW-HTS, prepared by hydrothermal syn-
thesis, was slightly less active and selective than Ti-MWW-PS. The Brgnsted acid
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Scheme 4.8 Product distribution in ALC epoxidation. Reprinted from Ref. [31], Copyright
2007, with permission from Elsevier

Table 4.11 The result of epoxidation of ALC with H,O, over different titanosilicate catalysts®.
Reprinted from Ref. [31], Copyright 2007, with permission from Elsevier

No. Catalyst Si/Ti molar ~ Solvent ~ALC conversion ECH selectivity” TON®
ratio (mol %) (mol %)

1 Ti-MWW-PS 55 MeCN 834 99.9 275

2 Ti-MWW-HTS 37 MeCN  68.0 99.9 151

3 TS-1 47 MeOH 75.1 97.2 212

4 Ti-MOR 90 MeCN 1.6 98.6 9

5 Ti-Beta 76 MeCN 25 98.9 11

% Reaction conditions: cat., 0.1 g; allyl chloride, 10 mmol; H,O, (30 wt %), 10 mmol; solvent,
5 mL; temp., 333 K; time, 2 h

® Others, mainly solvolysis products together with some heavy products

¢ TON turnover number in mol (mol-Ti)~!

sites originated from relatively high amount of framework boron seems not affect
the ECH selectivity. The Ti species achieved by post incorporation are assumed to
occupy the framework sites that are more accessible to the substrates than those
obtained by direct hydrothermal synthesis, leading to a higher intrinsic activity
(TON) for Ti-MWW-PS [66]. Under the same reaction conditions expect for
solvent, TS-1 showed lower ALC conversion and ECH selectivity than Ti-MWW-
PS (Table 4.11, No. 3). The superiority of Ti-MWW to TS-1 was attributed to the
unique pore system of MWW zeolite favoring the adsorption and access of sub-
strates to the Ti active sites [14]. Ti-Beta showed low ALC conversion and ECH
selectivity due to its framework hydrophilic nature. Ti-MOR was also suitable for
the epoxidation of ALC, because of its large crystals as well as one-dimensional
channel. Therefore, despite the difference in the optimal reaction conditions, the
titanosilicates exhibited catalytic activity for ALC epoxidation in the order of
Ti-MWW-PS > TS-1 > Ti-MWW-HTS > Ti-Beta > Ti-MOR.
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Fig. 4.5 Changes of ALC conversion (a), and Ti and B contents (b) with the reaction—
regeneration cycles. Reaction conditions: Ti-MWW/ALC/H,0,/MeCN = 0.2 g/10 mmol/
10 mmol/5 mL; temp., 333 K; time, 2 h. Regeneration: used catalyst was washed with acetone
and dried at 393 K or further calcined at 773 K in air for 4 h. Reprinted from Ref. [31],
Copyright 2007, with permission from Elsevier

The solvent effects have been investigated for Ti-MWW and TS-1 in the
epoxidation of ALC [31]. The most favorable solvents for Ti-MWW were acetone
and MeCN, in which higher conversion of ALC (>80 %), ECH selectivity
(>99 %), and H,0O, utilization (>90 %) were obtained. As reported previously, the
solvent effect of alcohols was once presumably related to a stabilized cyclic
intermediate species of a five-membered ring [55]. It was actually observed that
the ALC conversion decreased slightly in the order MeOH > EtOH > i-PrOH.
Besides influencing catalytic activity, the protic alcohols caused the opening of the
oxirane ring of ALC on the acid sites, which reduced the selectivity for ECH. The
hydroxyl groups in the Ti-MWW framework may favor the adsorption of protic
molecules such as alcohols and water, which retards the adsorption and coordi-
nation of substrates to the Ti active sites. Thus, Ti-MWW reasonably showed a
higher conversion in a basic solvent or an aprotic solvent than in alcohols.

MeOH is the most suitable solvent for TS-1 in the epoxidation of ALC, giving
an ALC conversion of 75.1 %. MeCN showed somewhat lower conversion for
ALC. EtOH and i-PrOH also retarded TS-1 activity, due to the formation of bulky
species with steric restrictions. However, TS-1 did not show a high selectivity for
ECH in most suitable solvent of MeOH. The solvolysis of ECH with MeOH
readily occurred to form CPDL and ethers. Furthermore, nonproductive decom-
position of H,O, was generally more likely to occur on TS-1, leading to a lower
utilization efficiency of H,O,.

Ti-MWW was reused in the epoxidation of ALC to check the stability and
reusability of catalyst. The used Ti-MWW catalyst was regenerated by washing
with acetone or by further calcination in air at 773 K. The ALC conversion
decreased dramatically with the reaction-regeneration cycles when the used cat-
alyst was washed with acetone and then dried (Fig. 4.5). Nevertheless, the ALC
conversion was restored after calcination at the fourth reaction-regeneration cycle.
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This suggested that the acetone washing cannot remove the deposition with high
boiling point inside the channels. The ALC conversion remained almost the same
when the used catalyst was activated by further calcination to remove deposition
totally. As discussed before, the main by-product was CPDL. The Ti and B
contents were quantified for the used Ti-MWW catalysts. The B content decreased
gradually during the reaction. However, expect for a leaching of about 5 wt %
after the first use, the amount of Ti species was almost the same after five cycles of
reaction-regeneration. It was thus deduced that CPDL together with other heavy
organic species formed during the ALC epoxidation may correspond to deacti-
vation mainly via pore blocking and active site covering.

4.3 Ammoximation of Ketones and Aldehydes

Ketone oxime or aldehyde oxime is an important fine chemical with a constantly
increasing world market [67, 68]. The conventional manufacturing processes of
oxime include the noncatalytic oximation of corresponding ketone or aldehyde
with a hydroxylamine derivative like (NH,OH), - H,SO,, and the separation of
oxime by neutralizing sulfuric acid with ammonia. These conventional processes
are encountering serious disadvantages such as using poisonous agents like
hydroxylamine and corrosive sulfuric acid, producing valueless ammonium sulfate
by-product, and bringing about environmental problems [67]. The titansilicate/
H,0, catalytic systems have found to be capable of catalyzing a variety of ketones
or aldehydes with hydrogen peroxide and ammonia with water as almost the sole
by-product [69]. The TS-1/H,0O, catalytic process has been commercialized in the
liquid-phase ammoximation of cyclohexanone in 2003, which set a new milestone
in zeolite catalysis.

Compared with TS-1 and other titanosilicates, Ti-MWW also exhibited efficient
catalytic behaviors in the ammoximation of various ketones and aldehydes, giving
ketones or aldehydes conversion and corresponding oxime selectivity over 99 %
under optimized conditions, but Ti-MWW was particularly superior to TS-1 in
oxime selectivity [34, 35].

4.3.1 Ammoximation of Methyl Ethyl Ketone

The liquid-phase ammoximation of methyl ethyl ketone (MEK) with ammonia and
hydrogen peroxide was conducted on various titanosilicates such as Ti-MWW,
TS-1, Ti-MOR, and Ti-Beta to produce methyl ethyl ketone oxime (MEKO) [35].
As the results listed in Table 4.12, the ammoximation of ketone almost did not
proceed without catalyst, producing trace by-product due to aldol condensation. In
the presence of titanosilicates, the 2-nitrobutane was the main by-product for the
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ammoximation of MEK. Ti-MOR and Ti-Beta were less active for ammoximation
of MEK. Under the optimized reaction conditions, Ti-MWW is capable of
showing a MEK conversion and a MEKO selectivity over 99 % when water was
used as a solvent and dilute H,O, was added dropwise into the reaction system.
However, using a relative large amount of catalyst, the catalytic activity of TS-1
was significantly retarded by a sole solvent of water. In a co-solvent of -BuOH
and water, TS-1 showed comparably high conversion for MEK but lower selec-
tivity of MEKO than Ti-MWW as results of co-producing 2-nitrobutane, which
was almost absence in the case of Ti-MWW. A linear ketone like MEK with a
smaller molecular dimension enters and diffuses freely into the pores of TS-1,
which is helpful to the oxime formation. Nevertheless, the corresponding small
molecule of MEKO formed inside the pores or diffusing into the channels would
reach the Ti sites easily to induce a deep oxidation to 2-nitrobutane (Scheme 4.9).
Intrinsically, Ti-MWW was an active catalyst for ammoximation but inactive for
oxime formation. Therefore, both the MEK conversion and MEKO selectivity can
achieve 99 % on Ti-MWW catalyst. Although the optimized conditions especially
the solvent were different among the catalyst investigated, they showed a catalytic
activity order of Ti-MWW > TS-1 > Ti-MOR > Ti-Beta.

Scheme 4.9 Reaction NH;, + H,0,
pathways in MEK
ammoximation. Reprinted [Ti]
from Ref. [35], Copyright NO
2007, with permission from NH, OH ?
s 2
Elsevier o A
)k/ [H,0,/Ti] Oxidation
Non - Cat.
[H,0/H]"
NOH o

A7 Hydrolysis A

Fig. 4.6 The MEK 100
conversion and the MEKO
selectivity of the
ammoxiamtion performed on
a regenerated Ti-MWW. The
used catalyst was regenerated
by acetone washing and then
drying at 393 K for 5 h
(1-5th and 9th time), while it
was activated by further
calcination in air at 823 K for
6 h (6-8th time). Reprinted
from Ref. [35], Copyright 0
2007, with permission from

Elsevier
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Besides its high catalytic activity and oxime selectivity, the reusability of Ti-
MWW was important in the real applications. Thus, the stability and reusability of
Ti-MWW in the MEK ammoximation have been checked [35]. After the used
catalyst was washed with acetone and dried at 393 K, it was subjected to repeated
ammoximation reactions at a constant ratio of catalyst-substrate-solvent (Fig. 4.6).
The MEK conversion decreased to 65 % after fifth reuse, while the MEKO
selectivity maintained at 99 % during five reaction-regeneration cycles. The cat-
alyst gradually deactivated due to several reasons such as the deposition and pore
blocking with heavy products, the leaching of active sites, the change of coordi-
nated states of Ti species, and structural degradation of crystals. Thus, the fifth
reused catalyst was regenerated by washing and drying followed by calcination in
air at 823 K for 6 h. The regenerated catalyst showed almost unchanged MEK
conversion and MEKO selectivity during the 6-8th reuse. However, the conver-
sion dropped again when the used catalyst was only washed with acetone and dried
at 393 K. These results showed us that the catalyst deactivated mainly due to pore
jamming. High temperature calcination is helpful for prolonging the lifetime of Ti-
MWW. However, it should be noted that the catalytic activity of Ti-MWW could
not be restored completely by calcination, implying that there are other reasons
governed the deactivation.

The used catalysts showed similar UV-visible spectra to the fresh Ti-MWW,
indicating the change in the nature and coordination states of Ti active sites is not
attributed to the deactivation [35]. The elemental analysis showed that the boron
leaching continuously, which was often observed in the alkene epoxidation as we
discussed before. On the other hand, the content of Ti species decreased by ca. 5 %
after the first ammoximation reaction. However, the absolute Ti content per gram
of catalyst increased slightly during further reuse, which was totally different from
the phenomenon in the alkene epoxidation where the Ti content remained the
same. These results were due to the partial dissolution of framework Si in the basic
reaction media containing ammonia. The nitrogen adsorption further confirmed
that the specific surface area decreased by ca. 20 % for the Ti-MWW catalyst
reused six times. Thus, the desilication and partial structure degradation may
account for the deactivation. The extraction of Si should create a high concen-
tration of defect sites like hydroxyl nets in the framework. Ti-MWW with a greatly
enhanced hydrophilicity would be disadvantageous to the selective oxidation in
aqueous H,O, solution. Considering the dissolution of framework Si is the main
reason for deactivation, we added basic colloidal silica gel (30 wt %) directly into
the reaction mixture and found that it was an effective method for prolonging
catalyst lifetime [35]. The MEK ammoximation was carried out repeatedly with
adding different amount of silica gel under optimized conditions. As shown in
Fig. 4.7, the addition of a small amount of silica gel (6.7 wt % relative to MEK)
decreased the deactivation rate and then prolonged the catalyst lifetime. Never-
theless, adding too much silica gel made the conversion decrease, which was due
to the pore blocking and covering of Ti sites by silicon species. Thus, silica
addition is expected to be served as a practical technique to improve the catalyst
lifetime in the ammoximation of ketones.
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Fig. 4.7 Effect of colloidal silica gel addition on the MEK ammoximation on Ti-MWW.
Reaction conditions: see Table 4.12 except that the amount is enlarged 20 times. The used
catalyst was regenerated by acetone washing and then drying at 393 K for 5 h. The amounts of
colloidal silica gel addition were 6.7 wt % (a), 13.4 wt % (b), 0 wt % (c), and (d) 67 wt %
relative to MEK. Reprinted from Ref. [35], Copyright 2007, with permission from Elsevier
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Based on the parameters of MEK ammoximation over Ti-MWW operated in
batchwise, we have further developed a slurry process for producing MEKO contin-
uously [70]. As shown in Fig. 4.8, structurally rearranged Ti-MWW showed stable
activity and MEKO selectivity in a lab-scale test. At present, this clean process has
been commercialized in China with a capacity of 15,000 t/y for MEKO production.

4.3.2 Ammoximation of Cyclohexanone

The catalytic performance of Ti-MWW in the liquid-phase ammoximation of
cyclohexanone with ammonia and hydrogen peroxide was compared with other
titanosilicates such as TS-1, Ti-MOR, and Ti-Beta [34]. The target product was
cyclohexanone oxime. There were also some compounds with higher boiling
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points such as peroxydicyclohexyl amine. These by-products produced at a low
cyclohexanone conversion, but their absolute amount was very low.

As the results given in Table 4.13, Ti-MWW-PS showed both cyclohexanone
conversion and oxime selectivity over 99 % when H,0O, was charge into the
reaction system slowly. Ti-MWW-HTS also showed high cyclohexanone con-
version and oxime selectivity, when more catalyst was used. The Ti species
achieved by post-incorporation were assumed to occupy the framework sites that
were more accessible to the substrate molecules than those obtained by direct
hydrothermal synthesis, leading to a higher intrinsic activity (TON) of Ti-MWW-
PS [66]. In comparison with Ti-MWW, TS-1 showed comparably high cyclo-
hexanone conversion and oxime selectivity, when increasing the amount of TS-1
relative to cyclohexanone and prolonging the reaction time. It should be noted that
the activity of TS-1 was significantly retarded, when water was used as the sole
solvent. Besides, Ti-MWW was obviously more active than TS-1 in terms of TON.
This phenomenon was attributed to the unique pore system of MWW zeolite
favoring the adsorption and access of substrate molecules to the Ti active sites. Ti-
MOR and Ti-Beta were less active and selective. Therefore, although the opti-
mized conditions especially the solvent were different among the catalyst inves-
tigated, they showed a catalytic activity order of Ti-MWW-PS > Ti-MWW-
HTS > TS-1 > Ti-MOR > Ti-Beta.

The effects of the method of adding substrates on the cyclohexanone ammox-
imation also have been studied on some titanosilicates [34]. TS-1 showed some-
what improved cyclohexanone conversion when H,O, or NH; was added into the
reaction mixture dropwisely. Otherwise, this approach had no effect on Ti-MOR
[12]. From the catalytic results given in Table 4.14, the adding method of the
substrates has a significant influence on the catalytic behavior when Ti-MWW was
used as catalyst. When a desired amount of H,O, was added slowly and gradually
into the reaction mixture of cyclohexanone, ammonia, water, and Ti-MWW, high
cyclohexanone conversion and oxime selectivity were achieved. When all of the
substrates and Ti-MWW catalyst were added at once, trace cyclohexanone oxime
was obtained and the oxime selectivity was very low. When a desired amount of
NHj; solution was added dropwisely into the reaction mixture of cyclohexanone,
H,0,, H,0, and Ti-MWW catalyst, cyclohexanone conversion was still low, while
the oxime selectivity was high. No matter how the method of adding substrates, the
NH; conversion and H,O, conversion were always high, indicating that the oxi-
dation of NH; by H,0, took place readily in all cases. The difference of the effect
of adding substrates between Ti-MWW and other titanosilicates is presumed to be
related to their catalytic properties and the ammoximation mechanism.

The catalytic activity of Ti-MWW greatly depends on the method of adding
substrates, particularly H,O,. To make this issue clear, we have investigated the
ammoximation mechanism [34]. The TS-1/H,O, catalyzed the oxidation of an
intermediate of cyclohexylimine formed by the noncatalytic reaction of cyclo-
hexanone with ammonia was once considered to be the mechanism of ammoxi-
mation [71]. However, no obvious steric hindrance and diffusion problems were
observed in the ammoximation of ketones and aldehydes with different molecular
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Scheme 4.10 The reaction steps involved in the ammoximation. Reprinted from Ref. [34],
Copyright 2006, with permission from Elsevier

Table 4.13 The results of cyclohexanone ammoximation over different titanosilicate catalysts®.
Reprinted from Ref. [34], Copyright 2006, with permission from Elsevier

No.  Catalyst Si/Ti ~ Solvent Conversion  Oxime selectivity”  TON®
(mol %) (mol %)
1 Ti-MWW-PS 55 H,O 99.4 99.9 656
2 Ti-MWW-HTS® 50 H,0 97.0 99.9 291
3 TS-1¢ 51 H,O0-+-BuOH  97.0 99.9 148
4 TS-1 51 H,0 16.2 72.8 99
5 Ti-MOR 90 H,O0 60.0 95.0 122
6 Ti-Beta 76 H,O 15.0 4.0 117

# Reaction conditions: cat., 50 mg; cyclohexanone, 10 mmol; solvent, 5 mL; NHj3 (25 %),
12 mmol; H,O;, (5 %), 12 mmol; temp., 338 K; time, 1.5 h. H,O, was added dropwise at a
constant rate within 1 h

® by-products were mainly peroxydicyclohexyl amine etc

¢ The amount of catalyst used was 100 mg

4 The amount of TS-1 used was 200 mg. Reaction time was 5 h

¢ TON (Turnover number in mol (mol of Ti)~! )

dimensions, indicating that the reaction may be through hydroxylamine route
[72, 73]. As shown in Scheme 4.10, the ammoximation reaction consisted of the
Ti-catalyzed hydroxylamine formation and the noncatalytic oximation of ketone
with hydroxylamine to corresponding oxime. A detailed study of ammoximation
over Ti-MOR has clearly verified this plausible reaction pathway [12]. Concerning
the ammoximation mechanism related to hydroxylamine, we carried out the oxi-
dation of NH;3 with H,O, over Ti-MWW in the absence of cyclohexanone. After
reaction, the Ti-MWW catalyst was removed by filtration, and an excessive
amount of cyclohexanone was added to quantify the hydroxylamine formed. The
catalytic results confirmed that the hydroxylamine intermediate actually formed
and the amount of hydroxylamine intermediate obtained when adding H,O,
dropwisely was more than that obtained when adding H,O, all together at the
beginning. This result suggested that ammoximation over Ti-MWW also pro-
ceeded through the oxidation of ammonia by hydrogen peroxide to the
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Table 4.14 Effect of adding method of substrates on the cyclohexanone ammoximation over
Ti-MWW?, Reprinted from Ref. [34], Copyright 2006, with permission from Elsevier

No. Conversion Oxime selectivity H,0, conversion NHj; conversion
(mol %) (mol %) (mol %) (mol %)

1® 99.4 99.9 98.4 96.0

2°¢ 2.8 Trace 99.7 81.2

34 4.8 95.0 99.8 84.3

# Reaction conditions: cat., Ti-MWW-PS (Si/Ti = 55); others, see Table 4.13

A desirable amount of H,0, was added dropwise for 1 h to the reaction mixture of cyclo-
hexanone, NH3, H,O and Ti-MWW

¢ All the substrates were added once from the beginning

4 A desirable amount of NH; solution was added dropwise for 1 h to the reaction mixture of
cyclohexanone, H,0,, H,O and Ti-MWW

intermediate hydroxylamine, followed by the oximation of ketone with hydrox-
ylamine to oxime.

To further clarify the reason why oxime formation over Ti-MWW depended so
greatly on the method of adding H,O,, we carried out the oxidation of hydroxyl-
amine (in the form of hydroxylamine chloride) with H,O, under the similar con-
ditions over Ti-MWW and TS-1 [34]. Hydroxylamine was readily decomposed in
the presence of H,O, within a short time at a relatively low temperature. Moreover,
Ti-MWW exhibited much higher oxidation activity for hydroxylamine than TS-1.
Therefore, the concentration of free H,O,, that is H,O, adding method, in the
reaction mixture have great impact on the whole ammoximation reaction in
the case of Ti-MWW catalyst. The nonproductive oxidation of hydroxylamine in
the presence of free H,O, on Ti sites to NO, and other compounds also occurs
during the ammoximation process. Hydroxylamine was produced rapidly, but the
oxidation and decomposition of hydroxylamine became obvious and subsequently
decreased the oxime yield, particularly when free H,O, existed in the reaction
mixture. This difference in the oxidation ability of hydroxylamine may be attrib-
uted to the different effects of the H,O,-adding method on Ti-MWW and TS-1.

4.3.3 Ammoximation of Cyclohexanone in a Continuous
Slurry Reactor

Ti-MWW exhibited efficient catalytic properties in the ammoximation of ketones
using a batchwise reactor [34]. These catalytic results implied that Ti-MWW is a
promising catalyst for the clean synthesis of oximes. Nevertheless, the production
of bulk chemicals like cyclohexanone oxime on a large scale favors a continuous
slurry-bed reactor, which is equipped with a membrane separator to save the labor
found in batchwise processes. To test the possibility of actual application of
Ti-MWW catalyst, we applied Ti-MWW to the ammoximation of cyclohexanone
in a continuous slurry reactor by simulating the operating conditions in a
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commercial processing procedure and studied the effects of reaction parameters,
deactivation behavior and catalyst regeneration by comparing them with those
from TS-1 under the same operation conditions [36].

The reaction temperature exhibited a great influence on the ammoximation of
cyclohexanone over Ti-MWW in a continuous slurry reactor. The ammoxiamtion
proceeded most effectively at an optimum reaction temperature of 343 K. When
the temperature was further raised to 353 K, both the conversion and selectivity
decreased, which was attributed to the faster vaporization and decomposition rates
of reactants [36]. The ammoximation of cyclohexanone required stoichiometri-
cally equivalent moles of NHj3 and cyclohexanone. Nevertheless, the cyclohexa-
none conversion and oxime selectivity reached ca. 96 and 99 %, when the NH;/
cyclohexanone ratio and H,O,/cyclohexanone ratio was 1.7 and 1.1 (Figs. 4.9,
4.10), respectively. The reaction needs an excess amount of NHj3 to supplement the
evaporated gaseous NHj and a slightly more H,O, to proceed to its highest pos-
sible level. But too much excess of H,O, in the reaction mixture would accelerate
the deep oxidation of oxime to organic by-products, and also induce successive
oxidation of hydroxylamine intermediates. The ammoximation reactions were
performed by keeping the feeding rates of cyclohexanone, NH3, H,O,, and solvent
constant, but varying the amount of Ti-MWW catalyst used. A relative low con-
centration of Ti-MWW catalyst is sufficient to achieve high cyclohexanone con-
version and oxime selectivity, but the lifetime of the reaction depended greatly on
the catalyst loading. When the amount of catalyst changed from 1.5 to 3.2 g, the
ammoximation lifetime was prolonged from 91 to 214 h [36].

In addition to high catalytic activity and oxime selectivity, the lifetime and
reusability were also important to the real applicability. Therefore, Ti-MWW was
applied to the ammoximation reaction in a continuous reactor compared with
conventional TS-1 (Fig. 4.11). Both the conversion and oxime selectivity reached
96 and 99 %, respectively, during the ammoximation reaction, but Ti-MWW
showed much longer lifetime than TS-1. Ti-MWW remained active for 214 h,
whereas TS-1 deactivated at 120 h. Obviously, Ti-MWW was superior to TS-1 in
terms of catalyst lifetime [36].

To clarify the main reasons for the deactivation of Ti-MWW during ammox-
imation, we have checked the used catalyst carefully [36]. The deactivated cata-
lysts showed in UV-vis spectra the characteristic band at 220 nm due to the
tetrahedral Ti species, indicating that most of the Ti species remained at tetrahe-
dral sites in the zeolite framework [14]. However, there was a shoulder at 275 nm,
which was absence in the fresh sample. This band became more obviously with the
reaction time, particularly it was clearly observed for the deactivated catalyst. The
band was generally attributed to the octahedral Ti species [14]. When the deac-
tivated catalyst was calcined to remove any adsorbed inorganic and organic spe-
cies, a spectrum nearly the same as that of the fresh catalyst was observed, but a
weak shoulder was still present around 275 nm. FTIR spectrum of fresh Ti-MWW
was compared with those of Ti-MWW used for different time [36]. The used
catalysts all showed bands in the range of 2900-3000 cm™', assigned to the
stretching of saturated C—H bonds, and became more intense with the reaction
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time. This revealed that some organic substrates with high boiling temperatures
were deposited gradually inside the channels of Ti-MWW. These new bands
disappeared completely when the used catalyst was calcined at 773 K in air,
because the organic species were burned off. The N, adsorption investigation
verified that both the surface area and pore volume of Ti-MWW decreased greatly
during ammoximation, and were restored significantly by regeneration treatments.
TG-DTA profiles were recorded to obtain the information concerning the coke
deposition on Ti-MWW [36]. The weight loss increased with the reaction time,
indicating the formation and deposition of organic by-products with high molec-
ular weights on the surface or inside the channels of catalyst. These implied that
the channels of Ti-MWW became severely blocked, and the Ti active sites were
covered by by-product molecules.

As the catalyst was always immersed in basic media in the presence of excess
NH3, a partial dissolution of the silicalite framework was unavoidable. Therefore,
decreased crystallinity also occurred in the ammoximation. The XRD patterns
verified that the used catalyst still possessed the typical MWW structure, but its
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Fig. 4.11 The ketone 100
conversion (l, [J) and the
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continuous ammoximation of
cyclohexanone on Ti-MWW
and TS-1. Reprinted from
Ref. [36], Copyright 2011,
with permission from
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relative crystallinity decreased to a certain extent with prolonged reaction time
[36]. The apparent Si/Ti ratio of Ti-MWW decreased from 26 to 20 after been used
for 93 h, indicating that the content of Ti increased relatively to that of Si. The **Si
MAS NMR spectra of the deactivated Ti-MWW catalysts showed more Si(O-
Si),(OH), (Q%) and Si(0Si);0H (Q?) groups, indicating that the desilication and
deboronation of the Si framework occurred during the ammoximation and defect
sites such as hydroxyl nests formed.

On the basis of the above results, the main reasons for catalyst deactivation
were assumed to be the coke deposition and desilication of catalyst framework. It
was possible to restrain desilication by controlling the silicon dynamic equilib-
rium. The colloid silica solution (30 wt %) with 5 ppm concentration was fed into
the reaction system [36]. Interestingly, the addition of silica gel postponed the
deactivation of Ti-MWW effectively, and prolonged the lifetime from 93 to 105 h
(Fig. 4.12). In contrast, these results suggested that the dissolution of the frame-
work restricted the catalytic activity of Ti-MWW in a basic environment. The
method of regeneration was important for actual applications. The deactivated Ti-
MWW catalyst that was regenerated by calcination showed low activity for



4.3 Ammoximation of Ketones and Aldehydes 99

cyclohexanone ammoximation, indicating that a simple calcination was insuffi-
cient for recovering the initial reactivity of Ti-MWW. The deactivated Ti-MWW
catalyst after calcination was then subjected to structure rearrangement with PI
followed by further calcination [74]. As we discussed before, this treatment would
cause a reversible structural rearrangement for the MWW structure, partially mend
the defect vacancies and enhance the hydrophobicity of the framework. The
treated sample nearly restored the initial activity, but had a much shorter lifetime
of 18 h [36]. Nevertheless, when the deactivated Ti-MWW catalyst was first
treated with 0.3 M HNOj; for 2 h at 353 K, then structurally rearranged with PI
and calcined, the ammoximation lifetime was recovered effectively, showing a
lifetime of 67 h [36]. The acid treatment in advance would remove selectively the
extra-framework Ti species as well as organic substrates. The consequent struc-
tural rearrangement removed some of the defect sites. Thus, Ti-MWW is con-
sidered to be a promising catalyst for developing a much cleaner process of
cyclohexanone ammoxmation.

4.3.4 Cyclohexanone Ammoximation with Core-Shell
Structured Ti-MWW®@meso-SiO,

As we discussed before, the causes of catalyst deactivation of the cyclohexanone
ammoximation in a continuous slurry reactor were elucidated to be the coke
deposition and partial dissolution of the zeolite framework [36]. The ammoxi-
mation reactions prefer a basic environment created by an excess of NHj.
Therefore, a partial dissolution of the zeolite framework was unavoidable. In
addition to the desilication, coke formation was another key factor accounting for
catalytic deactivation. Based on these studies, core-shell-structured Ti-MWW @
meso-Si0, (MS) with a well-defined micro-meso hierarchical porosity was fab-
ricated by using self-assembly technique and was applied as the catalyst for the
ammoximation cyclohexanone in a continuous slurry reactor (Scheme 4.11) [37].

Figure 4.13 showed the HRTEM images of Ti-MWW @meso-SiO,. Clearly, the
materials comprised a core-shell structure with Ti-MWW crystal covered by
mesoporous shell. Figure 4.14 compares the typical time course at the same
loading of Ti-MWW active component, whereas the results using different catalyst
weight are listed in Table 4.15. When the amount of Ti-MWW was varied from
1.0 to 2.0 g, the ammoximation lifetime was prolonged from 10 to 132 h. How-
ever, the MS-1.5TEOS catalyst exhibited a much longer lifetime than the parent
Ti-MWW when compared at the same amount of the Ti-MWW active component.
When the reactions were carried out using 2.0 g of active zeolite component,
MS-1.5TEOS was deactivated at 198 h in comparison to 132 h for Ti-MWW. In
the meanwhile, the physical mixture of Ti-MWW (70 wt %) and mesoporous silica
(30 wt %), denoted as M&S, was also applied to the continuous ammoximation of
cyclohexanone. However, the lifetime of M&S was only slightly longer than
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Table 4.15 Textural and catalytic properties of Ti-MWW and Ti-MWW @meso-SiO,. Reprinted
from Ref. [37], Copyright 2013, with permission from American Chemical Society

No. Catalyst Amount®  Lifetime Si/Ti¢ SSA? PV® Relative Weight
@ (h) m’g™h) (em’g™h cryst.” (%) loss® (%)

1 Ti-MWW° — - 35 534 0.19 100 -

2 Ti-MWW 1.0 10 31 515 0.17 49.6 6.2

3 Ti-MWW 12 20 29 414 0.15 442 7.2

4  Ti-MWW 14 69 23 157 0.13  23.6 18.8

5  Ti-MWW 20 132 18 132 0.12 184 24.9

6  Ms’ - - 49 672 0.16 100 -

7 MS 143 (1.0) 34 43 301 0.10 69.2 9.7

8 MS 171 (12) 75 40 292 0.09 437 10.8

9 MS 2.00 (1.4) 127 36 287 0.02 36.1 12.1

10 MS 2.86 (2.0) 198 32 268 0.01 303 159

# The number in parentheses indicates the amount of Ti-MWW active component used

® Fresh sample

¢ Obtained by ICP analysis

4554 specific surface area (BET)

¢ Micropore volume calculated by #-plot method

f Measured by accumulated intensity of the main XRD diffractions of [100], [101], [310]. The
relative crystallinity of the fresh catalyst is assumed to be 100 %

€ Obtained by TG measurement on deactivated catalysts without calcination

Ti-MWW, but much shorter than MS. This indicated that the added mesoporous
silica could not protect the active component from deactivation as effective as the
mesoporous silica shell does. In other words, the silica attached to the Ti-MWW
surface could play the role in protecting the catalysts from deactivation much
better than the additional silica source. Obviously, MS-1.5STEOS was more robust
against deactivation and superior to Ti-MWW in terms of lifetime.

The causes of deactivation were elucidated to be the coke deposition and partial
dissolution of the zeolite framework. The apparent Si/Ti ratio decreased from 35 to
18 after Ti-MWW was spent for 132 h, whereas that of MS-1.5TEOS decreased
from 49 to 32 after used for 192 h. The increase of relative Ti content after
reaction indicated that the desilication really occurred. The XRD patterns of their

Scheme 4.11 Strategy for
prolonging ammoximation
lifetime using core-shell
catalyst. Reprinted from Ref.
[37], Copyright 2013, with
permission from American Core-Shell
Chemical Society
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mesoshell

Fig. 4.13 HR-TEM images of Ti-MWW @mSiO,-1.5TEOS taken along the directions of [100]
(a, ¢) and [001] (b, d). Reprinted from Ref. [37], Copyright 2013, with permission from
American Chemical Society

deactivated catalysts were recorded to investigate the desilication degree of the
deactivated catalysts quantitatively [37]. Although the deactivated catalysts still
possessed the typical MWW structure, their crystallinity decreased obviously. The
relative crystallinity of Ti-MWW decreased to 18.4 % after being used for 132 h
whereas that of MS-1.5TEOS decreased to 30.3 % at 198 h, indicating that the
desilication degree of Ti-MWW was more serious than that of MS. This revealed
that the mesosilica shell existing as an outer shell in MS may be dissolved in
advance to Ti-MWW core. Serving as a sacrificial lamb, the shell protected the
Ti-MWW crystallites from desilication effectively at least at the early stage of
ammoximation. The protecting effect of mesosilica shell could be observed on the
state and coordination of Ti active site in the deactivated and regenerated samples.
The deactivated Ti-MWW showed the main adsorption band at 210 nm with
shoulder bands at about 260 and 330 nm. These implied the deactivated sample
contained the Ti species with six-coordination and in nonframework position.
These adsorptions decreased in intensity to some extent, but did not disappear after
the deactivated sample was regenerated. In contrast to Ti-MWW, the deactivated
MS sample exhibited less obvious adsorptions at 260 or 330 nm. After regener-
ation, the spectrum was almost the same as the fresh MS-1.5TEOS sample.
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Therefore, the active Ti sites inside zeolite core got well protected by the presence
of mesosilica shell in the basic reaction media.

Besides the desilication, coke formation and deposition inside the zeolite
channels was another key factor accounting for catalytic deactivation. The high
boiling by-products were accumulated and deposited gradually inside the zeolite,
blocking the channels and covering the Ti sites severely. In comparison to the fresh
ones, the surface area and pore volume decreased greatly for both deactivated
Ti-MWW and MS-1.5TEOS without calcination [37]. TG-DTA profiles indicated
that the weight loss due to coke increased with the ammoximation lifetime, as a
result of gradual deposition of organic by-products. Interestingly, the coke depo-
sition rate in deactivated MS increased more slowly in comparison to deactivated
Ti-MWW, while the absolute amount of coke deposition on MS was also less than
that on Ti-MWW. According to ammoximation mechanism, hydroxylamine was
in situ formed inside the titanosilicate pores first. This intermediate subsequently
diffused out of the crystallites pores and interacted with ketone to produce oxime
via a noncatalytic oximation route [34]. Because of the hydrophilic of the amor-
phous silica shell and the effect of spatially confinement, the existence of mesosilica
shell in MS-1.5TEOS may decrease the concentration of cyclohexanone at the pore
entrance of the core catalyst to certain extent. Thereafter, more coke may be formed
inside the mesosilica shell or outside the core-shell catalyst. With prolonging
processing time, the mesosilica shell was gradually dissolved into the reaction
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solution. The coke deposited on the mesosilca shell then would be taken away
simultaneously, which possibly lowered the coke deposition of Ti-MWW @meso-
Si0O; in comparison to Ti-MWW.

4.4 Unique Catalytic Properties of Fluorine-Planted
Ti-MWW

MWW-type titanosilicate, Ti-MWW, has been proved to be a highly active cat-
alyst for the liquid-phase oxidation of a variety of organic substrates using H,O, as
oxidant. Although excellent catalytic activity has been achieved, effective methods
to further improve the catalytic activity are needed. As we discussed before, the
Ti-0*-0’-H peroxo species formed are considered to be the active intermediates
(Scheme 4.12) [26]. In the case of alkene epoxidation, the C=C bond would
capture the oxygen (O%) directly coordinated to the Ti sites to generate the cor-
responding epoxides, because this oxygen (O”) is more electrophilic than other
ones (O”). On the other hand, Ti-MWW possess little hydrophilic due to the
silanols from the framework defects, which would have little negative effect on
organic substrate adsorption and diffusion [14]. Thus, effective method was
expected to be developed to improve the catalytic activity of Ti-MWW.

Fluorine has been implanted into a Ti-MWW framework through an acid
treatment toward the Ti-MWW lamellar precursors in the presence of ammonium
fluoride [75, 76]. Fluorine, the most electronegative element, would change easily
the electropositivity of the elements in the neighborhood through an electron-
withdrawing effect (Scheme 4.13). If the electropositivity around the tetrahedral Ti
active sites is changed, the catalytic behavior of Ti-MWW would be improved
further. Moreover, the fluorine modification could influence the solid acidity and
hydrophilic/hydrophobic nature of zeolite by reacting with the terminal Si—-OH
groups to form Si—F species. The more hydrophobic nature of catalyst surface
would favor the adsorption and diffusion of organic substrates.

Conventional Ti-MWW with a 3D MWW structure was prepared by treating
hydrothermally synthesized lamellar precursors with acid-washing [14]. The
F-implanted Ti-MWW, denoted as F-Ti-MWW, was prepared by adding NH4F
(Si/F = 26) into the above-mentioned acid treatment system for the precursors.
The acid-treated Ti-MWW and F-Ti-MWW were calcined in air at 823 K to
remove any residual organic species [75, 76].

The physical characterizations such as XRD, N, adsorption, UV-visible, ver-
ified that both the Ti-MWW and F-Ti-MWW are highly crystalline materials with
tetrahedrally coordinated Ti ions in the framework [75, 76]. The surface Si/F molar
ratio determined by the XPS data was 33, which was closer to the amount of F
added in the acid treatment. A direct examination of fluorine environments in
F-doped zeolites can be realized using '’F NMR spectroscopy. Figure 4.15 shows
the typical '’F MAS NMR spectrum of F-Ti-MWW. It showed that two kinds of F
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species exist in F-Ti-MWW as Si-F and B—F interaction forms. The formation of
the B-F species (—160.8 ppm) was due to the fact that the Ti-MWW precursor
was synthesized using boric acid as a crystallization-supporting agent. The reso-
nances at —129.1, —140.6, and —152.8 are attributed to the SiF627, Si0,,4F~, and
Si0,,3F species, respectively. Consistent with the XPS measurement, the F species
were incorporated into Ti-MWW by the NH4F modification and the F~ ion which
was favorably introduced consisted of the SiO,,4F~ and SiO,/;3F units located in
the framework.

The fluorine species that had a high electronegativity and existed as SiO,/;F
units would withdraw the electrons of nearby Ti ions. As shown in Scheme 4.13,
the Ti ions would become more positively charged, serving as stronger Lewis acid
sites in F-Ti-MWW. In the actual catalytic oxidation reactions, the electrophilic
interaction of these Ti sites with H;O, molecules are presumed to be intensified,
giving rise to more active Ti-peroxo species.

Table 4.16 compares between these two types of catalysts the results in the
epoxidation of alkenes which differ in molecular structure and functional group. It
is obvious that F-Ti-MWW showed an outstanding catalytic activity toward
conventional Ti-MWW. As discussed before, when fluorine was implanted into the
Ti-MWW framework, the surface hydrophilicity was also decreased. The
improvement of framework hydrophilicity would favor the catalytic reaction. To
clarify which aspect contributes the most to the improved catalytic activity of
F-Ti-MWW, we first carried out the structural rearrangement with piperidine to

Scheme 4.12 Mechanism R(H)
for alkene expodation . i é
catalyzed by titanosilicate/ Si—0 / H,0, Si—0 RN
H,0, system. Reprinted from Si—0—Ti—-0-8i— — Si—0—Ti |,'|
Ref. [76], Copyright 2013, - N ROH g o No—diy
with permission from Royal AN
Chemical Society \C :‘C/
4 N
Si—0 H o]
sico>m-0” 4+ N}/
si-0 /
Sio SiO _
r"“x{ I 0 s
F Lll —0~Ti —o0si
Sio Sig)

Scheme 4.13 Electropositive function of F in the F-Ti-MWW. Reprinted from Ref. [75],
Copyright 2012, with permission from Royal Chemical Society
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Fig. 4.15 'F MAS NMR
spectra of F-Ti-MWW
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remove the hydrophilic silanols on defect sites, and then effectively enhanced the
oxidation activity of Ti-MWW. However, the conversion of 1-hexene then
increased from 41.6 to 47.2 %, far below the activity level of F-Ti-MWW
(58.5 %). Presumably, the increased Lewis acid strength is a dominant factor
governing the outstanding activity of F-Ti-MWW.

Ishihara has reported that F~ could be removed through anion-exchange with
aqueous sodium hydroxide. To eliminate the negative effect of the SiO4,F ™~ units
while keep the Si,/sF units intact, we have attempted the selective removal of the F
species by employing a moderate KCI treatment. The '°F NMR clearly evidenced
that the SiypF~ units (—140.6 ppm) were remarkably reduced by the KCl treat-
ment but the Si3,F units (—152.8 ppm) were almost completely retained [75, 76].
The F-Ti-MWW-K catalyst showed a further improved epoxidation activity. The
conversion of 1-hexene increased from 58.5 to 86.7 % with a well-preserved
selectivity for the epoxidation product (Table 4.16, No. 6). The initial epoxidation
rate of F-Ti-MWW-K became much higher, especially in high Ti content regions.
The K treatment also increased the conversion of F-Ti-MWW in the epoxidation
of other alkenes. In a control experiment, the same treatment made almost no
difference to F-free Ti-MWW. Based on these results, it is deduced that there must
be an interaction between F-Ti-MWW and KCI, which led to enhanced activity in
F-Ti-MWW-K. Therefore, once the negative effect concerning the SiynF~ units
was eliminated, the benefits of the remaining SiO3,,F units became outstanding in
the catalytic reactions.

F-Ti-MWW was further applied in the ammoximation of cyclohexanone with
NH; and H,0, in a continuous slurry reactor by comparison with conventional Ti-
MWW (Fig. 4.16) [76]. At the same weight hourly space velocity (WHSV), both
cyclohexanone conversion and the cyclohexanone oxime selectivity were main-
tained at >96 and >99.5 %, respectively. The conventional Ti-MWW was deac-
tivated in 210 h, whereas F-Ti-MWW remained active for 268 h. Thus, exhibiting
a longer lifetime, F-Ti-MWW was more robust and stable than Ti-MWW in a
continuous reaction.
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Table 4.16 Catalytic properties of Ti-MWW and F-Ti-MWW in the epoxidation of alkenes with
H,0," Reprinted from Ref. [75], Copyright 2012, with permission from Royal Chemical Society

No. Substrate Ti-MWW (%) F-Ti-MWW (%)
Xakene Xm0, Oxide selectivity Xyyene Xm0, Oxide selectivity

1 1-hexene 41.6 494 98.6 58.5 67.4 98.9

2 Allyl chloride 21.5 24.5 99.6 28.7 31.2 99.8

3 1-heptene 26.0 46.7 98.1 34.0 46.6 97.2

4 Cyclopentene  15.9 17.1 67.1 17.4 19.2 81.7

5 1-hexene” 472 532 987 - - -

6 1-hexene® 422 55.1 98.6 86.7 94.7 98.8

# Reaction conditions: cat., 0.05 g; CH3CN, 10 mL; 1-hexene 10 mmol, H,O,, 10 mmol; temp.,
333 K; time, 2 h

® Catalyzed by Re-MWW prepared by piperidine treatment

¢ Catalyzed by F-Ti-MWW-K prepared by KCl treatment
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Fig. 4.16 The ketone conversion (a) and the oxime selectivity (b) of F-Ti-MWW (M) and Ti-
MWW (@) in continuous ammoximation of cyclohexanone. Ammoximation conditions: catalyst,
3.2 g; 343 K; WHSV for cyclohexanone, 6.3 h_l; H,0,/cyclohexanone = 1.1:1; NHj/cyclo-
hexanone = 1.7:1; solvent, -BuOH (85 wt %). Reprinted from Ref. [76], Copyright 2013, with
permission from Royal Chemical Society

4.5 Oxidation of Amines, 1,4-Dioxane, Sulfides
and Olefinic Alcohols

4.5.1 Oxidation of Pyridines

Pyridine-N-oxide (PNO) is an important fine chemical with a constantly increasing
world market owing to its usefulness as synthetic intermediates and biological
importance. Heterocyclic PNO is also used as protecting groups, auxiliary agents,
oxidants, ligands in metal complexes, and catalysts [77]. In addition, PNO is used
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Table 4.17 The results of pyridine oxidation over different titanosilicate catalysts®. Reprinted
from Ref. [38], Copyright 2010, with permission from Elsevier

No. Catalystb Oxidant Pyridine PNO X202 Unno2 TOF¢
conversion (%) sel. (%) (%) (%) (h™hH
1 Ti-MWW (43)  H,0, 97.7 99.4 96.0 77.8 252
2 TS-1 (40) H,0, 99.2 95.5 97.1 75.1 238
3 Ti-Beta (70) H,0, 51.5 95.7 70.2 54.0 216
4 Ti-MOR (92) H,0, 24.5 90.2 60.3 28.2 135
5 Silicalite-1 H,0, 0 0 - - 0
6 None H,0, 0 0 - - 0
7 Ti-MWW (43)  TBHP 13.0 99.0 - - 33
8 TS-1 (40) TBHP 1.4 98.0 - - 3
9 Ti-Beta (70) TBHP 24 97.6 - - 10

# Reaction conditions: cat., 0.15 g; pyridine, 30 mmol; H,O, (30 %), 39 mmol; temp., 348 K;
time, 2 h; without solvent

" The number in parentheses indicates the Si/Ti molar ratio

¢ TOF: turnover frequency

as a functional chemical building block for synthesizing agrochemicals and
pharmaceuticals. The conventional processes for manufacturing PNO are of
multisteps involving sulfuric acid-catalyzed oxidation of pyridine with H,O, as an
oxidant, acetic acid as the solvent, and the separation of PNO by neutralizing
sulfuric acid with sodium hydroxide [78]. These processes are encountering
serious disadvantages such as using excessive solvent like acetic acid and corro-
sive sulfuric acid, producing onslaughts of valueless sodium sulfate by-product
together with toxic waste solvent, and bringing about environmental problems.
The oxidation of pyridine to PNO with H,O, or TBHP has been investigated on
Ti-MWW and other titanosilicates [67]. There were no products obtained in the
absence of catalyst or in the presence of Ti-free Silicalite-1, indicating that the
isolated tetrahedral Ti** ions in titanosilicates are the active sites for pyridine
oxidation. Superior to other titanosilicates like TS-1, Ti-Beta, and Ti-MOR, Ti-
MWW showed a higher catalytic activity and PNO selectivity [38]. As the cata-
lytic results in Table 4.17, Ti-MWW showed a pyridine conversion of 97.7 % and
PNO selectivity of 99.4 % with H,O, as an oxidant, while TS-1 showed a com-
parably high pyridine conversion but a lower PNO selectivity than Ti-MWW. The
main products were 2-hydroxypyridine, 4-hydroxypyridine, oxaziranes, and azoxy
compounds. However, the specific activity with respect to Ti species, turnover
frequency (TOF), indicated that TS-1 was less active. The efficiency of H,O,
utilization was 75-78 % for Ti-MWW and TS-1. Nonproductive decomposition of
H,0, was mainly due to the basic media with the presence of pyridine. Ti-MOR
and Ti-Beta turned out to be much less active and selective than Ti-MWW and TS-
1. Since Ti-MOR had larger crystal size and only one-dimensional channels, both
of which hinder the diffusion and access of substrate molecules to the Ti sites,
making it not a suitable candidate for pyridine oxidation [12]. Due to highly
hydrophilic features, Ti-Beta also showed low catalytic activity for pyridine
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oxidation. Therefore, in spite of the difference in optimum reaction conditions, the
titanosilicates exhibited catalytic activity of pyridine oxidation in the order of Ti-
MWW > TS-1 > Ti-Beta > Ti-MOR.

In comparison with H,O,, the use of TBHP with a bulky molecular size made
the reaction greatly retarded. In general, the titanosilicate-catalyzed reactions are
considered to involve the 5-MR intermediates which are formed through the
coordination of a solvent molecule such as alcohol or H,O to a Ti peroxo species
[26]. Species I and II shown in Scheme 4.14 are presumed to be the intermadiates
for the oxidations with TBHP and H,O,, respectively, since both oxidants con-
tained water. The species I is much larger than species II owing to a larger
molecular dimension of fert-butyl groups. An actual reaction occurs only when the
molecules can reach the above intermediates. The medium pores of TS-1 imposed
a serious steric restriction for the intermediate of TBHP, which led to a very low
activity. Similarly, the oxidation of pyridine with TBHP was restricted seriously
on Ti-Beta. Although the catalytic performance of Ti-MWW was also affected by
the molecular sizes of oxidant, it showed a higher pyridine conversion than TS-1
and Ti-Beta in the case of TBHP, which was attributed to the unique pore system
of MWW zeolite with more open reaction spaces. It was these open reaction
spaces that make Ti-MWW more active than TS-1 and Ti-Beta for the pyridine
oxidation with TBHP.

The oxidation of pyridine derivatives with large molecular size have been
performed on various titanosilicates (Table 4.18) [38]. The larger the substrate is,
the more open reaction space is needed. The conversion of 3-picoline and 4-
picoline was only 29.9 and 30.4 % over medium pore TS-1. Ti-MWW in the
calcined form was more active than TS-1 by showing the conversion of 34.0 and
38.8 % for 3-picoline and 4-picoline, respectively. This is mainly because it has
12-MR supercages as well as external half cups. Nevertheless, the catalytic activity
of Ti-MWW for these methyl-substituted derivatives was obviously lower than for
pyridine as shown before. Ti-MWW-dry without calcination sample, which may
still contained layered structure and then have open pore system, showed superior
activity to the calcined Ti-MWW in the oxidation of pyridine derivatives. Inter-
layer expanded MW W-type titanosilicate, IEZ-Ti-MWW, showed a much higher
conversion than other catalysts [24]. The conversion of 3-picoline and 4-picoline
reached 71.9 and 71.3 %, respectively. With the interlayer spacing expanded by
silylation by 0.25 nm, IEZ-Ti-MWW possessed larger pore windows which were
accessible to the substrates with large molecular dimensions and were also
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Table 4.18 Oxidation of pyridine derivatives over different titanosilicates®. Reprinted from Ref.
[38], Copyright 2010, with permission from Elsevier

No. Catalyst 3-Picoline oxidation 4-Picoline oxidation
Conversion (%) 3-PNO TOF® Conversion 4-PNO TOF¢

selectivityb Gt (%) selectivity® (h™ D)
(%) (%)

1 TS-1(40) 29.9 97.0 72 304 96.5 73

2 Ti-MWW-cal. (43) 34.0 98.9 87 38.8 97.6 100

3 Ti-MWW-dry (43) 57.0 99.5 147 453 97.2 117

4  IEZ-Ti-MWW (40) 71.9 99.0 177 713 98.9 176

# Reaction conditions: cat., 0.15 g; 3-picoline or 4-picoline, 30 mmol; H>O, (30 %), 39 mmol;
temp., 348 K; time, 2 h; without solvent

® 3_PNO: 3-picoline-N-oxide

¢ 4-PNO: 4-picoline-N-oxide

4 TOF: turnover frequency

beneficial for product desorption. As a result, the 3-PNO or 4-PNO yield decreased
in the order of IEZ-Ti-MWW > Ti-MWW-dry > Ti-MWW-cal > TS-1.

4.5.2 Oxidation of 1,4-Dioxane

1,4-Dioxane is widely used for the synthesis of dyes, oils, paints, pesticides, and
plastics [79]. 1,4-dioxane displays infinite solubility in water, however, it is
probably a carcinogen and classified as a hazardous compound and a priority
pollutant [80, 81]. Actually, it has contaminated groundwater and drink water in
the USA and Japan. However, both the methods of bio-purification and adsorption
by active carbon are not feasible. Fan et al. attempted to modify the chemical
structure of 1,4-dioxane by means of redox reactions over titanosilicates like TS-1,
Ti-Beta and Ti-MWW, and then significantly enhance its bio-degradability [82].
Ti-MWW exhibited high activity for the oxidation of 1,4-dioxane in the presence
of H,O, aqueous solution.

As we discussed before, solvent effect is an important issue in Ti-MWW-
catalyzed reactions. Ti-MWW showed the best catalytic performance in the
epoxidation of alkenes in acetonitrile [26]. The oxidation of 1,4-dioxane was
performed in different solvents such as acetonitrile, methanol, acetone, and water,
as well as performed without solvent (Fig. 4.17). 1,4-Dioxane-2-ol was the main
product in all the reactions either with or without solvent. However, Ti-MWW
exhibited low conversion of 1,4-dioxane in the oxidation reaction of 1,4-dioxane
using acetonitrile as solvent. Moderate conversion of 1,4-dioxane was obtained
when the catalytic reaction was performed in acetone or water. Interestingly, when
the catalytic reaction was carried out in the absence of solvent expect for small
amount of water present in the aqueous H,0O, solution, the conversion of 1,4-
dioxane reached at 44.5 %. These results indicated that the presence of solvents
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Fig. 4.17 Effect of solvent on the oxidation of 1,4-dioxane on Ti-MWW (reaction conditions in
the absence of solvent: 0.1 g catalyst, 20 mmol substrate, 10 mmol H,O, (31 % in aqueous
solution), 60 OC, 4.4 h; in the presence of a solvent: 0.1 g catalyst, 10 mL solvent, 20 mmol
substrate, 20 mmol H,O, (31 % in aqueous solution), 60 °C, 4.4 h). Conversion based on H,O,.
Reprinted from Ref. [82], Copyright 2008, with permission from John Wiley and Sons

retarded the catalytic ability of Ti-MWW in the oxidation of 1,4-dioxane to 1,4-
dioxane-2-ol.

On the other hand, these results implied that the mechanism of 1,4-dioxane
oxidation in the absence of solvents is different from those of the epoxidation of
alkenes with acetonitrile as solvent. The intermediate with a five-membered ring
structure formed by hydrogen-bonded solvent ROH or H,O molecules and
hydroperoxo-Ti species was considered to be the active site. It has been confirmed
that oxidation of 1,4-dioxane with H,O,/O, occurs through a radical mechanism
[83]. Firstly, hydrogen peroxide is decomposed homolytically to form a highly
active HO " radical, which initializes the reaction. This process occurs slowly, as
evidenced by a low H,0,-based conversion of 0.4 % obtained in the absence of
catalyst. Then, this radical species abstracts one hydrogen atom from 1,4-dioxane
to form a carbon radical. This is followed by its interaction with hydroperoxo/
peroxo-Ti species to form radical Ti species, which further interact with hydrogen
peroxide to produce the active intermediates of hydroperoxo-Ti species and
hydroxyl radicals. The presence of HO ' radicals was confirmed by a severe
inhibition of the reaction in the presence of Na,COs - CO;>~ is well known to be a
scavenger of HO " radicals as shown. When Na,CO; was added to the reaction
system, the H,0O,-based 1,4-dioxane conversion decreased from 46 to 3.6 %.
Different amount of NaCl was also added into the reaction mixture, but the con-
version of 1,4-dioxane remained at 30 %. The much higher activity obtained in the
presence of NaCl than Na,CO;5 showed that hydroxyl radical was really existed.

The catalytic ability of Ti-MWW in the oxidation of 1,4-dioxane was compared
with other titanosilicates like TS-1, Ti-Beta. Ti-MWW showed much higher
conversion than TS-1 and Ti-Beta [82].
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Fig. 4.18 Conversion of a series of ethers over the Ti-MWW catalyst (reaction conditions: for
THP: 100 mmol substrate, 10 mmol H,O, (31 % in aqueous solution) 60 OC, 4.4 h, no solvent;
for THF and DHP: 10 mmol substrate, 10 mmol H,O, (31 % in aqueous solution), 10 mL
MeCN, 60 OC, 4.4 h). Conversion based on H,O,. Reprinted from Ref. [82], Copyright 2008, with
permission from John Wiley and Sons

The catalytic oxidation of various ether substrates was performed over Ti-
MWW catalyst (Fig. 4.18) [82]. In the case of tetrahydropyran (THP) oxidation,
the conversion observed is 9.0 %, much lower than the conversion of 1,4-dioxane.
The difference in substrates conversion was believed to be related to different
solubility of these two substrates in water. Thus, a much higher concentration of
1,4-dioxane molecules than THP would be present around active sites. Acetonitrile
is used as solvent in the oxidation of tetrahydrofuran (THF) and 3,4-dihydro-2H-
pyran (DHP). Ti-MWW showed more than 30 % conversion for both THP and
DHP. The results indicated that Ti-MWW could catalyze the oxidation of both
saturated and unsaturated ethers under suitable conditions.

4.5.3 Oxidative Desulfurization with Ti-MWW

In recent years, environment problems is becoming serious, and thus strict regu-
lations were implemented, that limited the level of sulfur in diesel to less than
15 pg/g since 2006 in the USA, less than 10 pg/g since 2005 in Europe, and less
than 50 ug/g since 2008 in Beijing and Shanghai in China. Hydrodesulfurization
(HDS) is efficient for the removal of thiols, sulfides, and disulfides. However, it is
difficult to remove sulfur-containing compounds such as dibenzothiophene to
reach a low level using conventional HDS. Therefore, the application of oxidative
desulfurization to liquid fuels has attracted much interest. In this useful alternative,
the sulfur compounds are first converted to oxygenated compounds with a high
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Fig. 4.19 Conversion of 100 —
benzothiophene (a) and P
dibenzothiophene (b) over @ [ H: »
TS-1 and Ti-MWW. Reaction 80~ I
conditions: model light oil s ® =7
10 mL, 30 % H,0, 136 pL, = 60 S =/
n(H,0,): n(S) = 4, TS-1 or S s
Ti-MWW 0.1 g, acetonitrile 2
10 mL, 343 K, 3 h % 40+
O a b
20
[a | ]
TS-1 Ti-MWW

polarity by selective oxidation, and extraction with suitable solvents are conducted
to realize the desulfurization [84].

Titanosilicate/H,O, catalytic systems such as Ti-MWW/H,0, and TS-1/H,0,
have been used to the oxidative desulfurization process for model light oil [39, 85].
As shown in Fig. 4.19, when the catalytic reactions were carried out in acetonitrile
at 343 K, Ti-MWW showed the conversion of benzothiophene and dibenzothio-
phene both >95 %, while TS-1 showed trace conversion for both substrates. Be-
nothiophene and dibenzothiophene are oxidized to their corresponding sulfoxides
and sulfones, which can be removed readily by extraction with acetonitrile.

The advantages of Ti-MWW were found in the oxidative desulfurization of
bulky aromatic sulfur compounds like 4,6-dimethyldibenzothiophene (4,6-
DMDBT) [39]. Table 4.19 compares the oxidation activity for various sulfur
compounds over TS-1, Ti-Beta, Ti-MCM-41, and Ti-MWW. With increasing
molecular dimension of the substrates, the conversion of sulfur compound became
low. Obviously, Ti-MWW was the most effective catalyst for oxidative desul-
furization of 4,6-DMDBT. This is attributed to the contribution of the 12-MR side
cups in Ti-MWW, which are easily accessible to the bulky molecules.

4.5.4 Epoxidation and Cyclization of Olefinic Alcohols

As shown, Ti-MWW efficiently catalyzes the epoxidation of AAL and diallyl ether
with H,O, as oxidant. The main products were corresponding epoxides [28, 29]. In
the case of the epoxidation of the unsaturated alcohols with a longer chain
(w-hydroxyalkenes with more than Cs), however, the cyclization of the epoxides
takes place possibly, leading to corresponding hydroxytetrahydrofuran or
hydroxytetrahydropyran (Scheme 4.15). These 5-MR or 6-MR products are pro-
duced via two steps. Firstly, the double bond of olefinic alcohols is activated to the
corresponding unstable epoxy alcohols by electrophilic attack of the titanium
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Table 4.19 Oxidation of aromatic organic sulfur compounds over various titanosilicates®.
Reprinted from Ref. [39], Copyright 2010, with permission from John Wiley and Sons

Entry Catalyst Sulfur compoundb Conversion (%)
1 TS-1 TH 41
BT 19
DBT 4
4,6-DMDBT 1
2 Ti-Beta TH 4
BT 100
DBT 84
4,6-DMDBT 35
3 Ti-MCM-41 TH 2
BT 87
DBT 94
4,6-DMDBT 35
4 Ti-MWW TH 36
BT 87
DBT 84
4,6-DMDBT 78

# Reaction conditions: TS-1 or Ti-MWW, 40 mg; Ti-Beta, 48 mg; Ti-MCM-41, 47 mg; model
light oil (100 mg mL™! S), 10 mL; solvent (water for TS-1, MeCN for the others), 10 mL,
323K,3h

b TH, thiophene; BT, benzothiophene; DBT, dibenzothiophene; 2,4-DMDBT, 2,4-dimethyl
dibenzothiophene

hydroperoxo oxygen over titanoilicate. Secondly, the epoxides undergo cyclization
by the intramolecular nucleophilic attack of terminal hydroxyl moiety present in
the molecule to the activated carbon atom of the epoxy ring. This step occurs on
the weak acid sites of titanosilicates. Taking advantages of this kind of ring closure
of substituted 4-penten-1-oxy and 5-hexen-1-oxy radicals, it is possible to syn-
thesize tetrahydrofuran and tetrahydropyran ring compounds in one-pot. The
widespread occurrence of these substituted compounds in many classes of natural
products have made them valuable building blocks for the synthesis of various
biologically active organic target molecules. We found Ti-MWW could serve as a
promising catalyst for synthesizing these functional compounds.

As shown in Scheme 4.15, the cyclization of 4-penten-1-ol occured regiose-
lectively to produce the 5-exo product tetrahydrofurfuryl alcohol (5-MR). On the
other hand, the corresponding tetrahydropyran regioisomer of 5-MR supposed to
form via endo attack of the hydroxy nucleophile to the activated terminal carbon
atom of the epoxide intermediate takes the form of tetrahydro-4H-pyran-3-ol
(6-MR). This is known as Baldwin rule. According to this rule, exo nucleophilic
attack occurs mainly. However, as given in Table 4.20, this 6-MR product was not
formed at all over TS-1 because its 10-MR medium pores limit the formation of
bulky products. Nevertheless, tetrahydro-4H-pyran-3-ol (6-MR) was synthesized
with a yield about 2-3 % over Ti-Beta and Ti-MWW both with a larger pore size.
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Scheme 4.15 Product distribution in the epoxidation of various unsaturated alcohols

In the case of 5-hexen-1-o0l, two products, either tetrahydropyran or 7-MR
redioisomer tetrahydrohomopyran derivative, are supposed to be produced, but
only tetrahydropyran-2-netanol was formed. Here the exo attack prevails to give 6-
MR tetrahydropyran rather than the 7-MR regioisomer, which is formed via endo
attack. Although the conversion and the specific activity (turnover frequency,
TOF) decreased with increasing the carbon chain of the olefinic alcohol for three
type of titanosilicates, Ti-MWW was obviously more active than TS-1 and Ti-
Beta. This should be attributed to a high accessibility of the Ti active sites to the
linear alcohol molecules inside the 10-MR channels of the MWW topology.
Meanwhile, its 12-MR supercages and side cups could accommodate cyclic
compounds, which allow the cyclization of the epoxides to occur possibly. The
unique structure of Ti-MWW is thus helpful for the epoxidation and the sub-
sequent cyclization.

4.6 Selective Epoxidation of Propylene to PO with H,
and O, Over Bifunctional Au/Ti-MWW Catalyst

Ti-MWW is capable of catalyzing the epoxidation reaction of propylene to pro-
duce PO with H,O, as oxidant in the liquid phase [33]. In recent years, many
efforts have been devoted to the direct epoxidation of propylene with H, and O,
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Table 4.20 The results of the epoxidation of various unsaturated alcohols®

Catalyst Substrate Time/h Conversion/% Selectivity/% TOF/h™"
Epoxide 5-MR 6-MR

TS-1 (Si/Ti = 40)  Allyl 1 11.8 100 - - 117
alcohol®

3-buten-1-0l 2.5 21.8 100 - - 43

4-penten-1-ol 2.5 21.1 3.1 99 0 42

5-hexen-1-ol 2.5 16.8 36.0 - 63.9 33

Ti-MWW Allyl 1 63.5 100 - - 670
(Si/Ti = 42) alcohol®

3-buten-1-ol 2.5 59.0 100 - - 124

4-penten-1-ol 2.5 64.0 150 830 2.0 135

5-hexen-1-ol 2.5 24.0 43.1 - 56.9 23

Ti-Beta (Si/Ti = 40) Allyl 1 7.8 100 - - 77
alcohol”

3-buten-1-0l 2.5 13.2 100 - - 26

4-penten-1-ol 2.5 253 0 970 3.0 50

5-hexen-1-ol 2.5 8.8 17.5 - 82.5 18

% Reaction conditions: cat., 50 mg; reaction temp., 333 K; solvent, MeCN,10 mL; substrate,
5 mmol; H,O, (31 wt %), 5 mmol
P cat., 25 mg

over Au/titanium-containing support. Haruta and co-workers first reported in 1998
that Au/anatase catalysts prepared by deposition—precipitation (DP) method could
catalyze the propylene epoxidation with H,/O, at a PO selectivity >95 % and a
low propylene conversion (~1 %) [86]. So far, considerable research has been
carried out in this area, including the investigation of Au supported on titanosi-
licates [87-89]. Delgass and co-workers found that a stable catalyst of 0.05 wt %
Au/TS-1 (Si/Ti = 36) gave a propylene conversion of 8.8 % and a PO selectivity
of 81 % at 473 K. It is believed that H, and O, react on Au nanoparticles to form
H,0,, which then migrates to Ti sites to epoxidize propylene adsorbed there [89].
It is shown that the hydroperoxide species on the Ti site are the active species for
epoxidation.

Thus, Au nanoparticles have been supported on Ti-MWW by DP method,
leading to a bifunctional catalyst Au/Ti-MWW (Scheme 4.16). Its catalytic per-
formance has been investigated in the direct epoxidation of propylene with H, and
O, [40]. The catalytic results of Au/Ti-MWW have been compared with Au/TS-1.
The TEM images showed the size of Au nanoparticles observed on the fresh Au/
Ti-MWW and Au/TS-1 was both smaller than 5 nm. Considering the fact that the
pore entrance of TS-1 and Ti-MWW was only about 5.5 A, the Au nanoparticles
observed were believed on the outer surface of zeolite crystallites. The Au loading
increased slightly with increasing Ti content both in Ti-MWW and TS-1, which
was consistent with the results reported by other groups that higher Ti content led
to higher Au loading on TS-1 zeolite [90]. It seems that there is a certain affinity
interaction between Ti species and Au precursor. The presence of Ti species is
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Scheme 4.16 Bifunctional
Au/Ti-MWW catalyst for
direct epoxidation of
propylene with H, and O,.
Reprinted from Ref. [40],
Copyright 2012, with
permission from International
Union of Pure and Applied
Chemistry
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helpful for capturing the Au precursor in the DP process. Moreover, compared
with that at the same Si/Ti ratio, the Au content supported on Ti-MWW was higher
than that on TS-1, which is probably due to more defect sites contained in Ti-
MWW framework.

The Au/TS-1 and Au/Ti-MWW with various Ti contents and Au loading were

applied to the gas-phase epoxidation of propylene with H, and O, [40]. The
reaction gave the products including CO, CO,, H,0, and C; compounds including
PO, propane, propionaldehyde, acetone, and acrolein. The catalytic activities of
catalysts were clearly related to the Au loading and Si/Ti ratio as given in
Table 4.21. The initial activity was in the order of Au/Ti-MWW(40) > Au/Ti-
MWW (70) > Au/Ti-MWW(135) > Au/Ti-MWW(165) > Au/Ti-
MWW (225) > Au/Ti-MWW(350). The lower the Si/Ti ratio is, the lower the Au
content and initial activity are. The similar results were also observed in the case
of Au/TS-1. It is believed that H, and O, react on Au nanoporticles to form H,O,,
which then migrates to Ti sites to epoxidize propylene adsorbed. Thus, it is
comprehensible that more Au nanoparticles would promote in situ generation of
H,O, and then favor the epoxidation of propylene on Ti sites. In addition to the
propylene conversion, the PO selectivity is also important. The selectivity of PO
increased with Si/Ti ratio of Ti-MWW supports. However, Au/Ti-MWW not only
showed lower propylene conversion, but also lower PO selectivity than Au/TS-1.
With comparable Si/Ti ratios, Au/Ti-MWW(135) and Au/TS-1(140) showed the
initial PO selectivities of 39.6 and 89.0 %, respectively. The deep oxidation
products (mainly CO, together with CO) were produced at a higher level on Au/
Ti-MWW than Au/TS-1.

There are abundant defects in the framework of Ti-MWW zeolite due to the Ti-
MWW preparation method as we discussed before [14]. The Si—OH groups in the
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framework of Ti-MWW would adsorb PO efficiently. Thus, the desorption of PO
from AwW/Ti-MWW was not as easy as from Au/TS-1, leading to a lower PO
selectivity on Au/Ti-MWW. To enhance the PO selectivity of Au/Ti-MWW, it is
necessary to improve its hydrophobicity. We once developed a post structural
rearrangement technique assisted by PI treatment that proved to be effective for
reducing the amount of Si—OH groups in Ti-MWW [74]. Thus, Ti-MWW was first
rearranged with PI, giving rise to Re-Ti-MWW. A part of defect sites (hydroxyl
nests) were removed during this structural rearrangement. Both IR and *°Si MAS
NMR investigations verified the decrease in hydroxyl groups after PI treatment
[40]. Re-Ti-MWW was then supported with Au nanoparticles to investigate the
catalytic performance in direct epoxidation of propylene to PO with H, and O,.
The PO selectivity was significantly improved after PI treatment. Figure 4.20
shows the dependence of propylene conversion and PO selectivity on the Ti
content of Au/TS-1, Au/Ti-MWW, and Au/Re-Ti-MWW. The PI rearrangement
lowered slightly the catalytic activity for propylene conversion, but greatly
enhanced the PO selectivity. Thus, Au/Re-Ti-MWW showed almost the same PO
selectivity dependence on Ti content as TS-1. This is clearly related to the
reduction of Si—~OH groups in defect sites by post-treatment of Ti-MWW with PI
and further calcination. The reduction of Si-OH groups would speed up the
desorption of PO from zeolite surface and channels. This would minimize the
consecutive side reactions and improve the selectivity to the objective product of
PO. The highest initial PO formation rate among the series of Au/Re-Ti-MWW
catalysts was obtained on Au/Re-Ti-MWW(135). The value of 22 g, kg 'h!
was about twice as high as that achieved on Au/Ti-MWW(135).

@i10F (b)100
| @
g 8F 80 g,
S| AWTIEMWW . |
g 6 S I P
S Aw/TS-1 \ I - e
£ D 3 " Au/Re-Ti-MWW
= 4 5 40
R A ok . AWTEMWW
F 9 AwRe-Ti-MWW ' e / ..................
07 | | | | | 0 | | | | |
5 10 15 20 252 30 5 10 15 20 253 30
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Fig. 4.20 The propylene conversion (a) and PO selectivity (b) as a function of Ti content in Au/
Re-Ti-MWW. For comparison, the results of Au/Ti-MWW and Au/TS-1 are shown in dash lines.
Reprinted from Ref. [40], Copyright 2012, with permission from International Union of Pure and
Applied Chemistry
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Chapter 5
Conclusions and Prospects

Selective oxidation is one of the most important reactions, which serves as a bridge
between basic raw materials from fossil resource and the oxyfunctional products
such as polymer, fine chemicals, pharmaceuticals, and agricultural chemicals. The
applications range from laboratory scale organic synthesis to commercial pro-
duction of bulk chemicals in petrochemical industry. Great concerns have risen to
those conventional noncatalytic oxidation processes suffering serious problems of
environmental pollution and byproduct disposal. Providing a useful substitution
for developing greener oxidation processes, the titanosilicate/H,O, system has
already achieved great successes in the production of cycohexanone oxime and
propylene oxide. Greener processes and clean production of specific oxygenated
chemicals are waiting for tailor-made titanosilicate catalysts matching up well
with reactants and products. As one of the representative titanosilicates developed
in the past few decades, layered Ti-MWW titanosilicate has achieved great pro-
gress in synthesis, structural modification, and catalytic applications, which is
reviewed comprehensively in this book. The ideas would be of some importance to
develop other novel oxidation catalysts. In addition to developing new materials,
design and synthesis of titanosilicat-based bifunctional or multifunctional catalysts
are expected to bring about more attractive oxidation processes, not using
expensive hydrogen peroxide but employing hydrogen and oxygen, or more
preferable oxidant of oxygen. Those catalysts applicable to tandem reactions are
also desirable for one-pot synthesis of the chemicals that usually require multiple
steps.
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