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Abstract: Designing cost-effective TS-1 with enhanced catalytic stability in direct
propene epoxidation with H> and O is attracting tremendous research interests. In this
work, a novel hydrophobic TS-1/S-1 lamellar support with Ti-rich shell and Si-rich
cores is first synthesized using trace amount of TPAOH template. The effect of TPAOH
concentration on physico-chemical properties of catalyst is then investigated.
Compared with conventional Au/TS-1, optimum Au/TS-1/S-1 catalyst exhibits
fantastic catalytic stability for over 100 h and good PO formation rate of 140 gpoh
'kgcar!. Furthermore, the intrinsic reason for the enhanced stability is elucidated by
TGA, XPS, ?°Si NMR and FT-IR. It is found that the coke weight for Au/TS-1/S-1 is
only 0.99 wt%, much lower than 4.9 wt% for Au/TS-1 catalyst. The refractory aromatic
coke is also not formed. On the one hand, this could be due to the unique core-shell
structure and the presence of mesopores, which reduce the long diffusion path. On the
other hand, it is because of enhanced hydrophobicity. This work sheds new light on the
design and synthesis of highly effective and cost-efficient Au/Ti-containing catalysts.
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1. Introduction

Propylene oxide (PO), which is an important propene derivative, is widely used in
the manufacture of polyurethane and polyester resins. Compared with traditional
chlorohydrin and other organic hydroperoxide processes, direct propene epoxidation
with H> and O; to produce PO is more environmentally benign, simple and cost-
efficient [1]. Meanwhile, gold catalysts exhibit excellent catalytic activity in many
catalytic reactions [2, 3]. Since Auw/TiO; catalyst was reported to achieve high PO
selectivity in direct propene epoxidation with H> and Oz in 1998 [4], extensive efforts
have been made to design the efficient Au/Ti-containing catalysts such as Au/TS-1,
Au/Ti-MCM-41. Au/Ti-MCM-48, Au/Ti-SiO2, Au/Ti-TUD and Au/Ti-HMS [5-10].
Among the above Au/Ti-containing catalysts, Au/TS-1 with good hydrophobicity and
tetra-coordinated Ti exhibits superior activity and stability. However, it is still difficult
to avoid the disadvantage of rapid deactivation for traditional Au/TS-1 catalyst [1].
Therefore, designing a highly efficient Au/TS-1 catalyst with prominently improved
catalytic stability and good activity is of prime scientific and industrial importance.

In our previous work [11, 12], the deactivation of Au/TS-1 catalyst is mainly found
to be the micropore blocking caused by carbonaceous deposits. The carbonaceous
deposits are formed by the initial PO adsorption on the catalyst surface and subsequent
ring-opening, oligomerization, rearrangement, cracking and coupling reactions. This
makes Au clusters inside micropores inaccessible to reactants [7, 13-15]. Therefore,
enhancing the mass transfer by decreasing the diffusion path length of products inside

zeolite 1s a promising scenario to this problem [16]. Based on the deactivation



mechanism, several preparation methods have been proposed to improve the stability
of Au/TS-1 catalyst, such as synthesizing uncalcined TS-1 with blocked pores (TS-1-
B) [17, 18] and nanocrystalline mesoporous titanium silicalite-1 (MTS-1) [19]. The
rapid deactivation problem could be dramatically improved by depositing Au on
external surfaces, shortening reactant/product diffusion length and increasing
hydrophobicity. However, the present catalysts still cannot meet the requirements of
industry, and the stability, C3Hs conversion together with H» efficiency still need to be
improved [8, 19]. Therefore, new strategies are still highly desired to achieve better
catalytic performance.

Besides the catalytic performance, the expensive synthetic cost of the above
mentioned Au/TS-1 catalysts also hinders the application of Au/TS-1 catalyst. In recent
years, low-cost synthesis of TS-1 support is attracting more attention [20, 21]. Recently,
we reported a cost-effective small-sized mesoporous TS-1 (STS-1) support [22], and
the Au/STS-1 catalyst shows similar propene epoxidation performance to that of
conventional Au/TS-1. Unfortunately, there is no improved stability for Au/STS-1
catalyst compared with Au/TS-1. Therefore, designing cost-effective Au/TS-1 catalyst
with enhanced catalytic stability and good catalytic activity is also of prime industrial
and scientific importance[23].

In this work, a mesoporous TS-1/S-1 support with Ti-rich shell and Si-rich cores
is first synthesized using trace amount of TPAOH template. The Au/TS-1/S-1 catalysts
shows amazing catalytic stability over 100 h in direct propene epoxidation with H> and

0O2. Moreover, the relationship between the physicochemical structure of Au/TS-1/S-1



catalyst and catalytic performance (i.e., PO selectivity and catalytic stability) is further
elucidated. The unique core-shell structure, presence of mesopores together with higher
hydrophobicity result in reduced coke formation and absence of refractory aromatic
coke, inhibiting the side reactions and deactivation caused by blocking of micropores.
This work sheds new light on the design and synthesis of highly effective and cost-
efficient TS-1 catalysts that with high stability and activity.
2. Experimental
2.1 Catalyst Preparation

The preparation of silicalite-1 (S-1) seed was carried out according to the procedure
reported in the literature [24]. The TS-1/S-1 support was synthesized as follows: 5 g n-
butylamine (NBA, 99.5 wt %) and 0.2 g tetrapropylammonium hydroxide (TPAOH, 25
wt %) was dissolved in deionized water under stirring. Afterward, 10 g colloidal silica
was added to the above solution. Meanwhile, 0.4 g titanium(IV) tetrabutoxide (TBOT,
99 wt %) was dissolved in 15ml isopropanol (IPA, 99.5 wt %). The mixture was added
to the hydrolyzed solution of colloidal silica dropwise under vigorous stirring.
Subsequently, 1 g S-1 seed was added to the aforementioned solution. The resulting
mixture was placed into a Teflon-lined stainless steel autoclave and crystallized at 443
K for 72 h. Finally, the product was washed and centrifuged with distilled water, dried
at 353 K overnight and calcined at 823 K for 6 h. The molar composition of the gel was
as follows: Si0: TiO2: TPAOH: n-butylamine: H>O= 1.0: 0.024: 0.005-0.02: 0.73: 30.
The conventional TS-1 with the same Si/Ti ratio was synthesized using hydrothermal

method developed by Khomane et al [25].



AU/TS-1/S-1 and conventional Au/TS-1 catalysts were prepared by the deposition-
precipitation method [26]. Typically, 0.1 g hydrogen tetrachloroaurate (1V) trihydrate
(HAUCl4 = 4H>0, 99.99%) was mixed with 50 mL deionized water. 0.5 g TS-1 support
was added to the above solution. The mixture was stirred for 1 h at room temperature,
and the slurry was then adjusted to the pH of 7.0 by 1 M and 0.1 M aqueous solution of
NaOH and stirred at room temperature for 9 hours. The resulting catalyst was then
separated by centrifugation (5000 rpm for 10 min), washed three times with 100ml
deionized water and dried at 298K overnight under vacuum.

2.2 Characterization

The X-ray diffraction patterns (XRD) of TS-1 catalysts were collected on a X’pert
PRO MPD diffractometer instrument using Cu-Ka radiation. The N adsorption-
desorption isotherms were measured on a Micromeritics ASAP 2020 instrument. The
fourier transform infrared spectroscopy (FT-IR) spectra of the catalysts were obtained
on a Nicolet NEXUS 670 spectrometer with KBr as background. The ultraviolet-visible
spectroscopy (UV-vis) spectra from 200 to 800 nm was determined on a PerkinElmer
Lambda 35 spectrophotometer, and pure BaSO4 was used as reference. Au loading and
Ti content were determined by the inductive coupled plasma optical emission
spectrometry (ICP-OES) on an Agilent 730 ICP-OES spectrometer. The surface Ti
content was determined by the X-ray photoelectron spectroscopy (XPS) on a Perkin-
Elmer PHI 5000C ESCA system. The high resolution transmission electron microscopy
(HRTEM) images were taken on a JEOL JSM-2100F microscope, and the scanning

electron microscopy (SEM) images were obtained on a Hitachi S-4800 field-emission



scanning electron microscope. The weights of carbonaceous deposits were analyzed by
thermogravimetric analysis (TGA, PerkinElmer TGA Pyris 1). The #Si solid-state
MAS NMR measurements of TS-1 samples were performed using a Unity/Inova
(Varian, 600 MHz) spectrometer.
2.3 Gas-phase propene epoxidation with Hz and O2

The direct propene epoxidation reaction was taken in a quartz tubular reactor (i.d. 8
mm) employing a feed containing CsHs, H2, O and N> with the flow rate of
3.5/3.5/3.5/24.5 mL-min™. The space velocity is 14000 mLhger?. Au/TS-1/S-1 and
conventional Au/TS-1 catalysts (0.15 g) were evaluated under atmospheric pressure at
200<C. The reactants and products were analyzed using two on-line GC (Agilent 6890).
Hydrocarbons, Hz, Oz, N2, CO, and H20 were analyzed by GC equipped with TCD. It
should be noted that CO2 can be well-analyzed in this work. Propylene oxide, ethanal,
propanal, acetone, acrolein and other oxygenates were analyzed by the other GC
equipped with FID. Blank evaluations indicated that no PO was generated in the blank
reactor.

Propene conversion = mol of (Cz-oxygenates + 2/3ethanal + CO2/3)/mol of propene
in the feed.

PO selectivity = mol of PO/mol of (Cs-oxygenates + 2/3ethanal + CO,/3).

H> efficiency = mol of PO/mol of H. converted.
3. Results and Discussion
3.1. Cost-effective synthesis of the novel TS-1/S-1 material

Novel TS-1/8-1 sample with unique Ti-rich shell and Si-rich cores is synthesized



using S-1 zeolite as seed. The required amount of TPAOH template is about 1/30 of
traditional process. The physicochemical properties of TS-1/S-1 and conventional TS-
1 are then compared.

Fig. 1a shows the powder X-ray diffraction (XRD) spectra of TS-1/S-1 and
conventional TS-1 samples. Itis clear that TS-1/S-1 and TS-1 all show the characteristic
diffraction peaks at 7.8< 8.8 23.1< 23.9<and 24.3< corresponding to the five
characteristic peaks of typical MFI topological structure. The sharp single diffraction
peaks at 20 = 24.3° for the two samples indicate their orthorhombic symmetry, which
is one of the special features of TS-1. This suggests the presence of Ti in the framework
[27]. Fig. 1b shows the N2 adsorption-desorption isotherms and pore-size distribution
of TS-1/S-1 and TS-1 samples. The rapid elevation of the curve at P/Po < 0.02 indicates
the existence of micropores [28]. For TS-1/S-1 sample, the adsorption-desorption
curves exhibit typical ITUPAC type IV isotherms with a H1 hysteresis loop, which
indicates the existence of mesoporous pores with concentrated pore diameter
distribution. The capillary condensation occurs at P/Po ranging from 0.8 to 0.99 is
observed, which is due to multilayer adsorption of nitrogen molecules inside inter-
crystalline mesoporous. Both the N> adsorption-desorption isotherms and the pore-size
distributions demonstrate that the TS-1/S-1 sample contains mesoporous with
diameters of ca. 3.4 nm. These results illustrate the micro-mesoporous hierarchical
structure of TS-1/S-1 support.

(Fig. 1 should be inserted here)

For propene epoxidation with Hz and Oz, the Ti species are quite essential [29, 30].



The environment of Ti inside or outside the framework of TS-1 can be investigated by
FT-IR and UV-vis characterizations. Fig. 2 (a) shows the FT-IR spectra of TS-1/S-1 and
TS-1 samples. The two samples have six typical characteristic peaks in the finger print
region at 450, 550, 800, 960, 1100 and 1230 cm™, which are in agreement with the
typical FT-IR spectra of TS-1 reported in literature [31, 32]. The peak at 960 cm™ is
considered to be the presence of the Si-O-Ti structure inside the framework. This result
suggests that the Ti species can be effectively introduced into the framework of TS-1/S-
1 with adding the trace amount of TPAOH template.

FT-IR spectra could only be used to verify whether Ti species are introduced into
the framework of TS-1. The detailed composition of Ti species should be further
determined by UV-vis spectra, as shown in Fig. 2 (b). It is clear that there are dominate
adsorption peaks at ca. 220 nm for TS-1/S-1 and conventional TS-1 samples,
confirming the presence of isolated tetracoordinated Ti species in the MFI
framework[33]. For TS-1/S-1 sample, small adsorption peaks show up at 260 nm,
indicating the existence of octahedrally coordinated Ti complexes[34].

(Fig. 2 should be inserted here)

The Ti content of TS-1/S-1 was determined by the inductive coupled plasma
optical emission spectrometry (ICP-OES) and the Ti content on the surface of TS-1/S-
1 was determined by X-ray photoelectron spectroscopy (XPS). The XPS and ICP results
show that the Si/Ti molar ratio of 64.7 on the surface of TS-1/S-1 is obviously lower
than that of 105.2 of the holistic zeolite, demonstrating the presence of a non-uniform

Si/Ti molar ratio in TS-1/S-1 sample.



This phenomenon is confirmed by TEM images of the TS-1/S-1 sample and S-1 seed,
as shown in Fig. 3. The S-1 seed crystals are visible in the central part of TS-1/S-1
crystals. The average particle size of the wrapped S-1 crystals in TS-1/S-1 is ca. 30 nm,
which is much smaller than S-1(ca. 100 nm), indicating that the S-1 seed crystals are
incompletely dissolved in the crystallization process. This could be related to the
dissolution-recrystallization process of S-1 seeds during crystallization in alkaline
environment [32, 35, 36]. After adding the S-1 seeds into the initial gel, the seeds are
outside-in dissolved and the crystals grow based on the surface of the S-1 seeds. The
Si-rich core part of TS-1/S-1 is comes from the incompletely dissolved S-1 seed and
the Ti-rich shell part is rooted in the recrystallization process. According to the ICP,
XPS and TEM results, we propose a possible schematic diagram of crystallization
process as shown in Fig. 4. Furthermore, the average crystal size of TS-1/S-1 is ca.
220*130*80 nm, which is smaller than the size of TS-1 (ca. 500 nm). It suggests that
adding seeds has remarkable effect on reducing the crystal size which is because the
seeds with MFI crystal structure can provide more crystal nuclei [37-39].

(Fig. 3 should be inserted here)
(Fig. 4 should be inserted here)

Moreover, the HRTEM image of TS-1/S-1 in Fig. 5 ensures the conformity of the
crystal structure and the connectivity of the pores between the TS-1 shell and the S-1
cores, which can effectively promote the mass transfer of the reactants and products.

(Fig. 5 should be inserted here)

3.2 Effect of TPAOH concentration on properties of TS-1/S-1



The TPAOH concentration, as an essential parameter during synthesis, could
greatly affect the physico-chemical properties of TS-1 [40]. Normally, this
TPAOH/SiO; ratio is 0.15-0.3 for conventional TS-1 synthesis. In this work, the
TPAOH/SiO> molar ratio is significantly reduced to 0.005. Since TPAOH constitutes
the large percentage of TS-1 cost, the greatly reduced TPAOH/SiO; ratio indicates the
lower cost and better industrial potential.

Fig. 6 shows the XRD patterns of TS-1/S-1 samples with different TPAOH/SiO>
molar ratios (i.e., 0, 0.005, 0.01 and 0.02). All samples show the sharp peaks at 20 =
7.8°, 8.8°, 23.0°, 23.9 ° and 24.4 ° corresponding to the five characteristic peaks of
typical MFI topological structure. The single peaks at 20 = 24.4° in TS-1-TPA-0.005/S-
1, TS-1-TPA-0.01/S-1 and TS-1-TPA-0.02/S-1 samples indicate that all the three
samples have an orthorhombic symmetry. As opposed to orthorhombic symmetry, the
double peak at 26 = 24.3° in TS-1-TPA-0/S-1 (i.e., template free) indicates that the TS-
1-TPA-0/S-1 crystal has a monoclinic symmetry [27].

(Fig. 6 should be inserted here)

Fig. 7a shows the FT-IR spectra of TS-1/S-1 samples with different TPAOH
concentrations. The TS-1-TPA-0.005/S-1, TS-1-TPA-0.01/S-1 and TS-1-TPA-0.02/S-1
samples possess six typical characteristic peaks in the finger print region at 450, 550,
800, 960, 1100 and 1230 cm™', which are consistent with the typical FT-IR spectra of
TS-1 reported in the literatures [31]. However, the absorption peak at 960 cm™ which
considered to be the presence of the Si-O-Ti structure inside the framework does not

show up in the TS-1-TPA-0/S-1 sample. This is also confirmed by the UV-vis spectra



in Fig. 7b. It is clear that there are dominate adsorption peak at ca. 220 nm for TS-1-
TPA-0.005/S-1, TS-1-TPA-0.01/S-1 and TS-1-TPA-0.02/S-1 samples, confirming the
presence of isolated tetracoordinated Ti species in the MFI framework. Meanwhile,
adsorption peaks also show up at 260 nm and edge down with the rise of TPAOH
concentration, indicating that the octahedrally coordinated Ti complexes gradually
decreased with the increase of TPAOH concentration. However, the weaker intensity of
220 nm adsorption peak and the stronger absorption peaks arise in 260 and 330 nm of
TS-1-TPA-0/S-1, confirming that isolated tetracoordinated Ti is difficult to be
introduced into the framework of TS-1-TPA-0/S-1 which is synthesized without adding
TPAOH template. The possible reason should be the absence of TPA" in the synthesis
system because TPA" has an important impact on the crystallization process as
structure-directing effect.
(Fig. 7 should be inserted here)

Fig. 8 shows the TEM images of TS-1/S-1 samples with different TPAOH/Si0-
molar ratios. The shape of the TS-1-TPA-0/S-1 is cuboid, while other TS-1/S-1 samples
are six-sided lamellar with several cores inside. When TS-1/S-1 is synthesized without
adding TPAOH template, the average crystal size is ca. 100 nm as shown in Fig. 7a.
With the increase of the TPAOH concentration, the average crystal size increases from
220*130*80 nm to 330*180*110 nm. This could be because the addition of template
agent is helpful for crystal growth.

(Fig. 8 should be inserted here)

Conventional TS-1 and TS-1/S-1 samples with different TPAOH/S10; molar ratios



are used as supports for Au deposition. To make a fair comparison, the Au loadings of
the catalysts are similar (ca. 0.10 wt%). Fig. 9 shows the HRTEM images of the Au/TS-
1/S-1 with different TPAOH/Si0; molar ratios and Au/TS-1 catalysts. More than 150
nanoparticles were measured to determine Au average particle size to increase accuracy.
It is found that the Au/TS-1 and Au/TS-1/S-1 catalysts show similar Au particle size of
ca. 3.0 nm. This could exclude the effect of Au particle size [1, 4, 41, 42] and give an
intrinsic effect of support.
(Fig. 9 should be inserted here)

The catalytic performance of the Au/TS-1/S-1 and the conventional Au/TS-1
catalysts for propene epoxidation are compared in Fig. 10a. The Au/TS-1 catalyst shows
higher initial PO formation rate of 155 gpoh'kgcar!. However, the PO formation rate
sharply decreased from 155 to 106 gpoh™'kgcar! in 20 h because the Au clusters inside
the microporous channels are no longer accessible to reactants due to micropore
blocking deactivation by carbonaceous deposits. In contrast, the Au/TS-1/S-1 catalysts
show greatly improved stability over 100 h. The PO formation rate increased from 125
to 140 gpoh™'kgcar! when TPAOH/SiO2 molar ratio increases from 0.005 to 0.02. This
could because TPA™ is contribute to facilitate the tetracoordinated Ti into the framework
of TS-1/S-1 [22], thus providing more Ti**active centers for the reaction.

The detailed products selectivities and H; efficiencies of the Au/TS-1/S-1 and the
conventional Au/TS-1 catalysts are shown in Fig. 10b. With the increase of the
TPAOH/S102 molar ratio, the PO selectivity of Au/TS-1/S-1 catalyst grows slowly from

84.5% to 87.2%, which is slightly lower than that of the traditional Au/TS-1 catalyst



(ca. 89%). The main side product of Au/TS-1/S-1 catalyst is carbon dioxide. To verify
whether the result is caused by S-1 cores, we investigated the effect of Au/S-1 catalyst
on the catalytic performance. Compared with Au/TS-1/S-1, the Au/S-1 catalyst shows
few PO formation rate of only 2.3 gpoh 'kgCat™! and negligible side products. This result
indicates that the S-1 cores have little effect on the catalytic activity and selectivity. The
slight decrease of the PO selectivity is most likely caused by the non-selective oxidation
of propene and the deep oxidation of PO provided by non-framework [HOTiO3] units
[43-45]. It is noted that the reduction of selectivity is only less than 2%, and the
selectivity can be increased by eliminating the non-framework Ti by acid treating [46].

In addition, with the increase of the TPAOH/SiO2 molar ratio, the H» efficiency of
Au/TS-1/S-1 catalyst increases from 19.8% to 21.9% and the C3Hg¢ conversion
increases from 4.05% to 4.51%. The H» efficiency and the C3Hg conversion of Au/TS-
1/S-1 catalyst are still comparable to the conventional Au/TS-1 catalyst although small
amount of octahedrally coordinated Ti species show up. It is reported that the
decomposition of H,O; is a predominant route to reduce the H efficiency and the C3Hg
conversion at high temperature of 200 °C [5, 47, 48]. Therefore, the shortened diffusion
path of Au/TS-1/S-1 catalyst is beneficial to the transfer of H>O, from Au to the adjacent
Ti*" sites, which hinders the decomposition of H,O> caused by octahedrally coordinated
Ti.

(Fig. 10 should be inserted here)

3.3 Intrinsic reasons for the unique stability of Au/TS-1/S-1 catalyst

In order to illustrate the intrinsic reasons for the superior catalytic stability of the



Au/TS-1/S-1 catalyst, the properties of the catalysts after reaction are further
characterized. The TGA analysis of the Au/TS-1 and Au/TS-1-TPA-0.02/S-1 catalysts
at 200 °C after 20 h are shown in Fig. 11a. The total coke weight of the Au/TS-1/S-1
catalyst (0.99 wt %) is much lower than that of the Au/TS-1 catalyst (4.9 wt %),
indicating that the Au/TS-1/S-1 catalyst is beneficial to inhibit the production of coke.
It is reported that Au nanoparticles are mainly responsible for the formation of H>O»,
and Ti*' sites are responsible for propene epoxidation to PO by Ti-OOH intermediate
[49]. Meanwhile, researchers generally agree that shortening the diffusion length in the
catalyst can effectively reduce coke production [19]. Since the Ti*" centers of the
Au/TS-1/S-1 is concentrated on the shell of the support, Au nanoparticles are therefore
mainly loaded on the shell of TS-1/S-1 support due to the synthesis mechanism of
deposition-precipitation method [11]. Therefore, the products formed on TS-1 shell can
more easily diffuse out to the gas phase. Moreover, when part of products inside TS-1
penetrate S-1 cores, the ring-opening reactions are inhibited possibly because silicalite-
1 has low ability to catalyze ring-opening reactions [50]. Furthermore, the presence of
mesopores may make more space for coke and hinder the micropore blocking. The DTG
curves of the Au/TS-1 and Au/TS-1/S-1 catalysts are shown in Fig. 11b. The DTG peaks
means the occurrence of different kinds of carbonaceous deposits on the catalyst.
Generally, heavier carbonaceous deposits show up at higher temperature. The DTG
peaks at 340 and 460°C show up for both catalysts. However, one of the DTG peaks
for Au/TS-1 catalyst appears at 650 °C, indicating the existence of the refractory

carbonaceous deposits. The absence of the peak at 650 °C for Au/TS-1/S-1 catalyst



indicates that the carbonaceous deposits on Au/TS-1/S-1 are much lighter than those on
Au/TS-1 catalyst.
(Fig. 11 should be inserted here)

FT-IR is another technique to investigate the properties of carbonaceous deposits.
Fig. 12 shows the FT-IR spectra of Au/TS-1 and Au/TS-1/S-1 catalysts at 200 °C after
20 h. For the conventional Au/TS-1 catalyst, three absorption peaks are observed at
1350-1470, 1600-1650 and 1700-1750 cm’!, which are resulted from the branched
alkanes, polyalkenes and refractory aromatic species [51, 52], respectively. However,
the absorption peak at 1700-1750 cm™! (i.e., refractory aromatic species) is not observed
from Au/TS-1/S-1 catalyst. This is in accordance with the above TGA results.

(Fig. 12 should be inserted here)

Moreover, we added a comparative experiment of Au/TS-1/Si0; to clarify the
importance of the crystal structure conformity between the TS-1 shell and the S-1 cores.
The TS-1/S102 sample was synthesized with 30 nm solid SiO; sphere as the core. The
synthetic method is similar to the literature developed by Zhang et al. [53] and Au/TS-
1/S10> catalyst was prepared by the deposition-precipitation method in the same way
as in section 2.1. However, the Au/TS-1/SiO> catalyst shows initial PO formation rate
of 94 gpoh'kgca! and PO selectivity of only 47% in direct propene epoxidation with
H> and O». Meanwhile, the Au/TS-1/S10; catalyst deactivates rapidly from 94 gpoh
kgca! to 55 gpoh'kgca! in two hours. We suggest that the inconsistent crystal
structure and the unconnected pores between the TS-1 shell and the SiO> core may be

responsible for the low catalytic selectivity and stability. When part of the products



cannot diffuse through the SiO core, the ring-opening reactions that lead to the
formation of side products and coke may occur. This result verified the importance of
the consistent crystal structure and the unconnected pores between shell and core.
However, other factors may also affect the catalytic performance of Au/TS-1/SiO;
catalyst, which deserves further discussion.

In addition to the mass transfer ability, hydrophobicity is also an important
parameter affecting the properties of carbonaceous deposits. The 2°Si MAS NMR
spectrum of TS-1 and TS-1/S-1 supports are shown in Fig. 13. The two spectrum all
show the absence of (Si0)2Si(OH)2(Q2) resonances at ca. -80 to -90 ppm, indicating
that there is no amorphization of the support framework. The signals at -113 and -116
ppm, which are attributed to typical Si(OSi)4(Qs) species and the orthorhombic
symmetry of zeolite, respectively, are observed in both catalysts [54]. The signal at -
104 ppm in the spectrum of TS-1 corresponding to the (SiO)3;SiOH(Qs3) species
functionalized by hydroxyl groups is stronger than that of TS-1/S-1 [18, 55]. Based on
the deconvolution and integration of the spectra, the percentages of peaks at -104 ppm
are 5.8% for TS-1 and 1.1% for TS-1/S-1, suggesting that the TS-1/S-1 support has less
hydroxyl groups than TS-1 support. This could be possibly because recrystallization
can effectively convert Si-OH into Si-O-Ti. Less surface hydroxyl groups indicates
better hydrophobicity, which is beneficial for the desorption of PO and suppression of
side reactions on catalyst surface [19]. Besides better mass transfer ability, this higher
hydrophobicity also gives explanation on the lower coke weight and absence of

refractory aromatic coke of Au/TS-1/S-1 catalyst.



(Fig. 13 should be inserted here)

The catalytic performances of Au/TS-1/S-1 and other Au/Ti-containing catalysts
in literature for propene epoxidation with H> and O are compared in Table 1. It is clear
that all the TS-1-based catalysts have good performance. However, TS-1/S-1 support
with TS-1 shell and S-1 cores supported Au catalyst shows striking catalytic stability.
From the above results, it can be seen that the hydrophobic core-shell structure and the
mesopores of TS-1/S-1 support can provide enhanced mass transfer ability (shorter
diffusion length, better PO desorption, coke accommodation space), which inhibits the

coke formation and also deactivation caused by micropore blocking.

(Table 1 should be inserted here)

4. Conclusion

In summary, the cost-efficient TS-1/S-1 support with Ti-rich shell and Si-rich cores
is successfully synthesized using trace amount of TPAOH template. It is found that the
TPAOH/S10, molar ratio can be reduced to only 0.005. Compared with conventional
Au/TS-1 catalyst, the Au/TS-1/S-1 catalyst exhibits excellent catalytic stability over
100 h and good PO formation rate of 140 gpoh 'kgcac!. The total coke weight of the
Au/TS-1/S-1 catalyst (0.99 wt %) is much lower than that of the Au/TS-1 catalyst (4.9
wt %), indicating that the Au/ TS-1/S-1 catalyst is beneficial to inhibit the production
of coke. The mechanism for the enhanced stability is due to the unique hydrophobic
core-shell structure which shows enhanced mass transfer ability (i.e., shorter diffusion

length, higher hydrophobicity, presence of mesopores). In this way, the coke is less and



deactivation caused by blocking of micropore is inhibited. This work is of significant

importance on the design and synthesis of highly stable and cost-efficient TS-1 catalysts.
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Table captions:

Table 1 Catalytic properties of stable Au/Ti-containing catalysts for propene

epoxidation with H, and O»



Table 1 Catalytic properties of stable Au/Ti-containing catalysts for propene epoxidation

with H; and O;

PO formation rate Stability?

Au loading PO selectivity Reaction
Samples Reference
(Wt%) (%) (grohtkgcarl) () temperature (K)

Au/TS-1/S-1 0.10 87.2 140 100 473 This work
Au/TS-1-1L 1.0 65 75 48 473 [56]
AU/MTS-1 0.13 95.2 142 40 473 [19]
Au/TS-1-B 0.12 83 125 30 473 [17]
Au/TS-1-SG 0.10 85.0 119 21 473 [13]
AU/Ti-SiO2 0.1 90.0 100 5 473 [57]

21t should be noted that the stable time-on-tream of catalysts could be longer although it is not

reported.



Figure captions:

Fig. 1. XRD spectra (a) and N> adsorption-desorption isotherms (b) of TS-1/S-1 and
conventional TS-1 samples. The inset in Fig.1b shows the pore size distributions.

Fig. 2. FT-IR spectra (a) and UV-vis spectra (b) of TS-1/S-1 and conventional TS-1
samples.

Fig. 3. TEM images of S-1 seed (a) and TS-1/S-1 (b).

Fig. 4. Schematic diagram of crystallization process.

Fig. 5. HRTEM image of TS-1/S-1.

Fig. 6. XRD patterns of TS-1/S-1 samples with different TPAOH/SiO2 molar ratios.
Fig. 7. FT-IR spectra (a) and UV-vis spectra (b) of TS-1/S-1 samples with different
TPAOH/SiO; molar ratios.

Fig. 8. TEM images of TS-1/S-1 samples with different TPAOH/SiO2 molar ratios of 0
(a), 0.005 (b), 0.01 (c) and 0.02 (d).

Fig. 9. HRTEM images of Au/TS-1 (a), Au/TS-1-TPA-0.005/S-1 (b), Au/TS-1-TPA-
0.01/S-1 (c) and Au/TS-1-TPA-0.02/S-1 (d) catalysts. The insets show the Au size
distributions of the catalysts, and the scale bars represent 2 nm.

Fig. 10. PO formation rate (a) and detailed products selectivities and H; efficiencies (b)
of Au/TS-1 and Au/TS-1/S-1 catalysts at different time-on-stream.

Fig. 11. TGA (a) and DTG (b) curves of Au/TS-1/S-1 and Au/TS-1 catalysts at 200 °C
for 20 h.

Fig. 12. FT-IR spectra of Au/TS-1/S-1 and Au/TS-1 catalysts at 200 °C for 20 h.

Fig. 13. Si MAS NMR spectra of TS-1 (a) and TS-1/S-1 (b) supports.
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Fig. 1. XRD spectra (a) and N adsorption-desorption isotherms (b) of TS-1/S-1 and conventional

TS-1 samples. The inset in Fig.1b shows the pore size distributions.
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Fig. 2. FT-IR spectra (a) and UV-vis spectra (b) of TS-1/S-1 and conventional TS-1 samples.



Fig. 3. TEM images of S-1 seed (a) and TS-1/S-1 (b).
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Fig. 4. Schematic diagram of crystallization process.



Fig. 5. HRTEM image of TS-1/S-1.
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Fig. 6. XRD patterns of TS-1/S-1 samples with different TPAOH/SiO> molar ratios.
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Fig. 7. FT-IR spectra (a) and UV-vis spectra (b) of TS-1/S-1 samples with different TPAOH/SiO>

molar ratios.



Fig. 8. TEM images of TS-1/S-1 samples with different TPAOH/SiO> molar ratios of 0 (a), 0.005

(b), 0.01 (c) and 0.02 (d).
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Fig. 9. HRTEM images of Au/TS-1 (a), Au/TS-1-TPA-0.005/S-1 (b), Aw/TS-1-TPA-0.01/S-1 (c)
and Au/TS-1-TPA-0.02/S-1 (d) catalysts. The insets show the Au size distributions of the catalysts,

and the scale bars represent 2 nm.
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Fig. 10. PO formation rate (a) and detailed products selectivities and H; efficiencies (b) of Au/TS-

1 and Au/TS-1/S-1 catalysts at different time-on-stream.
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Fig. 11. TGA (a) and DTG (b) curves of Au/TS-1/S-1 and Au/TS-1 catalysts at 200 °C for 20 h.
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Fig. 12. FT-IR spectra of Au/TS-1/S-1 and Au/TS-1 catalysts at 200 °C for 20 h.
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Fig. 13. 2°Si MAS NMR spectra of TS-1 (a) and TS-1/S-1 (b) supports. The total integral curve is

the red line.





