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Highlights
e Micropore blocking is the main deactivation mechanism for propene epoxidation.
e Precise manipulation of Au spatial location on support can effectively enhance stability.
¢ Size-dependent activity and active sites are identified using unique Au/uncalcined TS-1.
o The Au/TS-1 has been tested for 1000 h, which is promising for industrial application.

1. Introduction

Propylene oxide (PO) as the third largest propylene derivative, is recognized as a high value-added chemical
intermediate for manufacturing of polyurethane and polyether resins [1]. The green and simple production of
PO by direct propylene epoxidation with H, and O has attracted worldwide attention. Among the commonly
used bi-functional Au/Ti-containing catalysts, Au/TS-1 catalyst exhibits superior catalytic performance.
However, it always suffers from severe deactivation and poor conversion (i.e., lower than 5%)[2]. Therefore,
it is of prime scientific and industrial importance to elucidate the structure-performance relationship in order
to design a highly efficient catalyst for propene epoxidation with H, and O-.

In this work, the deactivation mechanism (e.g., pore blocking, site coverage or Au aggregation) was first
discriminated. Based on the deactivation mechanism (micropore blocking), novel strategies to manipulate the
spatial distribution of Au on TS-1 support and to improve the mass transfer ability were further developed,
which are both effective in enhancing stability of Au/TS-1 catalysts. Moreover, accurate size-dependent
activity and active sites of Au/TS-1 catalyst were studied by model calculation. The designed Au/TS-1
catalyst can be used and regenerated over 1000 h, which is promising for industrial application.

2. Methods

The TS-1 support was synthesized by hydrothermal method[3]. In a typical process, titanium (V)
tetrabutoxide (TBOT) dissolved in isopropanol was added drop-wise to the mixture of tetraethylorthosilicate
and tetrapropylammonium hydroxide (TPAOH). The gel was crystallized at 443 K for at least 18 h. The
products with and without further calcination were named as TS-1 and Un-TS-1, respectively. Novel
nanosized mesoporous TS-1 is prepared by the dry-gel conversion method[1].

3. Results and discussion
3.1 Elucidation of deactivation mechanism.

Aggregation of Au is normally regarded as the
deactivation mechanism for Au catalysts. However,
average sizes of Au NPs on Au/TS-1 catalysts at 4 and
30 h are almost the same. Therefore, carbonaceous
deposits formation on different catalysts sites may be
deactivation mechanisms (e.g., active site coverage
and/or the pore blocking), which can be discriminated 3 B
by an analysis of relative changes in the pore vOlUMES  sitecoverage  poreblocking ~pore blocking Time-on-stream (h)
and volumes of carbonaceous deposits (Figure 1). The
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Figure 1. The method to discriminate deactivation mechanism.
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decrease of VJVna from 1. 0 to 0 75 demonstrates that mlcropore blocklng is the deactlvatlon mechanism.
3.2 Strategies to enhance stability by precise Au spatial control and increased mass-transfer ability.

Based on the micropore blocking deactivation, two strategies @
were developed. 1) Depositing Au nanoparticles on the external im
surfaces of TS-1 support. This can be achieved using Un-TS-1
support whose microporous channels are occupied by TPA
template (Figure 2a). As expected, the Au nanoparticles on the
external surfaces of TS-1 cannot be blocked by the carbonaceous
deposits inside micropores, and the catalyst exhibits good stability
and higher stable activity than reported catalysts. 2) Enhancing
mass-transfer ability of TS-1 support by synthesizing nano-sized
TS-1 (MTS-1, <100 nm) with mesopores (ca. 3 nm) (Figure 2b). ,
This Au/MTS-1 catalyst shows simultaneously enhanced PO ™™ (‘XQU“‘“
selectivity (>95%) and high stability over 48 h, which are much ‘ M ianer war
better than traditional Au/TS-1 catalysts. The reason for the better
performance is mainly attributed to enhanced mass transfer ability
by shortened reactant/product diffusion length and also better

hydrophobicity, which result in reduced coke weight and absence "= " / *_::::'.':;".":,':j
of aromatic coke[3-4]. ' \

3.3 Identification of size-dependent activity and active sites. Figure 2. Strategies to enhance the catalytic stability.

Propene epoxidation with Hz and O is a typical structure-
sensitive reaction. The identification of intrinsic size-dependent
activity of Au catalyst was achieved over stable Au catalysts
with distinguishable and uniform-sized Au particles, which are
critical for structure-sensitivity analysis. The PO formation rate
over these catalysts was found to vary with average Au
diameter (d) as d2"*3 Moreover, typical Au nanoparticles
appear as truncated cuboctahedron with top facet of (111).
Model calculations derived from the representative Au particle T T
shape and the above size-dependent activity were then " AveamAnparodediE(es)
performed to show that corner sites of Au nanoparticles are
dominant Au active sites[5-6]. Moreover, the designed Au/TS-
1 catalysts can even be used and regenerated over 1000h.
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Figure 3. Identification of size dependence and active sites.

4. Conclusions

To sum up, this paper not only elucidates the deactivation mechanism, but also proposes two strategies to
enhance catalytic stability. Moreover, it identifies the intrinsic size-dependent activity and active sites of
catalysts. The designed catalyst can even be used and regenerated over 1000h, which is promising for
industrial application. This work bridges science and technology, and is of referential importance to the
design of highly stable metal/zeolite catalysts.
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v" Proposing the deactivation mechanism of Au/TS-1 catalyst (i.e., micropore blocking by coke).

v" Selectively depositing Au nanoparticles on the external surfaces of support to enhance the stability.

v" Synthesizing nano-sized hierarchical TS-1 with increased mass transfer by dry-gel conversion method.

v' ldentifying the size-dependent activity and predicting the active sites on gold using model calculations,
characterizations and experiments.

v' The designed Au/TS-1 catalyst can be used over 1000 h. (Pilot plant trial).

v" Scaling up the cost-efficient synthesis of titanium silicalite-1 for industrial application.

Research topic:

v/ Catalytic cracking of heavy oil to light olefin (by experiments and DFT calculation).
v' Selective oxidation of light olefin (e.g., propene) to epoxide on TS-1 catalyst.

v’ Synthesis and scale-up of new zeolite materials (e.g., TS-1, ZSM-5 and beta).
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