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ABSTRACT: It is a challenging task to design efficient Aufldntaining catalsts for propene
epoxidation with Hand Q that simultaneously achieve high catalytic stability and selectivity to
propylene oxide (PO). This contribution first describes the synthesis of acngstalline
mesoporous titanium silicalte (MTS-1) by drygel conversion that employs cheap triblock
copolymers as template. Compared withITSMTS 1 has shortened reactant/product diffusion
length as a result of smaller crystal size (<100 nm) and presence of mesopores (ca. 3 nm).
Surprisingly, this designed cfjat shows simultaneously improved PO selectivity over 95% as
well as stability over 40 h, much better than traditional AulTé&talyst. Moreover, the intrinsic
reason for the enhanced performance is elucidated. The better mass transfer ability taiipether w
higher hydrophobicity of Au/MTS result in lower coke weight and absence of refractory
aromatic coke. In this way, the side reactions and deactivation caused by blocking of micropore

are inhibited.
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1 Introduction

Propylene oxide (PO), the third largest propene derivative, is recognized as a highdddde
chemical intermediate for the manufacture of polyurethane and polyether'rissicsmparison

to conventional method® produce PO, the direct propene epoxidation withahld Q has
attracted immense research interest because it is environmentally benign, simple and sifstainable.
Since the discovery that Au/Ti@ould achieve high selectivity towards PO production i88i9
extensive studies have focused on designing efficient Au cat4@étthe reported Au/Fbased
catalysts (e.g., Au/T&, Au/Ti-TUD, Au/threedimensional mesoporous titanosilicate, Au/Ti
HMS and Au/TiSiOy), the hydrophobic TS supported Au catalysixhibits the superior activity
and stability? >3 Unfortunately, even Au/T-g catalysts still suffer from severe deactivation with

a decay of ca. 30% activity ionly 20 h? Several strategies have been proposed to improve the
stability of Au/TS1 catalysts by various preparation methtfdé such as seimmobilization (SI)

15,16 a3nd solidgrinding (SG)t” 8 Although Au/TS1-SI and Au/TS1-SG catalysts exhibit better
stability, the PO selectivity decreased from 92% to caB78b. Therefore, it is of prime scientific
and industrial importance to design a highly efficient catalyst with simultaneously impr@ved P

selectivity and stability.

We have reported that the deactivation of AulTS mainly because the diffusion limitation of
molecules in the narrow micropore channels ofIT§-0.55 nm) results in a poor access of
reactants to the Aflii active sites, and more severely, the blocking of the diffusion'pathe
micropore blocking by carbonaceous deposits, which are formed by the initial PO adsorption on
the catalyst surface and subsequent oligomerization, rearrangement, cracking, cmglsw

on!% 8 20makes Au clusters inside micropores inaccessible to reaétaftigrefore, from the



analysis of the deactivation mechanism, making use of the concept of mass transfer enhdncement
by decreasing the diffusion path lentfiof producs inside zeolite seems to be a promising
scenario for this problem. This could be achieved by develogiregarchicakeolite and reducing

the crystal size of the zeolit&?® The hierarchicalTS-1 in the form of nanesized crystals would
display decresed diffusion path lengthnd increased external surface af@a the one hand, the
improved mass transfer ability could improve the stabilitpimyiding easier access to active sites
andenhaning resistance to coke formatio®n the other hand, the earited mass transfer ability
could improve the PO selectivity by facilitating PO desorption and subsequently suppressing side
reactions on catalyst surface (e.qg., fopening of PO)However, little attention has been paid on
synthesizing novel mesoporownd smaksized TS1 supported Au catalysts for propene
epoxidation with Hand Q. It is thus highly desired to design novel Aufbintaining catalyst for

this reaction. Moreover, understanding the effects of structural properties of support on catalytic
selectivity and stability will undoubtedly be beneficial to improving the performance of the-Au/Ti

containing catalyst for PO synthesis

Herein, we demonstrate for the first time that it is possible for an Awfitiaining catalyst to
achieve simultaneously improved PO selectivity and catalytic stability. We propose a facile route
for synthesizinga novelnanacrystalline mesoporous T8 (MTS-1) by the drygel conversion
method with the aid of cheap triblock ctypoer. Compared with the hydrothermal synthesis, this
dry-gel route has the advantages of high yield and significant reduction of pollutants, which show
good potential for industrial application. Moreovitie relationship between the physidzemical
structure of Au/TS1 catalyst and catalytic performance (i.e., PO selectivity and catalytic stability)
is further elucidatedl'he better mass transfer ability together with higher hydrophobicity result in

lower coke formation and absence of refractory arontatke, inhibiting the side reactions and



deactivation caused by blocking of micropores and active sites. The results will be of great
importance to the design and synthesis of highly efficient supported zeolite catalysts that suffer

from poor stability andgelectivity.

2 Experimental

2.1 Catalyst preparation

The MTS1 support was synthesized according to the following procedure. Ei3tmmol
tetraethylorthosilicateTEOS, 95 wt%) were addetb 22.6 g tetrapropylammoniuniydroxide
(TPAOH, 25 wt%) Afterwards,a required amount aitanium (IV) tetrabutoxide{BOT, 99 wt%)
dissolved in 20 mL isopropandPA, 99.5 wt%) was added drepise. The above sol waadded

into triblock copolymerdP?123 solution, aged at 333 K overnight and subsequently dried at 363 K
for at least 12 h until the mass of the solid gel became unchanged. The gel was crystallized by
steamassisted crystallization methatl443 K forat leastl8 h.The product was washeahd dried
overnight at room temperature, and then calcined at 823 K for 5.5 h to remove the terhplate.
asobtained product was labelled as MISThe TS1 with Si/Ti ratio of 100 was synthesized

using hydrothermal method developed by Khomane &t al.

The TS1 and MTS1 supports were used to deposit Au nanoparticles by depesition
precipitation method* In a typical process, 0.5 g TBand MTS1 supports were added into the
mixture of 10 mL HAuCJt3H,O and40 mL deionized water. The slurry was neutralized to pH of
7.3 by 1 M aqueous solution of sodium hydroxide, and then aged at room temperature for different
hours. Finally, these catalysts were centrifuged for 30 min and dried at room temperature overnight

under vacuum.



2.2 Characterization

The X-ray diffraction patterns (XRD) dfITS-1 and TS1 supports were collected on a Rigaku
D/Max2550VB/PC Xxr ay di ffractomet er usadsoptioddesorpaon r adi
isotherms were measured on a Micromeritics ASAP 2020 instrumentuliragioletvisible
spectroscopy (UWis) was determined on a Perkin Elmer Lambda 35 spectrophotorbter.
weight of carbonaceous deposits was analyzeéddaynogavimetric analysis (TGA, Perkin Elmer

TGA Pyris 1).The TGA analysis was performed bgating dried sample from room temperature

to 80C°C in a flow of No/O»=8:1 at a ramping rate°®/min. Thehigh resolutiontransmission
electron microscopyHRTEM) imageswvere obtained on a JEOL JSR100 microscope, while the
scanning electron microscopy (SEM) images were taken on a NOVA Nano SEM450 microscope.
Thefourier transform infrared spectroscopy (i) spectra of the catalysts were obtained on a
Nicolet 6700 speocvbmeter. Au loadings were determined by the atomic absorption spectroscopy
(AAS) on a ZEEnit 600 spectrometdfigh-angle annuladarkfield scanning transmission
electron microscopy (HAADISTEM) was obtained on a Tecr@2 F20 STwin equipped with a

digitally processed STEM imaging system.

2.3 Catalytictesting

The gasphase propene epoxidation with &d Q was carried out in a quartz tubular reactor (i.d.

8 mm) using a feed containingtds, Hz, O and N with the flow rate of 3.5/3.5/3.5/24.5 nibin

1 The Au/TS1 and Au/MTS-1 catalysts (0.15 g) were tested under atmospheric pressure. The
products were analysed by two-me GCs (Agilent 6890). Hydrocarbons,,HD,, N2, CO« and

H>O were analyzed by GC equipped wite@D (5A and Porapak Q column). Oxygenates (e.g.,

propene, propane, acetaldehyde, PO, acetone and propanal) were analyzed with the other GC



equipped with FID (Porapak T column). Blank tests indicated that no PO was generated in the

blank reactor.

Propene coversion = mol of (c-oxygenates 2/3ethanal + C&3)/mol of propene in the feed.

PO selectivity = mol of PO/mol of ¢gbxygenates 2/3ethanal + C&i3).

H2 efficiency= mole of PO/mol of kiconverted

3 Results and discussion

3.1 Simultaneously enhanced performance of Autic&alyst

The physicechemical properties of MT3$ and TS1 are first examinedlhe XRD patterns of
the two samples (Figure 1l1a) shoW88 R23fiA3.8r di f f
and 24.8, which confirm the MFI topological structure of ISand MTS1. Both TS1 and MTS
1 have singl e?® gemestratingatte stidurezhds. a3orthorhombic unittell.
Compared with T4, the MTS1 sample has the broadening of XRD diffrac peaks, which
indicates the decrease of the crystal $IZEEM and SEM are preferred to calculate the IS

particle size since Scherrer’s equation by XR
100-200nm. Figure 1b shows the MNadsorptiordesorption isotherms of the TlSand MTS1

samples with the pore size distribution of MISn the inset. T exhibits a typical type |

i sotherm according to |IUPAC’s classi f®Thati on,
neglectable uptake ithe isotherm of TS at P/B>0.1 reveals the absence of mesoporosity. For

MTS-1 support, the sharp uptake atd02 indicates the presence of micropores. In addition, a

type IV isotherm is observed, suggesting the presence of mesopores. The hystepesiplp

range of 0.70.9 is observed, which is due to multilayer adsorption of nitrogen molecules inside



mesopores$? From the pore size distribution in Figure 1b, it is concluded that the-M3@nple

has a mesopore size of 2.8 nm and a wide disioibddrger than 10 nm, which are assigned to
intracrystalline and intercrystalline mesopores (i.e., the aggregation of small crystallites),
respectivelyln contrast, no mesopores exist onTSampleThe mesoporosity of MT-& support

is also confirmed bthe much larger mesopore volume (Table S1).
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Figure 1. XRD patterns (a) and MNadsorptiordesorption isgherms (b) of MTSL and TS1

supports. The inset in Figure 1b shows the pore size distribution ofIMIRE TS1.

Figure 2a shows the FIR spectraf the TS1 and MTS1 samples. The adsorption band at 550
cmitis assigned to the vibration of the double fimembered ring unit and certificates the presence
of MFI structure, which is in accordance with the XRD results. The bands at 800 and 1100 cm
are due to the symmetrical and antisymmetrical stretching vibration of][Bi@s, respectively
In addition,the band at 1230 cfis attributed to the asymmetrical stretching vibration of MFI
framework structure. The band at 960 tis often considereds a proof of Ti substitution into

the framework in the form of T0-Si3%3! The Ti environment in the F$ framework is essential



for the catalytic performance. It can be determined byvi$\characterization (Figure 2b). There

is consent that only isafed Ti (IV) species are responsible for selective propene epoxidation with
H> and Q.*?It is clear that one adsorption peak at ca. 220 nm exist for the two samples, confirming
the presence of isolated Ti (IV) species in the MFI framework. In additioadsorption peaks

attributed to anatase Ti®pecies show up at 330 Am
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Figure 2. FT-IR spectra (a) and UVis spectra (b) of MTS and TS1 supports.

The shapes of the TSand MTS1 supports are shown in Figure 3jaBoth are regular and
coffin-like. Compared with T, which has a larger particle size of ca. 500 nm, the{E&mple
exhibits a significantly reduced particle size of smaller thamb@QT his could be ascribed to the
different crystallization condibns of the hydrothermal and dggl conversion methods. In
contrast to the hydrothermal method, a large number of nuclei may be formed in the aging stage
of the drygel conversion process as a result of the highly concentrated precursor in-get3éry
These nuclei have limited nutrition and are not likely to grow into large crystals by Ostwald
ripening because of the nearly dry environment. Figure 3(c,d) show the typical TEM images of the

two samples. The surface of the-ISupport is smooth, neverthete uniform mesopores are



present on the MT-& sample. The mean mesopore size is ca. 3 nm, which agrees well with the

pore size estimated from the BJH pore size distribution of 2.8 nm (Figure 1b). Furthermore, the
lattice fringes can be clearly seen in fremework of the MTSL sample (Figure S1), revealing

that the whole framework could be assigned as a single crystal with penetrating mesoporous

network inside.

Figure 3. SEM and TEM images of F3$ (a, ¢) and MTSEL supports (b, d).



Figure 4. HAADF-STEM images of Au/TSlL (a) and Au/MTSL catalysts (b). The insets show

the Au size distributions of the catalysts, and the scale bars represent 20 nm.

Figure 4 shows the HAADISTEM images of the Au/T& and Au/MTSL1 catalysts. In order
to increase accuracy,are than 150 nanoparticles were measured to determine Au particle size
distribution. For the observable Au nanoparticles, the average Au nanoparticle size of the
AuU/MTS-1 catalyst (3.4 nm) is slightly larger than that of the AufT&talyst (3.1 nmBesides
the average patrticle sizéshould be noted that the Au size distribution is also essential to evaluate
the Au sizes. It can be seen from the Au size distributions in the insets that the sizes of most Au
nanoparticles range from 2.5 to 3.5 nm for P&l catalyst. In contrast, those for Au/MILS

catalyst range from 3.0 to 4.0 nm.

The catalytic performance of the Au/MTISand the conventional Au/¥S5catalysts for propene
epoxidation are compared in Figure 5. To make a fair comparison, the Au Baditite two
catalysts are similar (ca. 0.1 wt%). The Aw/I$atalyst shows higher initial PO formation rate
(170 gpohikgeail) because part of the tiny Au clusters incorporated in the microporous channels
of TS-1 are highly active towards PO producti§i® However, the PO formation rate sharply

decreased from 170 to 1288 *kgcai® because the Au clusters inside the microporous channels
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are no longer accessible to reactants due to micropore blocking deactivation by carbonaceous
depositst? In contrast, the Au/MTS. catalysts show greatly improved stability for over 40 h.
Increasing Au loading fror@.07 to 0.13wt%, the PO formation rate increased from 75 to-d42g
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Figure 5. PO formation rate of Au/T& and Au/MTSL1 catalysts at different tirren-steam.

Figure 6 shows the selectivities of the catalysts. For traditional Ali/T8talyst, the PO
selectivity is ca. 89%. However, all of Au/MIcatalysts exhibit PO selectivitygher than 95%,
much better than that of the traditional AufISatalyst. This is possibly because better mass
transfer ability facilitates the desorption of PO, and thus inhibits theopeging reaction of PO
to side products (e.g., GQethanal, propzal) 3’ Figure 6b shows the detailed product selectivities
and H efficiencies of the Au/TS and Au/MTS1 catalysts. The main side products of AWTS
and Au/MTS1 catalysts were all propanal and carbon dioxideaddition, the H efficiency is
also higlker on the Au/MTSL catalyst. It is noted thatydrogenation of kD, to H.O and

decomposition of kD, to H.O2and Q are two routes to decrease éfficiency® However, the

11



decomposition of KD, may be more predominant at high temperature oP@BMence,the
enhanced mass transfer ability facilitates the transmission@f frtbm Au to nearby T4 sites,

thus inhibiting the decomposition o6, to HO.
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Figure 6. PO selectivities (a) and detailed products distributions areffldiencies (b) of

0.10wt% Au/TS1 and Au/MTSL1 catalysts with Au loadings of 0.07, 0.09 and 0.13wt%.
3.2 Intrinsic reason for the unique performance of Au/MT&talyst

In order to elucidate thatrinsicreason for the unique performance of the AugvTcatalyst,
the properties of the catalysts after reaction were further analyzed.GA results of the Au/T-S
1 and Au/MTS1 catalysts at 200C after 30 h are shown in Figure 7a. The total coke weight of
the AU/MTS1 catalyst (i.e., 2.8 wt%) was muabwer than that of the Au/F$ catalyst (i.e., 4.9
wt%), suggesting that coke formation on the Au/MT 8atalyst is effectively alleviated. It is
accepted that the coke formation is associated with the diffusion length of reactants/products in
the micropors of the zeolité® Shorter diffusion length usually results in less coke. Although coke
still exists on the Au/MTSL catalyst, the presence of mesopores may make the micropore blocking

deactivation difficult to take place. Figure 7b shows the DTG cuvbe Au/TS1 and AU/MTS

12



1 catalysts For Au/TS1 catalyst, three DTG peaks center at 340, 460 an8@50hich originate

from the oxidation of different kinds of carbonaceous deposits on the surface of the used catalyst.
Usually, heavier carbonaceous dsiis show up at higher temperature. The DTG peak &C650
corresponding to refractory carbonaceous deposits, does not exist on the AL/bAT&Yst.

Therefore, the carbonaceous deposits on Ad/Tde much heavier than those on Au/MTS

catalyst.
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Figure 7.TGA (a) and DTG (b) curves of Au/fTSand Au/MTSL1 catalysts at 20C for 25 hours

FT-IR was also employed to investigate the properties of these refractory carbonaceous deposits
(Figure 8). For the Au/MTS catalyst, two bands are observed2601470 and 160A650 cm

1 which are attributed to branched alkanes and polyalk€mespectively In contrast, a unique

band at 170A750 cmt, which is ascribed to refractory aromatic spetias,observed for the
traditional Au/TS1 catalyst. Bades the reduced coke weight (Figure 7), the reduced diffusion
length of reactants and products (i.e., better mass transfer ability) leads to the absence of refractory

aromatic species IAU/MTS-1 catalysts.
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Figure 8. FT-IR spectra of Au/TSL and Au/MTS1 catalysts at 20C for 25 hours.

Besides themasstransfer ability, hydrophobicity is another key parameter affecting the
properties of carbonaceous depo%iEgure 9 shows thé’Si MAS NMR spectra of the two
samplesAll spectra show the absence of (Si0)2Si(OH)2(Q:) resonances at approximately -80 to -

90 ppm. This is strong corroborating evidence that there is no amorphization of the zeolite
framework. Both samples exhibit strong signals at -113 and -104 ppm in the *’Si spectra, which

are associated with typical Si(OSi)4(Qs) and (SiO)3SiOH(Q3) species, respectively. The shoulder
at-116 ppm is attributed to the orthorhombic symmetry of ze8litde signal at104 ppm in the
spectrum of TSl corresponding to the Si species functionalized by hydroeylps (Q)*> *>* is
stronger than that of MT$. Upon deconvolution and integration of the spectra, the percentages
of hydroxylattached Si-L04 ppm) are 5.8 and 3.3% for -ISand MTSL1, respectively,
demonstrating that the MTShas less hydroxyl gups than TSL support. The decrease of surface
hydroxyl groups indicates an increase of hydrophobicity, which is beneficial for the desorption of

PO and suppression of side reactions on catalyst surface. Besides better mass transféaisability, t
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higher hydrophobicity also gives explanation on the less refractory carbonaceous deposits of

Au/MTS-1 catalyst.
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Figure 9.%°Si MAS NMR spectra of T and MTS1 supports

Au/TS-1 is a bifunctional catalyst for propene epoxidation withathd Q, and the AdTi site
is considered as the catalytic site. It is reported that Au sites are mainly responsible for formation
of H20;, and Ti sites are responsible for propepexidatiorto PO by TiOOH intermediaté? In
a typical process, the absorbed PO could open its ring to form the branched alkanes,!® which are
further converted into polyalkenes and subsequent aromatic species. Compared with Au/TS-1, the
Au/MTS-1 catalyst has shortened diffusion length (reduced TS-1 size and presence of
mesopores***) and higher hydrophobicity, which hamper the evolution and formation of
refractory carbonaceous deposits. Therefore, Au/MTS-1 catalyst shows more branched alkanes,
less polyalkenes and absence of aromatic species. This should be one of the main reasons for the
enhanced stability for Au/MTS-1 catalyst. Moreover, the existence of mesopores will also leave

more room for carbonaceous deposits, making micropore blocking less possible. As a consequence,
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the inevitable presence of coke on Au/MTS-1 catalysts could not easily block the microporous
channels. With respect to PO selectivity, the higher hydrophobicity and enhanced mass transfer
ability could facilitate PO desorption and subsequently suppresses side reactions on catalyst

surface. This greatly improves the PO selectivity of Au/MTS-1 catalyst (Figure 10).

Reactants
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Not stable ' q" PO selectivity > 95%
P =0 C Stability > 40 h

/ ¢ \ Enhanced Mass Transfer
Micropores Higher hydrophobicity
. ~
M
\@ esopores
,.

|<— Diameter~S500 nm —>| / ll—DlﬂmEtEI‘< 100 nm —.|

AwTS-1 catalyst Novel AwMTS-1 catalyst

Figure 10.Possible reason for the enhanced catalytic performance of AulMeBRalysts.

Table 1 displays a comparison of the catalytic performance of Au/MTS-1 and Au/Ti-containing

catalysts taken from literature. Compared with the reported Au catalysts'4¥8 which have only

high selectivity or stability (Table 1), the Au/MTEcatalyst has simultaneously improved PO
selectivity as welashigh stability at 473 Klt is possible that other hierarchical-LSupport with

good hydrophobicity may also be suitable for propene epoxidation witnéi Q due to better

PO desorption and subsequent siggsion of side reactions on the catalyst surfatt@eover,
locating Au clusters on the openings of -ISmay also be possible scenario to achieve high
catalytic performance for PO formatiofhis is an interesting topic, which will be carried out in
our future study. This work is of significant importance for the design and synthesis of other

efficient supported metahltalysts that suffer from severe deactivation and poor selectivity.
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Table 1 The catalytic properties of Au/Tiontaining catalysts for propene epoxidation with H
and Q.

PO formation rat

Auloading PO selectivity Stability Reaction
Samples (Wt%) (%) (h) temperature (K Reference
(gpdikgcac®) :

Au/MTS-12 0.13 95.2 40 142 473 This work
AuU/Ti-MCM-36 0.84 94.5 Not stablé& 8 433 46
Au/TS1 0.10 90.0 Not stablé& 150 473 2
AU/Ti-SiO; 0.05 89.4 6 63 473 47
AU/TS1-SG 0.10 85.0 16 119 473 18
AU/Ti-YNU-1 0.28 80.1 Not stablé 29 498 48
AU/TS1-IL 1.0 65.0 48 75 573 16

@ Reaction condition: 0.15g catalyst; feed gassHdH2/O./N.=3.5/3.5/3.5/22.5 cfmin?, space
velocity=14000 mLg.'h?; feed pressure=1atm; reactimmperature=473 K;

® Not stable means the catalyst deactivates quickly when the reaction starts.

4 Conclusions

In summary, we have demonstrated that it is possible to simultaneously improve the catalytic
selectivity and stability of Au/Fcontainingcatalysts for the green and simple propene epoxidation

with H> and Q by enhancing the mass transfer ability of catalysts. Naystalline mesoporous
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TS1 (MTS1) with mesopore size of ca. 3 nm and small crystal size (<100 nm) is successfully
synthesizedising the commercial soft template by -dl conversion method, and then used as
support for Au deposition. Notably, it is found that Au/MISatalyst exhibits simultaneously
enhanced PO selectivity (>95%) and high stability over 48 h, which are muier tein
traditional Au/TS1 catalysts. The mechanism for the enhanced seleavitgtability is proposed

by using multitechniques such as HAABSTEM, FTIR, TGA-DTG and?’Si MAS NMR.
Compared with conventional Au/TH the Au/MTS1 catalyst has enheed mass transfer ability

by shortened reactant/product diffusion length and also better hydrophobicity, which result in
reduced coke weight and absence of aromatic coke. The insights reported here may pave the way
for the rational design of highly effigie zeolite supported metallic catalysts that suffers from poor

selectivity and stability.
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