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Abstract: For direct propene epoxidation with H2/O2, TS-1 with blocked micropores 

(TS-1-B) is recognized as an attractive support for Au catalysts with enhanced stability 

and activity by suppressing the deactivation caused by micropore blocking. In this work, 

as a consecutive effort, effect of Si/Ti molar ratio of TS-1-B on catalytic performance is 

investigated. It is shown that the optimum Si/Ti molar ratio is 40. In other words, both 

lower and higher ratios are unfavorable for the formation of propylene oxide, which are 

possibly attributed to the presence of extra-framework Ti species and the difficult 

transmission of hydroperoxide species from Au surface to nearby Ti sites, respectively. 

Based on this, effect of Au loading on catalytic performance is further examined. When 

the Au loading is 0.13 wt%, the catalyst shows not only high PO formation rate of 158 

gPOh-1kgCat
-1 comparable to the reported best activity without adding promoters, but also 

significantly enhanced stability at 200 oC over 30 h. 
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1 Introduction 

Direct propene epoxidation with molecular H2 and O2 to synthesize propylene oxide 

(PO) is a greener, simpler and more sustainable route compared with traditional 

chlorohydrin and several organic hydroperoxide processes [1-4]. In 1998, Haruta and 

coworkers first reported that Au/TiO2 catalyst could achieve high PO selectivity for this 

reaction at low temperature. However, the catalyst showed low conversion [1, 5]. 

Subsequently, highly dispersed Ti species of the support in the form of isolated 

tetrahedral coordination was found to make the catalyst more active [6], and these 

isolated Ti4+ sites could interact with hydrogen peroxide (H2O2) formed on Au 

nanoparticles to generate Ti-OOH species, which further selectively oxidize propene to 

PO [7, 8]. Since then, considerable efforts have been devoted to developing isolated 

Ti4+-containing materials (e.g., TS-1, Ti-SiO2, Ti-HMS and Ti-3D mesoporous 

titanosilicates) to support Au nanoparticles in the hope of improving the catalytic 

performance [9-25].  

For the isolated Ti4+-containing materials supported Au catalyst, the catalytic 

performance is significantly affected by Si/Ti molar ratio [18, 20, 26-28]. For example, 

Yuan et al. reported that Si/Ti molar ratio of 20 favored the formation of PO for 

Au/Ti-hexagonal mesoporous molecular sieves catalyst [29]. Delgass et al. found Si/Ti 

molar ratio of 100 was the optimum value for TS-1 with open micropores [26]. It should 

be noted that the reported mesoporous Ti-containing supports usually have low 

hydrophobicity which results in the adsorption and oligomerization of PO on the surface 

of support, and thus leads to severe deactivation [17, 21]. In addition, for the 

microporous Ti-containing material supported Au catalysts, Au clusters are embedded in 

the micropores. Under reaction condition, the micropores of the support will be blocked 



by carbonaceous coke and make Au clusters inside the channels inaccessible to reactants, 

which eventually results in deactivation [9]. Moreover, some highly active and tiny Au 

clusters in the micropores cannot be viewed by HRTEM [30, 31]. Hence, for the 

catalysts with the same Au loading but different Si/Ti molar ratio, the trend for the 

change in the percentage of Au clusters in the micropores is unclear. All of the above 

results will hinder the identification of intrinsic effect of Si/Ti molar ratio on catalytic 

performance. Therefore, using a highly stable and nonporous catalyst to probe the 

intrinsic effect of Si/Ti molar ratio on the catalytic performance is highly desirable. 

Along this line, uncalcined TS-1 with blocked micropores (TS-1-B) supported Au 

catalyst [9, 10, 32, 33] provides the possibility to fulfill this target. On the one hand, it is 

highly stable because the support is hydrophobic and Au nanoparticles are deposited on 

the external surfaces of the support, avoiding the deactivation caused by PO adsorption 

and micropore blocking. On the other hand, its nonporous characteristic could guarantee 

all Au clusters have uniform size and viewed on the external surfaces of the support. 

Therefore, it is feasible to accurately correlate the catalytic performance with Si/Ti 

molar ratio by using Au/TS-1-B catalyst.  

Herein, TS-1-B supports with different Si/Ti molar ratios ranging from 20 to 200 are 

synthesized, and then used to support Au nano-catalysts for direct propene epoxidation 

with H2 and O2, in which the Au loadings and observable Au average particle size are 

similar. Effects of Si/Ti molar ratio on activity and selectivity are investigated, and 

possible structure-performance relationship is correlated. Using TS-1-B with the 

optimized Si/Ti molar ratio, Au/TS-1-B catalysts with different Au loadings are 

prepared and used for the reaction. The optimized Au/TS-1-B catalyst shows 

significantly enhanced activity of 158 gPOh-1kgCat
-1 and high stability over 30 h. The 



insights reported here may be of great significance to the design and development of 

highly active and stable Au/Ti-containing catalyst. 

2 Experimental 

2.1 Synthesis of Au/TS-1-B catalysts 

TS-1 supports with blocked micropores (TS-1-B) were synthesized according to the 

previously reported method [9]. Different Si/Ti molar ratios were tuned by changing the 

amount of titanium (IV) tetrabutoxide (TBOT, 99 wt%). The synthesized TS-1-B 

support with Si/Ti molar ratio of x is labeled as TS-1-B(x). 

Au/TS-1-B catalysts were prepared by deposition-precipitation method [9, 26]. 0.1 g 

hydrogen tetrachloroaurate(III) trihydrate (HAuCl4⋅3H2O, Sinopharm Chemical 

Reagent Co., Ltd, 99.99%) was dissolved in 40 mL deionized water, followed by 

addition of 0.5 g TS-1-B. The Au/TS-1-B slurry was neutralized to pH of 7.0-7.5 by 1 

M aqueous solution of NaOH (Sinopharm Chemical Reagent Co., Ltd, 96%) and aged 

at room temperature for required hours to tune the Au loadings. The solid catalysts were 

collected by centrifugation (4000 rpm for 30 min) and washed twice with deionized 

water, and then dried under vacuum at room temperature for 12 h.  

2.2 Characterization   

X-ray diffraction (XRD) was performed on a Rigaku D/Max 2550VB/PC 

diffractometer using Cu Kα radiation. Ultraviolet-visible spectroscopy (UV-vis) was 

carried out on a Perkin-Elmer Lambda 35 spectrometer equipped with a 

diffuse-reflectance accessory, using BaSO4 as a reference. Fourier transform infrared 

spectroscopy (FT-IR) was performed on a Nicolet 6700, where the TS-1-B samples 



were ground with KBr. HRTEM characterization was carried out for reduced catalysts 

on a JEOL JEM 2100F with accelerating voltage of 200 kV. Metal particle sizes and 

distributions were determined by measuring more than 150 randomly selected particles. 

N2 physisorption was measured in a Micromeritics ASAP 2020. Atomic absorption 

spectroscopy (AAS) was carried out using a ZEEnit 600 spectroscopy for elemental 

analysis.   

2.3 Catalytic testing 

Gas-phase propene epoxidation was carried out under atmospheric pressure in a 

quartz tubular reactor (i.d., 8 mm) loaded with 0.15 g catalysts of 60-80 mesh size. The 

gas feed passing through the reactor has a concentration of 10/10/10/70 vol.% for C3H6, 

H2, O2 and N2, respectively and a space velocity of 14,000 mLh-1gcat
-1. The Au/TS-1-B 

catalysts were slowly heated from room temperature to 473 K at a rate of 0.5 K min-1 

and then kept at 473 K for reaction. The concentrations of reactants and products were 

measured online by two on-line Agilent 6890 GCs equipped with TCD (Porapak Q and 

5A columns) and FID (Porapak T column) detectors.  

3 Results and discussion 

3.1 Effect of Si/Ti molar ratio on the catalytic performance of Au/TS-1-B catalysts 

Textural properties of TS-1-B supports with different Si/Ti molar ratios (i.e., 20, 40, 

50, 90, 100, 150 and 200) are characterized by N2 physisorption, and the results are 

shown in Table 1. TS-1-B supports with Si/Ti molar ratios ranging from 20 to 200 show 

low BET surface areas and negligible micropore volumes, indicating the nonporous 

characteristics of the supports. This is because the micropores are blocked by TPA 



templates (i.e., TPA+ ) which reside in the channel intersection with the propyl groups 

extending along the channels [34].  

(Table 1 should be inserted here) 

Fig. 1 shows XRD patterns of TS-1-B supports with different Si/Ti molar ratios. All 

the supports show the disappearance of splitting peaks at 24.5o, indicating that they 

exhibit the well-developed MFI structure with orthorhombic symmetry [4, 35]. Fig. 2 

shows FT-IR spectra of different TS-1-B supports. The characteristic bands of 

framework Ti species at 960 cm-1 are assigned to the stretching vibration of Si-O-Ti 

bonds [36, 37], which confirms that titanium is incorporated into the MFI framework. 

The coordination state of the incorporated Ti species was investigated by UV-vis 

spectroscopy and the results are shown in Fig. 3. The adsorption peaks of framework Ti 

(IV) at 220 nm are ascribed to the isolated Ti4+ species in the TS-1 structure. Other 

adsorption peaks at 250 and 330 nm are related to the presence of Ti species in penta- or 

hexahedral coordination and extra framework anatase phases, respectively [37-39]. For 

the TS-1-B supports with Si/Ti molar ratio ranging from 40 to 200, only adsorption 

peaks at 220 nm are observed, indicating that the titanium species in the framework are 

all isolated Ti4+ species [9]. The slightly reduced intensity of band at 220 nm with the 

increase of Si/Ti molar ratio is mainly due to the reduced Ti4+ contents in the framework. 

However, further decreasing the Si/Ti molar ratio to 20 results in the presence of 

unfavorable Ti species in anatase phase. 

(Fig. 1 should be inserted here) 

(Fig. 2 should be inserted here) 



(Fig. 3 should be inserted here) 

The TS-1-B supports with different Si/Ti molar ratios are used to prepare Au 

catalysts by the widely used deposition-precipitation method. All the catalysts have the 

same Au loadings of 0.10 wt% by adjusting Au slurry aging time. In addition, the Au 

catalysts after reaction are characterized by HRTEM and the average Au particle sizes 

are similar (Fig. S1). As a result, the Au size effect on catalytic performance can be 

excluded. The synthesized Au/TS-1-B catalysts are tested for propene epoxidation with 

H2 and O2. Fig. 4a shows the PO formation rate and selectivity of Au/TS-1-B catalysts 

with different Si/Ti molar ratios. With the increase of Si/Ti molar ratio from 20 to 200, 

there is an increase in PO formation rate from 65 to 127 gPOh-1kgCat
-1, followed by a 

gradual decrease to 51 gPOh-1kgCat
-1. For Au/TS-1-B catalyst with Si/Ti molar ratio of 20, 

the titanium content exceeds the maximum value that TS-1 framework could 

accommodate (i.e., Si/Ti molar ratio of 39) [18, 40]. Hence a large number of 

non-desired extra-framework titanium species exist (Fig. 3), which facilitates the 

non-selective oxidation of propene to other oxygenate products [26, 27] and thus leads 

to low PO selectivity and PO formation rate. When all of the Ti species are isolated 

framework Ti4+, lower Si/Ti molar ratio is found to favor the formation of PO and the 

optimum Si/Ti molar ratio is 40 (Fig. 4a). This can be explained from the reaction 

mechanism. It is accepted that the synthesized H2O2 (active oxygen species also for 

other reactions [41, 42]) by hydrogen and oxygen on Au sites could transfer to the 

nearby titanium sites to generate Ti-OOH intermediate for selective propene 

epoxidation, directly decompose to water or non-selectively oxidize propene to side 

products [7, 43]. When the titanium content is high (e.g., low Si/Ti molar ratio of 40), 

more as-synthesized H2O2 could reach the nearby titanium centers rather than 

decompose to H2O. This results in more Ti-OOH intermediates used for propene 



epoxidation and thus higher PO formation rate. In contrast, when the titanium content is 

low (e.g., high Si/Ti molar ratio of 200), a part of the H2O2 species may not reach 

nearby Ti species and thus directly decompose to water or non-selectively oxidize 

propene to side products (Fig. 5). This can be further demonstrated by the lower H2 

selectivity of the Au/TS-1-B catalyst with higher Si/Ti molar ratio (Fig. 4b). When the 

Si/Ti molar ratio increases from 40 to 200, the H2 selectivity decreases from 32 to 11%, 

indicating that the decomposition of H2O2 and non-selective oxidation is facilitated on 

Au/TS-1-B with higher Si/Ti molar ratio. In addition, lower Si/Ti molar ratio could 

make the support more hydrophobic [26] and favor PO desorption. This may be another 

reason for the higher PO formataion rate of Au/TS-1-B catalysts with lower Si/Ti molar 

ratio.  

(Fig. 4 should be inserted here) 

(Fig. 5 should be inserted here) 

It should be noted that the optimum Si/Ti molar ratio of TS-1-B (i.e., 40) concluded 

in this work is not in accordance with the reported optimum Si/Ti molar ratio (i.e., 100) 

of traditional TS-1 with open micropores [8, 11, 26]. For the two supports, the dominant 

difference is the pore structure. When traditional TS-1 with different Si/Ti molar ratios 

are employed as supports, highly active and tiny Au clusters could enter into the 

microporous channels. The ratio of Au clusters in the micropores and that on the 

external surfaces may vary with Si/Ti molar ratio and thus possibly results in an 

optimum Si/Ti molar ratio different from that for Au/TS-1-B catalysts.  

3.2 Influence of Au loading on activity and selectivity of Au/TS-1-B catalysts 

  In general, the PO formation rate is greatly affected by Au loading [18, 26, 44]. As 



shown in Fig. 6, the PO formation rate first rises from 63 to 158 gPOh-1kgCat
-1 and then 

decreases to 135 gPOh-1kgCat
-1. The initial increase of PO formation rate is primarily due 

to the increased number of Au active sites for H2O2 formation. However, further 

increasing the Au loading generally results in larger Au particle size [10]. The larger Au 

nanoparticles have much lower percentage of Au active sites and hence show lower PO 

selectivity and PO formation rate per mole of Au [10]. As a result, when Au loading is 

higher than 0.13 wt%, the PO formation rate gradually decreases. Therefore, the 

interplay between amount of Au and Au particle size may contribute to the variation of 

PO formation rate. Without adding promoters, the 0.13 wt% Au/TS-1-B(40) catalyst 

could show high PO formation rate of 158 gPOh-1kgCat
-1. To further increase the activity, 

strategy for synthesizing smaller-sized Au catalysts [45] could be explored. In addition, 

the PO selectivity keeps decreasing with the increase of Au loading from 0.05 to 0.50 

wt%, which is also due to the larger Au particle size with the increase of Au loading 

[23].  

(Fig. 6 should be inserted here) 

The stability of Au/Ti-containing catalyst is always one of the dominant problems 

that hinder the commercialization of the direct propene epoxidation process [9]. The 

first reported Au/TiO2 catalyst suffered from severe deactivation in only 3 h even at low 

reaction temperature (e.g., 100 oC) [1, 5, 46]. Au catalysts with much higher activities, 

such as Au/Ti-MCM-41, Au/Ti-MCM-48 and Au/Ti-SiO2 [20-22] were reported after 

but still suffered from rapid deactivation because of the strong PO adsorption on the 

support, which facilitates oligomerization, rearrangement, cracking and coupling 

reactions [21]. Increasing the hydrophobicity of TS-1 enhanced the stability of Au 

catalyst [9, 14], but in the initial 20 h, the catalyst lost ca. 35% of the activity [9, 26]. 



The main cause for rapid deactivation may not be Au aggregation [27] but the 

micropore blocking by carbonaceous coke [9], which makes part of Au clusters inside 

microporous channels not accessible to reactants.  

When TS-1-B with nonporous characteristic is used as support, Au nanoparticles are 

deposited on the external surfaces of TS-1 support. Hence the Au/TS-1-B catalyst 

exhibits good stability [9, 10]. As shown in Fig. 7, Au/TS-1-B catalysts with different 

Au loadings of 0.08, 0.10 and 0.13 wt% show similar high stability. To the best of our 

knowledge, the 0.13 wt% Au/TS-1-B(40) catalyst prepared by deposition-precipitation 

method shows the highest PO formation rate (158 gPOh-1kgCat
-1) and stability (over 30 h) 

compared with traditional Au/Ti-containing catalysts without adding promoters [26]. 

Further enhancing the activity by adding promoters (e.g., ionic liquid, metals) is also an 

interesting topic and will be carried out in our future study. 

(Fig. 7 should be inserted here) 

4 Conclusions 

The intrinsic effect of Si/Ti molar on catalytic performance for propene epoxidation 

with H2 and O2 is examined on uncalcined TS-1 with blocked micropores (TS-1-B) 

supported Au catalyst, which makes it possible to accurately determine the activity and 

exclude the significant contribution of tiny Au clusters in the micropores. Results show 

that optimum value of the Si/Ti molar ratio is 40 for TS-1-B support. Lower Si/Ti molar 

ratio (e.g., 20) results in the existence of abundant extra-framework Ti species and thus 

promotes the non-selective epoxidation of propene. In addition, higher Si/Ti molar ratio 

is unfavorable because of the difficult transmission of hydroperoxide species from Au 

nanoparticle surface to the nearby Ti sites for epoxidation. The optimized 0.13 wt% 



Au/TS-1-B(40) catalyst shows high PO formation rate of 158 gPOh-1kgCat
-1 and PO 

selectivity of 83% at 200 oC over 30 h. It is hoped that the discovery will be beneficial 

to the design of highly active and selective Au/Ti-containing catalysts for propene 

epoxidation with H2 and O2. 
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Table captions: 

Table 1 Textural properties of TS-1-B supports with different Si/Ti molar ratios. 



Table 1 Textural properties of TS-1-B supports with different Si/Ti molar ratios. 

Sample 

Si/Ti 

molar ratio 

VMP
a (cm3g-1) VP

b (cm3g-1) SBET (m2g-1) 

TS-1-B(20) 20 0.01 0.04 9.1 

TS-1-B(40) 40 0.00 0.03 14.5 

TS-1-B(50) 50 0.00 0.03 21.6 

TS-1-B(90) 90 0.00 0.02 14.4 

TS-1-B(100) 100 0.01 0.05 27.0 

TS-1-B(150) 150 0.00 0.04 13.4 

TS-1-B(200) 200 0.00 0.03 10.7 

a Micropore volume (VMP) is estimated by t-plot method.   

b Pore volume (VP) is evaluated from the adsorption isotherm at the relative pressure about 0.99.  

 



Figure captions: 

Fig. 1 XRD patterns of TS-1-B supports with different Si/Ti molar ratios of (a) 20, (b) 

40, (c) 50, (d) 90, (e) 100, (f) 150 and (g) 200. 

Fig. 2 FT-IR spectra of TS-1-B supports with different Si/Ti molar ratios of (a) 20, (b) 

40, (c) 50, (d) 90, (e) 100, (f) 150 and (g) 200. 

Fig. 3 UV-vis spectra of TS-1-B with different Si/Ti molar ratios of (a) 20, (b) 40, (c) 50, 

(d) 90, (e) 100, (f) 150 and (g) 200. 

Fig. 4 (a) PO formation rate, PO selectivity and (b) H2 selectivity as a function of Si/Ti 

molar ratio. 

Fig. 5 Scheme of different reaction routes on Au/TS-1-B catalysts with (a) high and (b) 

low Si/Ti molar ratio. 

Fig. 6 PO formation rate and selectivity of Au/TS-1-B(40) catalysts as a function of Au 

loading. 

Fig. 7 PO formation rate of Au/TS-1-B and traditional Au/TS-1 catalysts as a function 

of time-on-stream. 
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Fig. 4 (a) PO formation rate, PO selectivity and (b) H2 selectivity as a function of Si/Ti 

molar ratio. 

 



 

Fig. 5 Scheme of different reaction routes on Au/TS-1-B catalysts with (a) high and (b) 

low Si/Ti molar ratio. 



 

Fig. 6 PO formation rate and selectivity of Au/TS-1-B(40) catalysts as a function of Au 

loading. 



 

Fig. 7 PO formation rate of Au/TS-1-B and traditional Au/TS-1 catalysts as a function 

of time-on-stream. 

 


