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High Catalytic Performance of M0oO,-Bi,SiO./SiO, for the
Gas-Phase Epoxidation of Propylene by Molecular Oxygen

Yijun Pang, Xiaohui Chen,* Chengzhi Xu, Yangjun Lei, and Kemei Wei®

Mo0;-Bi,SiOs/SiO, catalysts with a Mo/Bi molar ratio of 5, pre-
pared by a two-step hydrothermal and simple impregnation
method, were investigated for the epoxidation of propylene
by O, and characterized by XRD, N, absorption-desorption iso-
therms, thermogravimetric analysis (TGA), temperature-pro-
grammed reduction, NH; temperature-programmed desorption
(TPD), and IR, Raman, and X-ray photoelectron spectroscopy
(XPS). On Mo0s-Bi,SiOs/SiO, with Mo/Bi=5 calcined at 723 K,
a propylene conversion of 21.99% and a propylene oxide se-
lectivity of 55.14% were obtained at 0.15 MPa, 673 K, and flow

Introduction

Propylene oxide (PO) is an important chemical intermediate. In
propylene derivatives, PO is the third derivative after polyprop-
ylene and acrylonitrile. At the same time, it is one of the
world’s top 50 of chemicals."”’ PO is applied to the production
of a number of consumer goods such as polyols for the manu-
facture of polyurethane plastics, glycols, and monopropylene
glycol and it is widely used in the chemical, pharmaceutical,
food, lighting and other industries. Currently, PO is produced
by two different of commercial processes: the chlorohydrin
process and the hydroperoxide process.” However, these pro-
cesses are not green chemical processes as there are a large
amounts of byproducts. Therefore, there is still an urgent need
to develop a new environmentally friendly process that is
a one-step gas-phase reaction with O, as the oxidant that does
not produce toxic organic waste. This route is viewed as the
Holy Gail for PO production.”!

Since a Au-Ti bimetallic catalyst was found to be an effective
catalyst for gas-phase propylene epoxidation with H, and O,
by Haruta’s group in 1998, great effort has been put into this
topic.”) The main disadvantages of this catalyst are its fast de-
activation and low H, efficiency,” which means that it has
a long way to go to meet industry standards” (propylene con-
version >10%, PO selectivity >90%, H, efficiency >50%).

However, the Ag-catalyzed epoxidation of ethylene by O,
has been commercialized for several decades.**® Hu et al.”
have reported that propylene oxidation has a similar route as
ethylene epoxidation over Ag catalysts. Many types"” of Ag
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rates of C3Hs/O,/N,=1/4/20 cm®*min~'. XRD, IR spectroscopy,
and XPS results show that Bi,SiOs and MoO; are crystalline
nanoparticles. NH;-TPD results indicate that the surface acid
sites are necessary for the high catalytic activity. The results of
TGA and N, absorption—-desorption isotherms reveal that a rea-
sonable calcination temperature is 723 K. The reaction mecha-
nism of propylene epoxidation on MoO,-Bi,SiOs/SiO, catalysis
is hypothesized to involve an allylic radical generated at the
molybdenum oxide species and the activation of O, at the
bismuth oxide cations.

catalysts have been researched but their PO selectivity is very
low. The problem encountered in this heterogeneous catalysis
reaction is that the PO selectivity hardly exceeds 50% if the
conversion of propylene is above 10%.

However, Torres et al."" reported that propylene epoxidation
on Ag is strongly disfavored by the markedly basic character of
0,, which leads to allylic hydrogen stripping and combustion.
In contrast, the lower basicity of Cu favors metallacycle forma-
tion over PO production. A propylene conversion of 0.25%
with 53% PO selectivity can be obtained over Cu/SiO,"? and
a 1.75% PO yield can be reached over Cu,(OH),CI/TiO,."®
Wang et al." have modified Cu/SiO, with Cs* to improve its
catalytic performance significantly. Seubsai et al.™ and Wang
et al."® have studied a RuO,-CuO-NaCl/SiO, catalyst that exhib-
its a PO selectivity of 40-50% at a propylene conversion of
10-20%." In this catalyst, significant synergistic effects exist
between RuO, and CuO, for PO formation, and direct contact
between RuO, and CuO, may be a key factor." Cu-supported
catalysts can improve propylene conversion; however, the
main products are combustion products and not PO.

Supported molybdenum oxide catalysts are active for a varie-
ty of reactions, such as the partial oxidation of alkanes,"”
ethers,"® ammonia,"” and alcohols.” In 2007, Song et al.?" re-
ported a MoO,/SiO, catalyst that showed an excellent epoxida-
tion performance. Since then, supported Mo catalysts have
been seldom reported for the gas-phase epoxidation of propyl-
ene. Recently, the environmentally friendly material Bi,SiOs has
been reported with promising photocatalytic properties.”? At
the same time, Bi-containing materials®®’ as high-performance
catalysts are widely used in the epoxidation of propylene by
O, in a one-step gas-phase reaction. Bi-Si mesoporous zeo-
lites™ and Bi,SiO,/Si0,™ exhibit highly selective oxidation per-
formances. In the selective oxidation of propylene to acrolein,
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Bi-Mo catalysts exhibit excellent activity with 85% acrolein se-
lectivity at a propylene conversion 50%.%°

Although a great deal of studies have been performed on
propylene epoxidation in the gas phase, there is no report of
PO yields that exceed 10%.

Bimetallic catalysts, which often show electronic and chemi-
cal properties that are distinctly different from those of the
parent metals, offer the opportunity to obtain new catalysts
with enhanced selectivity, activity, and stability.””’ Bi-Mo oxides
were widely studied for all kinds of selective oxidation during
the 1960s and 1970s. Unlike previous studies that focused on
Bi-Mo compounds, in this new research, Bi,SiOs; and MoO; are
separate compounds that show a synergistic effect between
them. In this study, MoOs-Bi,SiOs/SiO, was prepared by
a simple impregnation method and applied to the epoxidation
of propylene by O,, in which the effects of the Mo/Bi ratio, the
calcination temperature, and the probable reaction mechanism
were studied.

Results and Discussion
Effect of different supports

Molybdenum oxide was added to the base Bi,SiOs/SiO, cata-
lyst, and the resulting MoO;-Bi,SiOs/SiO, material showed an
excellent catalytic performance in the epoxidation of propyl-
ene by O,. The textural properties of the supports are shown
in Table 1, and Table 2 summarizes the results of the epoxida-
tion of propylene on molybdenum oxide supported on various
materials. The conversion of propylene was 3.46% on the low-
surface-area silica, whereas the conversion was 7.87% on the

Table 1. Textural properties of the supports.

Entry Support® BET surface Pore volume Pore size
area [m*g'] [em*g™"] [nm]

1 v-Al,0, 2718 0.51 7.6

2 SiO,-B 139.5 0.30 8.49

3 SiO,-A 3284 0.86 10.48

4 Bi,SiO4/SiO, 492.0 0.30 2.46

[a] y-ALLO; and SiO,-B are commercial products. [b] SiO,-A was prepared
by a method similar to the synthesis of Bi,SiOs/SiO, without the addition
of Bi (NO5);"5H,0.

high-surface-area silica. With the increase of the propylene
conversion, the PO selectivity increased slightly from 8.92 to
13.43% and the acrolein selectivity increased rapidly from 7.14
to 40.33%, however, the CO, selectivity decreased from 55.04
to 33.46 %.

As heterogeneous catalysis is a surface phenomenon, cata-
lysts with a higher surface area perform better, which is often
achieved by making smaller particles.”® In addition, MoO; has
a better dispersity on supports with high surface areas, where-
as the low-surface-area supports cause bridging between the
Mo species.”” Thus, the high propylene conversion and PO se-
lectivity may be a result of the high silica surface area, which
leads to the exposure of more active sites. The MoO,/y-Al,O;
catalysts showed a very high conversion of propylene, but very
low PO selectivity although y-AlL,O; has a higher surface area
than SiO,-A—SiO,-A was prepared by a method similar to the
synthesis of Bi,SiOs/SiO, without the addition of Bi
(NO,);'5H,0, whereas SiO,-B is a commercial product. This
demonstrates that the high surface area may not be the main
reason for a high PO selectivity. The low PO selectivity of
MoO,/y-Al,O; can be attributed to the strong surface acidity of
v-AlLO;, which has a detrimental effect on PO formation and
leads to combustion® to make CO, the main products over
MoO,/y-Al,O;. From these studies, a high surface area may not
be the key factor for the high performance over MoO;-Bi,SiOs/
Si0,, but significant synergistic effects between MoO; and
Bi,SiOs were discovered.

Effect of calcination temperature

The calcination temperature has a strong effect on the PO se-
lectivity and the propylene conversion (Figure 1). The PO selec-
tivity and the propylene conversion increased dramatically
with the calcination temperature from 673 to 723 K. This is as-
cribed to the enhanced synergistic effect between MoO; and
Bi,SiO; at a higher temperature. Additionally, the catalyst parti-
cle size increased with the calcination temperature, and a mod-
erate particle size seems to improve the catalytic perfor-
mance."” However, if the calcination temperature was further
increased, the propylene conversion decreased because of cat-
alyst sintering, which can reduce the active centers, but the PO
selectivity almost remained the same because of the presence
of crystalline MoO,,?"" which is beneficial for PO formation. The
highest PO selectivity and propylene conversion were achieved
over MoO;-Bi,SiOs/SiO, calcined
at 723 K.

Table 2. Catalytic performance of Mo catalysts on different supports.”

[a] All the catalysts were calcined at 723 K. Loadings of Mo: y-Al,O;, SiO,-A, and SiO,-B were 18.3 wt % (calculat-
ed by MoO;) and Mo/Bi=5 (molar ratio) in Bi,SiOs/SiO,. Reaction conditions: catalyst bed, 0.1 g catalyst was
mixed with 2 g quartz sand; feed gas, 0,/C;Hg/N,=4:1:20 mLmin~'; T=673 K; reaction pressure, 0.15 MPa.
[b] Others includes carbon deposition, allyl alcohol, and other carbon-containing products, CO,=CO,+CO.

© 2014 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Support Propylene PO Acrolein Co, Selectivity Effect of Mo/Bi ratio
conversion [%] selectivity [%] selectivity [%] selectivity [%] to others [%]"!
The effect of the molar ratio of
-ALO, 16.09 0.48 7.54 85.76 6.22 i o
SiO-A 3.46 892 7.4 55.04 28.89 Mo/Bi on the epoxidation perfor-
Si0, B 7.87 13.43 4033 33.46 12.72 mance of MoO;-Bi,SiOs/SiO, is
Bi,SiOs/SiO, 21.99 55.14 20.12 20.18 4.55 shown in Figure 2. If a small

amount of molybdenum oxide
was added into Bi,SiO/SiO,, for
example, Mo/Bi=1, the catalytic
performance of MoO;-Bi,SiO./
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Figure 1. Catalytic activity of the MoO,-Bi,SiOs/SiO, (Mo/Bi=5) catalysts cal-
cined at different temperatures. The reaction conditions are the same as
those given in Table 2. Propylene conversion (ll); PO selectivity (X); CO, se-
lectivity (A); Acrolein selectivity (@); Selectivity to others (W).
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Figure 2. Effect of different Mo/Bi molar ratios on the catalytic performance
of the MoO;-Bi,SiO; catalyst calcined at 723 K. The reaction conditions are
the same as those given in Table 2. Propylene conversion (H); PO selectivity
(*); CO, selectivity (A); Acrolein selectivity (@); Selectivity to others (W).

SiO, was almost the same as that of Bi,SiOs/SiO, but with
a higher CO, selectivity and lower acrolein selectivity. This was
because the Mo loading was too low, which led to the pres-
ence of few active sites or unmatched effects between MoO,
and Bi,SiO;. However, with an increase of the Mo/Bi ratio from
1 to 5, the conversion of propylene increased sharply to a maxi-
mum and the selectivity to PO also increased. If Mo/Bi=5, the
selectivity to PO reached the maximum of 55.14% with the
maximum propylene conversion of 21.99%. If the Mo/Bi ratio
increased further, for example,
from 5 to 10, the conversion of

creased from 5 to 10, the MoO; agglomerated and its crystal
size increased to cover the active sites, which restricts the acti-
vation of propylene. Furthermore, with an increased Mo load-
ing, the Mo species became bridged. This increases the
amount of [-O-], which disfavors C—H activation compared
with [=0].”” Therefore, the conversion of propylene decreased
but the PO selectivity was almost unchanged if the Mo/Bi ratio
was further increased. Additionally, the selectivity of CO, de-
creased with the increase of the Mo/Bi ratio from 1 to 10.
Therefore, moderate amounts of Mo oxide (Mo/Bi=5) had the
best matched effects and largely inhibited the combustion of
propylene, which proves the existence of synergistic effects be-
tween the Bi,SiO; and MoO; species.

Catalytic performance of catalysts prepared by different
methods

It is assumed that crystalline MoO; may be favorable for the
formation of PO, and the high epoxidation performance was
ascribed to the synergistic effects between MoO; and Bi,SiOs.
To confirm these points, catalysts prepared by different meth-
ods were investigated. No PO was detected over pure MoO,
(Table 3), but MoO,-Bi,SiO./SiO, exhibited a higher epoxidation
activity and a higher PO selectivity than MoO,/SiO,-A or MoO,/
SiO,-B (Table 2). This further illustrates the role of crystalline
MoOs; in the catalyst.

However, if the catalytic performances of MoO,-Bi,SiOs/SiO,-
A and Mo0;5-Bi,SiOs/SiO,-B are compared, we can see that the
catalytic performance increased significantly after calcination,
especially the PO selectivity. For example, after calcination, the
PO selectivity increased dramatically from 20.95 to 59.91% and
the propylene conversion increased from 11.62 to 15.43 %. This
is because MoOj; and Bi,SiO; are mixed mechanically over the
Mo0;-Bi,SiOs/SiO,-A catalyst and the reactive centers are not
matched. After calcination, the synergistic effects were en-
hanced. Furthermore, the calcination temperature influences
the catalyst surface acidity, which is vital for the absorption of
allylic radicals in the Bi cluster cations.®? The highest catalytic
activity was obtained over Mo0O;-Bi,SiOs/SiO, prepared by
a simple impregnation method, which illustrates that the form
of the Mo and Bi species plays a vital role in PO formation.

propylene decreased from 20.66
to 18.51% and the selectivity of

. Sample
PO almost remained the same. P

Propylene

Table 3. Catalytic performance of Mo catalysts prepared by different methods.

conversion [%]

PO
selectivity [%]

Acrolein
selectivity [%]

CO,
selectivity [%]

Selectivity
to others [%]

The high PO selectivity may be

. Mo0;,-Bi,SiOs/Si0," 11.62
ascribed to the presence of crys- MoO,-Bi,Si0./Si0, ! 15.43
talline Mo0O.?" If the Mo/Bi ratio Mo0,-Bi,SiOs/Si0, " 21.99
increased from 1 to 5 more | MoO, 2.83

20.95 46.51 23.75 243
59.91 17.74 15.80 9.24
55.14 20.12 20.18 4.55

0 0 12.19 87.81

active sites were formed and the
MoO; transformed from a highly
dispersed state to a crystalline
state, but if the Mo/Bi ratio in-

same as those given in Table 2.

Catalyst preparation: [a] MoO; was mechanically mixed with Bi,SiOs/SiO,; [b] MoO; was mixed mechanically
with Bi,SiOs/SiO, and then calcined at 723 K; [c] MoO5-Bi,SiOs/SiO, was prepared as described in the Experi-
mental Section; [d] (NH,)¢Mo,0,,-4H,0 was decomposed in air at 723 K for 8 h. The reaction conditions are the

© 2014 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Stability of MoO,-Bi,SiO,/SiO,

The stability of MoO,-Bi,SiOs/SiO, for the epoxidation of pro-
pylene is shown in Figure 3. In the first 10 h, the PO selectivity
increased from approximately 50 to 56 %, and the PO selectivi-
ty remained unchanged over time. However, the conversion of
propylene decreased dramatically in the first 20 h and then de-
creased slightly as time went by. This may be a result of the in-
creasing particles size of MoO, during the propylene epoxida-
tion reaction. The catalyst shows a good performance after
180 h (Figure 3).
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Figure 3. Time-dependent reactivity of propylene epoxidation over MoOs-
Bi,SiOs/SiO, (Mo/Bi=5) at 673 K. The reaction conditions are the as same as
those given in Table 2.

Catalyst characterization
XRD

The XRD patterns of MoO,-Bi,SiOs/SiO, catalysts with different
Mo/Bi molar ratios, calcined at different temperatures, and pre-
pared by different methods are shown in Figures 4-6. These
XRD patterns show that two crystalline species exist. The re-
flections at 260 =21.0, 32.6, 34.0, 36.2, and 39.4° correspond to
the (012), (—221), (023), (040), and (—124) crystal faces of
Bi,Mo0;0,, (JCPDS file: 01-078-2420), respectively. In addition,
there are six strong diffraction peaks for MoO; (JCPDS file: 01-
076-1003) at 260=14.8, 27.1, 29.9, 31.8, 45.5, and 57.9°. The
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Figure 4. XRD patterns of the MoO5-Bi,SiOs/SiO, (Mo/Bi=15) catalysts cal-
cined at different temperatures.
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Figure 6. XRD patterns of the MoO;-Bi,SiO,/SiO, catalysts (calcination at
723 K) prepared by different methods.

very broad band centered at 26 =27.5° corresponds to amor-
phous SiO,

Bi,Mo;0,, is present in the catalysts (Figures 4 and 5). This
may be because the strong acidity of hexaammonium molyb-
date disrupts Bi,SiOs to form Bi,Mo;0;,. Bi,M0,0,, oxidizes pro-
pylene to acrolein, therefore, the formation of Bi,M0,0;, is det-
rimental for the epoxidation of propylene. However, because
the size of the MoO; particles are smaller than the XRD detec-
tion limit (5 nm), no crystalline MoO; and no Bi,SiO; were de-
tected on the catalysts by XRD if the calcination temperature
was below 823 K or if the Mo/Bi ratio was below 8. After the
catalyst is calcined at 823 K, the crystalline MoO, diffraction
peaks become clearer, which also occurs if the Mo/Bi ratio in-
creases, that is to say, the particle size of crystalline MoO; is in-
creased. If the catalyst was calcined at 673, 723, and 823 K, the
average particle size of Bi,Mo;0,, calculated by using the
Scherrer equation was 41.2, 70.1, and 181.3 nm, respectively.
This demonstrates that a large particle size results from a high
calcination temperature. The XRD pattern of the used catalyst
is also shown in Figure 5. Compared with that of the fresh cat-
alyst, the MoO, diffraction peaks are clearer. The particle size
of the used catalyst was calculated by using the Scherrer equa-
tion to be 260 nm (calculations are based on the (021) crystal

ChemCatChem 2014, 6, 876-884 879
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face of MoO;), but the average particle size of fresh catalyst
was smaller than the XRD detection limit.

The results presented in Figure 6 show that there is no
Bi,M0;0,, in the Mo0Os-Bi,SiOs/SiO, catalysts prepared by me-
chanical blending. However, the diffraction peaks of MoO; are
weaker after the catalyst was calcined because the average
particle size decreased from 479.6 to 213.2 nm (calculations
are based on the (021) crystal face of MoO;) and the interac-
tions between Mo species and Bi species became stronger,
which reduces the crystallinity. In addition, no crystalline MoO;
was detected on the catalysts prepared by a simple impregna-
tion method, which demonstrated that the dispersity of Mo
species is improved significantly by the impregnation method.

Thus, the good catalytic activity of MoO;-Bi,SiOs/SiO, may
be associated with nanoparticles of crystalline MoO,. The cata-
lyst deactivation is mainly because of the increasing particle
size of MoO; during the propylene epoxidation reaction.

N, adsorption-desorption

The surface textural properties of the MoO;-Bi,SiOs/SiO, cata-
lysts calcined at different temperatures were measured by N,
adsorption—-desorption, and the isotherms obtained are shown
in Figure 7. They are typical type IV isotherms with a hysteresis
loop, representative of mesoporosity based on the IUPAC no-
menclature. The hysteresis loops of the isotherms for sam-
ples A and B are H4 type, which is associated with narrow slit-
like pores.’¥ The hysteresis loop of the isotherm for sample C
is H2 type, which is in agreement with randomly folded sheets
of solids and ink-bottle-shaped pores.?**¥ The hysteresis loop
of the isotherm for sample D is H3 type, which does not exhib-
it any limiting adsorption at high P/P°. The H3 loop is observed
with aggregates of platelike particles that give rise to slit-
shaped pores.®

The textural properties of the catalysts are given in Table 4.
Sample A calcined at 673 K had a high BET surface area. If the
calcination temperature increased to 723 K, the BET surface
area almost remained unchanged but the pore volume and
pore size were increased. If the calcination temperature further
increased, for example, from 723 to 773 K, the BET surface area
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Figure 7. N, adsorption-desorption isotherms of MoOs-Bi,SiOs/SiO, (Mo/

Bi=5) calcined at different temperatures. A) 673, B) 723, C) 773, and
D) 823 K.
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Table 4. Textural properties of MoO,-Bi,SiO,/SiO, catalysts calcined at dif-
ferent temperatures.

Sample Calcination BET surface Pore volume Pore size
temperature [K]  area [m*g™"]  [cm?g™'] [nm]

A 673 265.1 0.19 2.84

B 723 257.3 0.24 3.73

C 773 1333 0.15 4.50

D 823 47.1 0.17 14.3

dramatically decreased from 257.3 to 133.3m’g™' and the
pore size increased from 3.73 to 4.50 nm. As the temperature
increased, the surface species changed from a highly dispersed
state into a crystalline state. However, the catalyst was sintered
if the calcination temperature increased from 773 to 823 K and
the pore sizes increased dramatically from 4.50 to 14.3 nm as
a result of particle accumulation.

H,-TPR

The temperature-programmed reduction (TPR) profiles of
Mo0;-Bi,SiOs/SiO, in the range of 300-1200 K are shown in
Figure 8. Over MoO;, the main reduction peaks were between

TCD signal / a.u.

300 400 500 600 700 800 900 100011001200
TIK ——

Figure 8. H,-TPR profiles of a) pure MoO; and MoO,-Bi,SiOs/SiO, b) Mo/
Bi=8, ¢) Mo/Bi=5, and d) Mo/Bi=3.

940 and 1040 K and H, was hardly consumed below 900 K. For
the MoO,-Bi,SiO,/SiO, samples, two main peaks were present
at 650-900 and 900-1100 K assigned to the reduction of Mo"
to Mo" and Mo" to Mo®, respectively.”" With the increased Mo
loading, the intensity of the reduction peaks increased, and
the peaks shifted to a higher temperature, which indicates that
the Mo species were bridged, in line with the results of the
catalytic activity with an increased Mo/Bi ratio.

TGA

Mo0O,-Bi,SiOs/SiO, underwent weight loss on heating from 300
to 900 K (Figure 9). Nearly 50% of this loss occurred below
400 K (curves a and b). This weight loss can be attributed to
the vaporization of physically adsorbed water. From 400-900 K,
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Figure 9. The weight loss curves of the a) fresh and b) used MoO;-Bi,SiOs/
SiO, catalysts (Mo/Bi=35, calcination at 723 K).

a gradual weight loss was observed as a result of the dehy-
droxylation of the material. A clear weight loss was observed
at 623 K, which corresponds to the intermediates from the de-
composition of hexaammonium molybdate into MoQ;.% If we
compare curvesa and b, the used catalyst has a greater
weight loss at 623 K, which demonstrates that under the cata-
lytic conditions the intermediates are unstable and can prompt
the transformation of intermediates to MoO,. These results are
in line with the XRD patterns of the used and fresh catalysts.
Thermogravimetric analysis (TGA) indicates that calcination at
723 K is reasonable and no hexaammonium molybdate exists
after calcination.

NH,-TPD

NH; temperature-programmed desorption (TPD) was used to
determine the acidity of the catalysts prepared at different cal-
cination temperatures, and the results are shown in Figure 10.
In the NH;-TPD curves, the peaks are generally distributed into
two regions below and above 673 K referred to as the low-
(LT) and high-temperature (HT) regions, respectively. The peaks
in the HT regions can be attributed to desorption of NH; from
strong Breonsted and Lewis acid sites, and the assignment of
the peaks in the LT regions is ascribed to the desorption of
NH; from weak acid sites.*® From the results shown in Fig-
ures 10 and 11, we can see that the calcination temperature
has a significant effect on the surface acidity of the catalysts.
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Figure 10. NH,-TPD profiles of MoO;-Bi,SiOs/SiO, (Mo/Bi=5) calcined at
a) 673, b) 723, and ¢) 773 K.
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Figure 11. NH;-TPD profiles of d) MoO,/SiO,, €) y-Al,O;, and f) Bi,SiOs/SiO,.

Peaks appeared in both the LT and HT regions of the NH;-TPD
curves of the catalysts calcined at 673 and 723 K, which con-
firms the existence of both weak and strong acid sites in the
materials. The number of acid sites of the catalyst was reduced
if the calcination temperature increased from 673 to 723 K. Ad-
ditionally, the strong acid sites became weaker as the
NH;desorption temperature decreased from 710 to 673 K. Fur-
thermore, the acid sites observed at 673 K may be vital for the
high catalytic performance. If the calcination temperature was
increased further, for example, to 773 K, the strong acid sites
disappeared and the number of weak acid sites increased.
Thus, a high calcination temperature changed the strong acid
sites into weak acid sites.

The peak at 350 K is mainly ascribed to Bi,SiOs/SiOs, and the
peak at 410K is mainly attributed to the Mo species
(Figure 11).%37 A broad and weak peak of Bi,SiO./SiO, was ob-
served from 600-950 K, which became narrow if Mo species
were introduced. Therefore, the strong acid sites on MoO;-
Bi,SiO,/SiO, are ascribed to the interactions between MoO,
and Bi,SiO;, which would reduce the strong acidity of Bi,SiOs/
SiO,. In combination with the catalytic performance shown in
Figure 1, it is easy to conclude that an appropriate amount of
weak acid sites is necessary to improve the propylene conver-
sion and strong acid sites, which led to combustion, are detri-
mental for the PO selectivity.

FTIR spectroscopy

The IR spectrum of Bi,SiOs/SiO, is shown in Figure 12, curve c.
Five absorption bands at 462, 557, 802, 960, and 1087 cm™'
were observed. The band at 462 cm™ is a result of the Bi—O
stretching vibration.®® The broad band at 1087 cm~' accompa-
nied by a broad shoulder centered at 1200 cm™' and the weak
absorption band at 557 cm™' are attributed to different vibra-
tional modes of Si—O—Si linkages.?” The weak absorption band
at 960 cm~ is ascribed to the [SiOs]*~ tetrahedral stretching vi-
bration, and the band at 802 cm™' is a result of the Bi—O-Si
stretching vibration.®® As shown in curve a, the absorption
bands at 990, 882, and 636 cm™' correspond to the Mo=0O
stretching, Mo—O—Mo stretching, and Mo—O—Mo bending vi-
brations, respectively, which are typical of crystalline MoO; spe-
cies.?’”7 The Bi—O-Si stretching vibration is blueshifted to
822 cm™ as a result of the interaction between Bi and Mo. The
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Figure 12. IR spectra of MoO;-Bi,SiOs/SiO, prepared by a) mechanical blend-
ing and calcination and b) simple impregnation; c) IR spectrum of Bi,SiOs/
SiO,.

typical absorption bands of crystalline MoO; are also observed
in the sample obtained by simple impregnation shown in
Figure 12, curve b. Here, the Mo—O—Mo stretching vibration is
redshifted to 872 cm™', and the Mo=0 stretching and Mo—O—
Mo bending vibrations are weaker, which is ascribed to the
stronger interactions between MoO; and Bi,SiOs/SiO,. The two
weak absorption bands at 908 and 953 cm™' can be attributed
to surface Si=OH and the formation of an Mo=0=Si bond from
the interaction between the Mo species and the silica sur-
face.”” Moreover, two bands can be attributed to the Mo—O
vibrations of bismuth molybdate. The IR studies demonstrate
that crystalline MoO; and Bi,SiOs exist in MoO5-Bi,SiOs/SiO, if
Mo/Bi=5. The IR studies are in line with the XRD patterns
(Figure 5) and the catalytic performance given in Table 4.

Raman spectroscopy

The Raman spectra of the MoO,-Bi,SiO,/SiO, catalysts calcined
at different temperatures are displayed in Figure 13. Bulk MoO,
is evidenced by the bands at 995, 820, and 666 cm ™' and the
doublet at 286 and 291 cm™' if the catalyst was calcined at
723 K" The band at 995 cm™' is assigned to the symmetric
stretching mode of the terminal Mo=0 groups, the doublet
bands at 286 and 291 cm™' are attributed to the two wagging
modes of the terminal Mo=0O groups, and the signals at 820

Intensity

246 363

0 200 400 600 800 10001200140016001800
Raman shift / cm™

Figure 13. Raman spectra of MoO;-Bi,SiO/SiO, catalysts calcined at a) 773,
b) 723, and c) 673 K.
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and 666 cm™' are assigned to the vibrations of the Mo—O—Mo
bridge in crystalline Mo0O,.*? Notably, no bulk MoO; is seen if
the catalysts are calcined at a higher temperature of 773 K or
a lower temperature of 673 K. The bands at low frequency (not
labeled) may be attributed to Bi,SiOs.

XPS

The X-ray photoelectron spectra (XPS) of MoO,-Bi,SiOs/SiO, are
presented in Figures 14 and 15. As shown in Figure 14, the
binding energy (BE) of Mo3ds;, and Mo3d,, is 232.60 and
235.80 eV, respectively. This is very similar to the standard BE
of MoO; (232.65 and 235.85 eV), which shows that the Mo spe-
cies are Mo®" and exist as the main form of MoO,. The Bi4f
XPS spectra are shown in Figure 15, and the BE of Bi4f,, and
Bi4f;, is 159.39 and 164.78 eV, respectively, which shows that
the Bi species are Bi**. Combined with the IR spectra shown in
Figure 12, this shows that Bi exists mainly as Bi,SiO; For the
Mo0;-Bi,SiOs/SiO,, the BE of Mo 3d;,, and Bi4f,,, is 232.60 and
159.39 eV, respectively. Compared with the BE of Mo3d;, of
MoO; (232.65 eV) and Bi4f,, of Bi** compounds (159.30 eV),
the Bi species is electron deficient (evidenced by the BE in-
crease of Bi4f,,), and Mo®" probably obtains the electrons
from Bi species (evidenced by the BE decrease of Mo3ds),),
which may be associated with the interaction between the Mo
and Bi species.
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Binding Energy / eV

Figure 14. XPS Mo 3d spectrum of MoO;-Bi,SiOs/SiO,.
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Figure 15. XPS Bi4f spectrum of MoO;-Bi,SiOs/SiO,.
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Probable synergistic effects between MoO; and Bi,SiO; in the
propylene epoxidation reaction

Bi,SiOs in an orthorhombic system that exhibits a 2D struc-
ture™ in space built from the intergrowth of (Si0;)*" layers
with the insertion of (Bi,0,)*" layers. The (Bi,0,)*" layers are
formed from a distorted square oxygen plane with alternately
capping Bi atoms above and below this square oxygen plane.
Oxidation processes that involve heterogeneous catalysts usu-
ally occur through the adsorption and activation of O,. A prob-
able mechanism is shown in Scheme 1.

0,
[Bi202 2+ [Bi204 2+
MoO;3
HsC-C=CH, CaHsOs H,C=C=CH,  HiC-C=CH,

/\
Chain reactions —— Hac—ﬁ—CHz and By products

Scheme 1. Proposed synergistic effect between MoO; and Bi,SiOs in propyl-
ene epoxidation.

In previous studies,®>*"" bismuth oxide cluster cations have
been shown to play an important role in the presence of O,
for the oxidation of alkenes, and bismuth oxide cluster cations
are a possible reactive center for the activation of 0,.2*9 Simi-
larly, the (Bi,0,)** layers may also be a possible reactive center
for the activation of O,, which would form an intermediate
(Bi,0,)*".

At the same time, molybdenum oxides with a terminal [=0]
group may serve as the reactive center for the activation of C—
H bonds.”? It may be easy to abstract allylic hydrogen atoms
to form allylic radicals.”"*” Then, the allylic radicals can be ab-
sorbed on (Bi,0,)**9 and desorption occurs to form a super-
oxide allylic radical species.® The superoxide allylic radical
then reacts in a chain reaction™ to form PO. The surface acidi-
ty has a significant effect on the catalytic activity (Figure 10),
which is ascribed to the acid sites that play an important role
in the absorption of allylic radicals on (Bi,0,)**. Furthermore,
the reactions that occur in the Bi species are kinetically favora-
ble,*? so they may be fast. However, the activation of propyl-
ene and the abstraction of H that occurred on the Mo species
may not be as easy as the activation of O,. Therefore, the for-
mation of allylic radicals may be the rate-determining step.
These assumptions are in line with the Mo/Bi ratio shown in
Figure 2.

Conclusion

A Mo0;-Bi,SiOs/SiO, catalyst, which was prepared in a two-
step hydrothermal and simple impregnation method, exhibits
good performance and stability in the epoxidation of propyl-

© 2014 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

ene. The most favorable synergistic effects between Bi and Mo
species are found with a Mo/Bi molar ratio of 5:1. The reactive
centers consist of nanoparticulate crystalline MoO; that acti-
vates the propylene and bismuth oxide cluster cations that ac-
tivate O,. The appropriate calcination temperature is 723 K
after which the catalyst has a considerable specific surface area
and moderate amounts of surface acid, both of which have
considerable influence on the catalytic activity.

Experimental Section
Preparation of catalysts

The synthesis of Bi,SiO/SiO, (Si/Bi=50)

Bi,SiO./SiO, was prepared using the method reported previously.”!

Typically, hexadecyl trimethyl ammonium bromide (0.25 g; CTAB,
Sinopharm Chemical Reagent Co., Ltd, AR) was dissolved in deion-
ized water (30 mL) with automatic stirring for 1 h in an ice-water
bath. Then of tetraethyl orthosilicate (5.2 g; TEOS, Sinopharm
Chemical Reagent Co., Ltd, AR) was added dropwise into above so-
lution, and the homogeneous mixture was labeled as solution A.
At the same time, Bi(NO;);:5H,0 (0.24 g; Sinopharm Chemical Re-
agent Co., Ltd, AR) was dissolved in aqueous glycerol solution
(5 mL, 50 vol%) and labeled as solution B. Solution A was allowed
to stand for 1 h, then solution B was added dropwise into solutio-
n A with a constant stirring speed, and a white suspension solution
was obtained. After 1 h, the mixture was transferred into a Teflon-
lined autoclave with a capacity of 50 mL, and the autoclave was
sealed and heated under autogenous pressure at 353 K for 20 h.
The sample was cooled to RT and the solid product was collected
and washed with deionized water three times with filtration. The
obtained white solid precipitate was dried at 383 K for 12 h and
calcined at 823 K for 8 h in air to give Bi,SiOs/SiO,.

Mo loading process

The supported Mo catalysts were prepared by a simple impregna-
tion method. Bi,SiOs/SiO, powder (1.6 g) was added to deionized
water (30 mL) with stirring for /230 min in an ice-water bath. Then
a quantity of hexaammonium molybdate ((NH,);Mo,0,,-4H,0,
Shanghai Colloid Chemical Plant, AR) was added into the suspen-
sion solution, which was kept in the ice-water bath with stirring.
After 10 h, the mixture was dried at 383 K overnight and calcined
at different temperatures for 8 h in air to give MoO;-Bi,SiOs/SiO,.
The preparation of the other catalysts was similar, and the different
supports and their properties are shown in Table 1.

Catalytic reaction

The catalytic reactions were performed in a stainless-steel down-
flow reactor with an inner quartz tube under a pressure of
0.15 MPa at 673 K with a flow rate of 25 mLmin~". The catalyst
(0.1 g) was mixed with quartz sand (2.0 g, 24-50 mesh) and placed
in the central zone of the reactor. Propylene mixed with O, and N,
carrier gas were delivered by mass-flow controllers at flow rates of
C5Hg/O,/N,=1/4/20 mLmin~'. The reaction pressure was kept at
0.15 MPa, and the reactor was then heated. The reaction products
were analyzed by on-line GC equipped with a thermal conductivity
detector (TCD), GDX-403-packed column, and a six-way valve
manual injector. The column temperature was controlled by a tem-
perature program. The initial column temperature was 323K,
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which was held for 1.5 min, and then the column temperature was
increased to 383K at a rate of 15Kmin~', which was held for
10 min. All the other lines and valves between the exit of the reac-
tor and the chromatograph were heated to 403 K to prevent the
condensation of the products.

Catalyst characterization

The XRD patterns of the samples were obtained by using a diffrac-
tometer operated at 40 kV and 40 mA with CoK, radiation (1=
1.62083 nm) over a 26 range between 5-85° and scanned at the
speed of 0.2088°s™" with a step size of 0.0167°. The surface areas
and pore diameter distributions were measured by N, absorption—
desorption at 77 K by using a volumetric unit (Micromeritics ASAP
2020). Prior to the adsorption measurements, the samples were
pretreated for 1 h in a N, steam at 523 K. TPR and NH,-TPD were
performed by using an Autochem Il 2920 instrument equipped
with a TCD detector. For H,-TPR, the samples (x50 mg) were pre-
treated at 573 K in a He flow (30 mLmin~") for 30 min, cooled to
303 K, and swept with a He flow. The reducing gas was a mixture
of 10 vol% H,/Ar (30 mLmin "), and the temperature was increased
at 10Kmin™' from 303 to 1173 K. For NH;-TPD, the samples
(0.1 g) were pretreated in Ar at 573 K for 1 h before the was NH,
adsorbed. The NH;-TPD experiments were performed from 323-
923K in a flow of Ar (30 mLmin"). The heating rate was
10 Kmin~". TGA was performed by using a Perkin-Elmer TGA7 in-
strument. The samples (3-5 mg) were treated at 323 K in an air
flow (20 mLmin™") for 5 min before the temperature was increased
at 10 Kmin™' from 323-873 K. FTIR spectra were recorded by using
a Nicolet 6700 FTIR spectrometer (4000-400 cm™'), and the sample
was ground with KBr and pressed into thin wafer. Raman spectra
were measured at RT by using an instrument with a microscope at-
tachment (inVia Reflex, Renishaw Company, UK) by using 532 nm
as the excitation radiation. XPS spectra were recorded by using
a Thermo ESCALAB 250 spectrometer with a monochromatized
AlK, X-ray source, and a passing energy of 30 eV. The C1s (BE=
284.6 eV) of adventitious carbon was used as the reference.
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