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a  b  s  t  r  a  c  t

Molybdenum  containing  three-dimensional  (3D)  cage-like  mesoporous  KIT-5  (Mo-KIT-5)  materials  with
various  Si/Mo  ratios  was  successfully  prepared  by one-pot  hydrothermal  synthesis.  The  obtained  mate-
rials were  characterized  by various  techniques,  such  as  XRD,  N2 physisorption,  TEM,  FTIR,  UV-DRS,  XPS,
and  NH3-TPD.  Characterization  results  revealed  that  molybdenum  species  could  be  finely  dispersed  in
the  framework  of  KIT-5  without  disturbing  long-range  ordering  at Si/Mo  ratios  higher  than  15,  while  col-
lapse  of  mesoporous  structure  and  presence  of  bulk MoO3 was  observed  for Mo-KIT-5-5  sample  with  a
Si/Mo  ratio  of  5. Mo-contained  materials  were  investigated  in  catalytic  conversion  of  1-butene  and  ethy-
lene to propene.  Among  all of Mo-KIT-5  materials  studied,  Mo-KIT-5-40  with Si/Mo  ratio  of  40  exhibited
best  catalytic  performance  caused  by  the  fact  that it processed  superior  textural  properties,  substantial
active  Mo  species,  and  appropriate  amount  of  acidic sites.  Further  decreasing  the  Si/Mo  ratio  resulted  in
declined  activity  due  to  the presence  of  extraframework  Mo  species.  It  was  found  that  doped  Mo-KIT-5-

40  showed  better  catalytic  activity  than  control  supported  Mo/KIT-5-40  and  Mo/SiO2-40 catalysts  with
same  Mo  loading  due  to the highly  dispersed  active  Mo  species  on the  mesoporous  framework.  More-
over,  Mo-KIT-5  was  also  superior  to other  Mo  containing  mesoporous  materials,  such  as  Mo-SBA-15  with
two-dimensional  pores  and  Mo-KIT-6  with  three-dimensional  cylindrical  pores,  implying  the  advantage
of  this  kind  of  ordered  3D cage-like  mesoporous  materials  in  this  reaction.

© 2016  Elsevier  B.V.  All  rights  reserved.
. Introduction

Propene is a highly demanded basic building block in petro-
hemical industry, which is mainly obtained through steam
racking of oil based feedstocks, such as ethane, naphtha and
as oils. Alternatively, methanol to propene (MTP) or methanol
o olefins (MTO) producing propene from non-oil resources has
ttracted great attentions [1]. However, a considerable amount of
utene is generated as byproduct. Olefin metathesis, which can
onvert C4 byproducts into valuable propene, providing an effi-
ient way of utilizing C4 and increasing the yield of propene, is of

reat importance for industrial application [2]. Since the first report
f olefin metathesis in 1964 [3], many supported metathesis cata-

ysts have been developed, including rhenium [4], tungsten [5] and

∗ Corresponding authors.
E-mail addresses: zhoushenghu@ecust.edu.cn (S. Zhou), hanlei@nbu.edu.cn

L. Han).

ttp://dx.doi.org/10.1016/j.molcata.2016.02.019
381-1169/© 2016 Elsevier B.V. All rights reserved.
molybdenum [6] based catalysts. Re based catalysts exhibited out-
standing catalytic performance for metathesis. But, the high price
and limited availability restricts the application of Re. Alternatively,
W and Mo  with lower cost and compatible catalytic performance
were extensively explored for metathesis of olefin.

The performance of supported metathesis catalyst was pro-
foundly influenced by the nature of supports [7,8], such as textural
properties and acidity. The most widely used supports were con-
ventional SiO2 [9], Al2O3 [10], zeolite [11] and mixed metal oxide
[12]. The rapid development of mesoporous materials during the
last decades has stimulated the exploration of mesoporous molec-
ular sieves (MMS)  and organized mesoporous alumina (OMA) as
metathesis catalysts [13]. Mesoporous materials possessing uni-
form mesopores, large surface area and pore volume, compared
with conventional supports. The large surface area could afford a

high amount of active sites and the uniform mesopores facilitate the
intra-pore diffusion of reactants and products. To date, many MMS
such as MCM-41 [7,14], MCM-48 [7], SBA-15 [7,14–16], HMS  [17],

dx.doi.org/10.1016/j.molcata.2016.02.019
http://www.sciencedirect.com/science/journal/13811169
http://www.elsevier.com/locate/molcata
http://crossmark.crossref.org/dialog/?doi=10.1016/j.molcata.2016.02.019&domain=pdf
mailto:zhoushenghu@ecust.edu.cn
mailto:hanlei@nbu.edu.cn
dx.doi.org/10.1016/j.molcata.2016.02.019


4 Cataly

a
s
b
s
o
i
s
M
a
T
r
e
W
M
b
a
i
c

m
t
3
a
T
t
m
m
i
M
c
c
M
m

2

2

a
a
p
a
w
r

2

2

P
d
a
d
r
r
m
a
l
F
t
o
r

s

0 K. Tao et al. / Journal of Molecular 

nd KIT-6 [18] have been employed as the supports of metathe-
is catalysts. In brief, MMS  supported W (Mo) catalysts exhibited
etter catalytic performance than that of conventional silica gels
upported catalysts due to the better dispersion of active species
n MMS.  In addition, the pore size and architecture of MMS  also

nfluenced the metathesis activity. Topka et al. [7] systematically
tudied the metathesis of 1-octene over three typical MMS,  i.e.
CM-41, MCM-48, and SBA-15 supported Mo  catalysts and the cat-

lytic activity decreased in the order: MCM-41 > MCM-48 > SBA-15.
he different dispersion of active species over three supports was
esponsible for the difference in catalytic performance. Bhuiyan
t al. [14] also compared the catalytic property of W-SBA-15 and

-MCM-41 in 2-butene metathesis to propene, and found that W-
CM-41 catalyst showed better activity than that of W-SBA-15. The

etter activity of W-MCM-41 was attributed to the well-dispersed
ctive tetrahedral tungsten oxide species. Besides mesoporous sil-
ca, mesoporous alumina [19] and alumina-silica [20,21] based
atalysts also showed promising metathesis activity.

KIT-5, a novel mesoporous silica with ordered 3D cage-like
esopores was first reported by Kleitz et al. [22]. KIT-5 was  believed

o be superior to 1D mesoporous silicas, because the interconnected
D large pores were beneficial for mass transportation of reactants
nd products, and providing more accessible adsorption sites [23].
herefore, KIT-5 was a desirable catalyst supports for versatile reac-
ions [24–26]. Herein we first report the synthesis of high active

esoporous Mo-KIT-5 catalyst for production of propene from
etathesis of 1-butene and ethylene. The catalyst was  systemat-

cally characterized by multiple characterization techniques. The
o-KIT-5-40 catalyst exhibited an improved catalytic performance

ompared with control supported Mo/KIT-5-40 and Mo/SiO2-40
atalysts with same Mo  loading due to high dispersion of active
o species. The Mo-KIT-5 catalyst was also advantageous to other
esoporous catalysts, such as Mo-SBA-15 and Mo-KIT-6.

. Experimental

.1. Chemicals

Pluronic F127 (Mw = 12,500) was purchased from Sigma–Aldrich
s the structure directing agent. Tetraethyl orthosilicate (TEOS, AR)
nd ammonium paramolybdate ((NH4)6Mo7O24·4H2O, AR) were
urchased from Sinopharm Chemical Reagent Co., Ltd., as silicon
nd Mo  sources, respectively. Silica gel (BET surface area, 399 m2/g)
as obtained from Qingdao Haiyang Chemical Co., Ltd. All the

eagents were used as received without further purification.

.2. Catalyst preparation

.2.1. Synthesis of Mo-KIT-5 catalysts
The Mo-KIT-5 catalysts with various Si/Mo were prepared using

luronic F127 as the structure directing agent following the proce-
ure described by Kleitz et al. [22]. Typically, 4 g F127 and required
mount of ammonium paramolybdate were dissolved in 192 g
eionized water and 8.4 g of 35 wt% hydrochloric acid under stir-
ing. To this mixture, 19.2 g of TEOS was dropwise added. The
esulting mixture was vigorously stirred at 45 ◦C for 24 h. Then, the

ixture was transferred to a Teflon-lined autoclave, and subject to
 hydrothermal treatment at 100 ◦C for 24 h. The products were col-
ected by filtering without washing, and drying at 100 ◦C overnight.
inally, the removal of F127 templates was achieved by calcining
he sample in a muffle oven at 550 ◦C for 4 h with a heating rate

f 1 ◦C/min. The catalyst was denoted as Mo-KIT-5-x, where the x
epresented the Si/Mo ratio in the synthesis gel.

Pure KIT-5 was prepared using the same procedure as Mo-KIT-5
amples except without adding of ammonium paramolybdate.
sis A: Chemical 416 (2016) 39–46

2.2.2. Preparation of control Mo/KIT-5-40 and Mo/SiO2-40
catalysts

For comparison, KIT-5 and SiO2 supported Mo  catalysts were
synthesized by wet-impregnation of traditional SiO2 gel and KIT-
5 with 10 ml  of ammonium paramolybdate aqueous solution. The
impregnated sample was  dried at 110 ◦C overnight and calcined at
550 ◦C for 4 h with a ramping rate of 1 ◦C/min. The Mo loading of
both catalysts were fixed at 2.5 wt%, which was identical to that
of Mo-KIT-5-40, as confirmed by inductively coupled plasma opti-
cal emission spectroscopy (ICP-OES). The catalysts were denoted
as Mo/KIT-5-40 and Mo/SiO2-40, respectively, where 40 was  the
nominal Si/Mo ratio.

2.3. Catalyst characterization

Inductively coupled plasma optical emission spectroscopy (ICP-
OES) analysis was  employed to determine the real Mo content of
sample using PerkinElmer OPTIMA 2100 DV optical emission spec-
troscopy spectrometer. Small-angle X-ray diffraction (SAXD) and
wide-angle X-ray diffraction (WAXD) patterns of samples were
collected on a Bruker AXS D8 Advance diffractometer with Cu K�
radiation in the 2� angle range of 0.5–5◦ and 20–80◦, respectively.
N2 adsorption–desorption isotherm of the sample was  measured
at 77 K using a Micrometrics ASAP-2020M adsorption apparatus.
Before the measurement, the sample was outgassed at 200 ◦C for
6 h. The specific surface area was determined by the multiple
Brunauer–Emmett–Teller (BET) method. The pore volume and pore
size distribution were obtained from the adsorption branch of the
isotherm using Barrett–Joyner–Halenda (BJH) method. Transmis-
sion electron microscopy (TEM) images were acquired on a JEOL
2100 transmission electron microscope operated at 200 kV. The
Fourier transform infrared spectra (FTIR) were recorded with a
Bruker Tensor 27 spectrophotometer. UV–vis diffuse reflectance
spectra (UV-DRS) were performed in PE lambda 950 equipment
using BaSO4 as reference. X-ray photoelectron spectroscopy (XPS)
studies were performed on AXIS ULTRA DLD multifunctional X-
ray photoelectron spectroscopy with an Al source. Temperature
programmed desorption of ammonia (NH3-TPD) was carried out
in a quartz micro-reactor. 0.1 g catalyst was pretreated at 550 ◦C
for 30 min  in He (25 cm3 min−1) prior to NH3-TPD measurement
before the reactor was cooled down to room temperature, and
then the sample was saturated with NH3. The physically absorbed
NH3 was removed by flushing the sample with He at 120 ◦C for 2 h.
Temperature-programmed desorption of ammonia was carried out
from 120 to 650 ◦C with a ramping rate of 5 ◦C/min, and the amount
of desorbed NH3 was monitored by a thermal conductivity detector
(TCD).

2.4. Metathesis reactions

Catalytic performance of as-synthesized catalysts for metathesis
of 1-butene and ethylene to propene was  evaluated in a fixed-bed
stainless reactor (i.d. 10 mm)  under atmospheric pressure. In each
test, 1 g of shaped catalyst (20–40 mesh) was  placed at the center of
the reactor and sandwiched by inert SiO2 beads. Prior to reaction,
the catalysts was in situ activated by high pure N2 (35 ml/min) at
550 ◦C for 4 h to remove the moisture, followed by cooling down
to reaction temperature. Then, a mixture of ethylene and 1-butene
(nC2H4/n1 − C4H8 = 2) was  introduced and the reaction was started.
The metathesis reaction conditions were 450 ◦C, 0.1 MPa, weight
hourly space velocity (WHSV, 1-C4H8 + C2H4) of 0.8 h−1. The efflu-

ent gases released from the reactor were analyzed by an online
gas chromatograph (GC) equipped with a flame ionization detector
(FID). The calculation of 1-butene conversion and product selectiv-
ity has been described elsewhere [15,18].
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Fig. 1. Small-angle XRD patterns of pure KIT-5 (a) and Mo  containing KIT-5 samples:
(b) Mo-KIT-5-60, (c) Mo-KIT-5-40, (d) Mo-KIT-5-25, (e) Mo-KIT-5-15 and (f) Mo-KIT-
5-5.

Table 1
Textural properties of KIT-5 and Mo  containing catalysts.

Sample a0 (nm)a BET surface area
(m2 g−1)

Pore volume
(cm3 g−1)

Pore size (nm)

KIT-5 17.8 636.2 0.29 3.5
Mo-KIT-5-60 18.8 831.1 0.55 3.9
Mo-KIT-5-40 19.0 814.4 0.55 4
Mo-KIT-5-25 19.3 700.1 0.54 3.9
Mo-KIT-5-15 19.6 653.7 0.52 3.9
Mo-KIT-5-5 – 144.9 0.49 12.6
Mo/KIT-5-40 – 458.2 0.22 1.8
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Fig. 2. N2 adsorption–desorption isotherms (left) and pore size distributions (right)
Mo/SiO2-40 – 355.6 0.81 9.2

a Unit cell parameter (a0) was  determined by the formula: a0 = d111
√

3.

. Results and discussion

.1. Characterization of catalysts

In present study, Mo  containing KIT-5 catalysts (Mo-KIT-5) with
arious Si/Mo ratios were prepared by one pot hydrothermal syn-
hesis from ammonium paramolybdate and TEOS in presence of
127 under acidic condition. The real Si/Mo ratios in the final cata-
ysts were checked by ICP-OES. The result is presented in Table S1.
or all Mo-KIT-5 samples, the real Si/Mo ratios were higher than
hose in the synthesis solution, as similar to the case of W-KIT-5
27]. This could be explained by the fact that the Mo  species tended
o be in cationic rather than oxo forms in an acidic medium.

Small-angle X-ray diffraction (SAXD) is an efficient tool to study
he ordered mesoporous materials. The SAXD patterns of KIT-5
nd Mo-KIT-5 catalysts are shown in Fig. 1. Two resolved diffrac-
ion peaks in the 2� range of 0.5–1.0◦ indexed to (1 1 1) and (2 0 0)
lane was observed for pristine KIT-5, which were characteristics of

ace centered close-packed cubic type materials with Fm3m space
roup symmetry [22]. Compared with pure KIT-5, Mo-KIT-5 with

 higher Si/Mo ratio showed more intense (1 1 1) diffraction peak.
his revealed that the incorporation of an appropriate amount of
o were helpful for retain of the mesoporous structure. However

t a very low Si/Mo ratio (Mo-KIT-5-5), no resolved reflections are
ound, which suggested that the long-range ordering was lost when
xcessive Mo  was involved. The unit cell parameters (a0) were cal-
ulated from d111 and presented in Table 1, which were similar to

hose of previously reported KIT-5 type materials [28]. The unit cell
arameter increased with Mo  loading. This could be attributed to
he incorporation of Mo  in the KIT-5 framework, since the atomic
adius of Mo  is larger than that of Si4+.
of  various samples: (a) Mo-KIT-5-60, (b) Mo-KIT-5-40, (c) Mo-KIT-5-25, (d) Mo-KIT-
5-15, (e) KIT-5 and (f) Mo-KIT-5-5.

The porosity of samples is studied by N2 physisorption at
−196 ◦C. The N2 adsorption–desorption isotherms and pore size
distributions of pure KIT-5 and Mo-KIT-5 catalysts are shown in
Fig. 2. KIT-5 showed type IV isotherm with a sharp capillary con-
densation and a broad H2-type hysteresis loop, indicating that the
material were ordered mesoporous and possessed large uniform
cage-like pores [22]. KIT-5 displayed a narrow pore size distribution
centered at 3.5 nm.  Upon incorporating Mo,  Mo-KIT-5 (Si/Mo = 60,
40, 25 and 15) catalysts showed similar isotherm profiles to that
of pristine KIT-5 but with higher amount of N2 adsorption and
capillary condensation step. This phenomenon was  also observed
for Al-KIT-5 samples [29]. Besides, the capillary condensation was
shifted to higher relative pressure with the concomitant increase
of pore size. However, further increasing the Mo  loading resulted
in a dramatic change of isotherm as for Mo-KIT-5-5, which sug-
gested that the ordered mesoporous structure was destroyed. The
Mo-KIT-5-5 sample also showed a very broad pore size distribution.

The BET surface area, pore volume and mean pore size of
catalysts are summarized in Table 1. The BET surface area and
pore volume of pristine KIT-5 were 636.2 m2 g−1 and 0.29 cm3 g−1,

respectively. Upon incorporation of Mo,  Mo-KIT-5 catalysts showed
larger BET surface area and pore volume compared with pure KIT-
5 and the BET surface area decreased from 831.1 to 653.7 m2 g−1
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o-KIT-5-25, (e) Mo-KIT-5-15, (f) Mo-KIT-5-5, (g) Mo/KIT-5-40 and (h) Mo/SiO2-40.
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Fig. 4. Wide-angle XRD patterns of various Mo  containing catalysts: (a) Mo/SiO2-40,
Fig. 3. TEM images showing (a) KIT-5, (b) Mo-KIT-5-60, (c) Mo-KIT-5-40, (d) M

ith decreasing Si/Mo ratio from 60 to 15. For Mo-KIT-5-5, the
ET surface area was as low as 144.9 m2 g−1, indicating the loss
f mesoporous ordering. Compared with one-pot synthesized Mo-
IT-5-40, supported Mo/KIT-5-40 showed lower BET surface area,
nd smaller pore volume and pore size. This was caused by the plug-
ing of partial mesopores by Mo  species during the impregnation
rocess [30].

The morphology of materials was observed directly by TEM.
EM images of various samples are provided in Fig. 3. As shown in
ig. 3a, pristine KIT-5 sample displayed a cubic three-dimensional
rdered mesoporous structure similar to those reported by other
uthors [22,27]. After the introduction of Mo,  Mo-KIT-5-60 (Fig. 3b),
o-KIT-5-40 (Fig. 3c), Mo-KIT-25 (Fig. 3d) and Mo-KIT-15 (Fig. 3e)

amples also showed mesoporous structures with long-range
rdering. In a sharp contrast, the mesoporous structure disap-
eared and some bulk agglomerate appeared for KIT-5-5 as clearly
hown in Fig. 3f. The results suggested that mesoporous structure
f KIT-5 could be reserved after doping Mo  with Si/Mo ratio as

ow as 15, and too excessive Mo  involved resulted in the collapse
f mesoporous structure, as also suggested by N2 physisorp-
ion result. Supported Mo/KIT-5-40 also showed well mesoporous
tructure except some disordered region compared with Mo-KIT-
-40. Mo/SiO2-40 displayed a typical morphology of amorphous
iO2 with indiscernible nano particles [15].

The crystalline phases of Mo-containing catalysts were studied
y wide-angle powder X-ray diffraction. XRD patterns of vari-
us samples are shown in Fig. 4. Only a broad diffraction peak
entered in the 2� range of 15–30◦ were found for one-pot syn-
hesized Mo-KIT-5 catalyst with Si/Mo ratio ranged from 15 to
0, which was characteristic of amorphous silica. No character-

stic peaks corresponding to MoO3 could be observed, suggesting
hat the Mo  species were well dispersed in the KIT-5 framework.
urther increasing the loading of Mo,  intense diffraction peaks
scribed to MoO3 obviously appeared, indicating the formation of
xtraframework MoO3 species. Ramanathan et al. [27] found that
xtraframework WO3 phase was formed at very high Si/W ratio
100). In this work, no MoO3 was found at Si/Mo ratio as low as 15,
uggesting high dispersion of Mo  species in the KIT-5 framework

r formation of amorphous MoO3. The supported Mo/KIT-5-40
howed similar diffraction patterns to that of one-step synthesized
o-KIT-5-40 catalyst. For conventional Mo/SiO2-40, the presence

f nanosized MoO3 species is confirmed by the weak diffraction
(b) Mo/KIT-5-40, (c) Mo-KIT-5-60, (d) Mo-KIT-5-40, (e) Mo-KIT-5-25, (f) Mo-KIT-5-
15  and (g) Mo-KIT-5-5.

peaks in 20–30◦ 2� range. XRD result indicated that the mesoporous
catalyst exhibited higher Mo  distribution than conventional cata-
lyst, which could be ascribed to the superior textural properties of
mesoporous materials as shown in Table 1.

The FIIR spectra of KIT-5 and Mo-containing catalysts are shown
in Fig. 5. All samples displayed absorption bands around 465, 800,
1080, 1385, and 1636 cm−1. The band at 465 cm−1 corresponded to
the internal deformation vibration of Si O Si bond [31]. The 800
and 1080 cm−1 band were assigned to symmetric and asymmet-
ric stretching of bulk Si O Si for the tetrahedral SiO4

4− structure
units, respectively [32]. The characteristic band of C H deformation
band of the methyl groups32 (relevant to residual organic group)
or absorbed CO2 [33] appeared at 1385 cm−1. In this work, the
1385 cm−1 band became very weak after Mo  was introduced, indi-
cating that this band was associated with absorbed CO2, since the
acidity generated by Mo  incorporation (see NH3-TPD result) will
reduce the absorption of CO2. The 1636 cm−1 band observed in

all spectra can be indexed to water [31]. It should be noted that
with the increase of Mo  content, a new band at 908 cm−1 became
evident, which can be ascribed to the terminal Mo  = O groups in
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40.

200 30 0 40 0 50 0 60 0

224 245
g
f

c
d
e

b

A
bs

or
pt

io
n 

(a
.u

.)

Wavelength  (n m)

a

320

F
M
(

M
p

t
v
o
p
M
(
3
a
s
h
3
f
d
o

o
3
t
l
w
a

226 22 8 23 0 23 2 23 4 23 6 23 8 24 0 24 2

Mo5+In
te

ns
ity

 (a
.u

.)

Bind ing  Ene rgy (eV)

Mo6+

XPS Mo 3d

Fig. 7. XPS spectra of Mo-KIT-5-40 sample.

200 300 400 500

g

f

e

b
c
d

N
H

3 d
es

or
be

d 
(a

.u
.)

Temperature (oC)

a

ig. 6. Diffuse reflectance UV–vis spectra of various Mo-containing samples: (a),
o-KIT-5-60, (b) Mo-KIT-5-40, (c) Mo-KIT-5-25, (d) Mo-KIT-5-15, (e) Mo-KIT-5-5,

f) Mo/KIT-5-40 and (g) Mo/SiO2-40.

o  O Si vibration [34], revealing that Mo  was successfully incor-
orated into the silica matrix.

UV–vis diffuse reflectance spectra (UV-DRS) were performed
o study the chemical state of Mo  species, since UV-DRS was  a
ery efficient in probing local molecular coordination of metal
xide in the framework and/or in the extra framework of meso-
orous structure [35]. Fig. 6 shows the UV-DRS profiles of various
o-containing samples. Pure KIT-5 showed no absorption bands

not shown here). Three absorption bands around 224, 245, and
20 nm were found for all Mo-containing samples. The bands
round 220–250 nm were assigned to the tetrahedral molybdate
pecies, whereas the band around 320 nm was ascribed to the octa-
edral coordinated Mo  O Mo  bridge bond [15,36]. A red-shift of
20 nm band and concomitant increase in intensity were observed
or Mo-KIT-5 catalysts as Si/Mo ratio decreased and Mo-KIT-5-5
isplayed a strong band beyond 320 nm,  suggesting the generation
f larger Mo  species clusters as found by TEM (Fig. 3f).

XPS experiment was conducted to analyze the oxidation states
f Mo  species in Mo-KIT-5. Fig. 7 shows a representative Mo
d spectrum of Mo-KIT-5-40 sample. The spectrum consists of

wo individual Mo  3d5/2 and Mo  3d3/2 doublets. Four deconvo-
uted components located at 231.6, 232.9, 234.7, and 236.1 eV

ere observed from the figure. Signals at 232.9 and 236.1 eV were
ssigned to Mo  in a high oxidation state, namely, Mo6+ 3d5/2 and
Fig. 8. NH3-TPD curves of various Mo-containing catalysts: (a), Mo-KIT-5-60, (b)
Mo-KIT-5-40, (c) Mo-KIT-5-25, (d) Mo-KIT-5-15, (e) Mo-KIT-5-5, (f) Mo/KIT-5-40
and  (g) Mo/SiO2-40.

Mo6+ 3d3/2, respectively, while signals at 231.6 and 234.7 eV were
ascribed to Mo5+ 3d5/2 and Mo5+ 3d3/2, respectively [15]. XPS result
revealed that the Mo-KIT-5 catalyst contained both Mo6+ and Mo5+

species. The presence of a portion of Mo5+ species was considered
to be crucial for the catalytic activity of 1-butene metathesis [15].

NH3-TPD experiments were carried out to survey the acidity of
various samples. The NH3-TPD profiles of Mo-containing catalysts
are presented in Fig. 8. The negligible amount of NH3 desorbed from
pure KIT-5 (not shown here) was indicative of its neutral nature.
However, all Mo-containing samples showed broad NH3 desorp-
tion peaks in temperature range of 150 to 300 ◦C with peak maxima
centered around 190–220 ◦C. Generally, the NH3-TPD curve could
be divided into two regions, namely low temperature (<400 ◦C)
and high-temperature (>400 ◦C) regions. The former was  assigned
to the desorption of NH3 from weak acid sites, and the later was
attributed to the desorption of NH3 from strong Brönsted and Lewis
type acid sites [34]. In this work, no NH3 desorption peaks could be
found in the high-temperature zone. Thus, it was suggested that all
Mo based catalysts contained only weak acid sites. For Mo-KIT-5
catalyst, the amount of acid initially increased with decreasing the
Si/Mo ratio down to 15 and then declined when the Si/Mo was fur-

ther decreased to 5, judging from the intensity of NH3-TPD band
as shown in Fig. 8a–e. The acidity of catalyst was derived from the
coordinative unsaturated Mo6+ species on the surface [37] and the
hydroxyl groups formed by protonating the bridging Si O Mo  or
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cheme 1. The main reaction pathways of catalytic conversion of 1-butene and
thylene over Mo-KIT-5 catalysts.

erminal MoO  bonds on the surface of the samples [38,39]. There-
ore, the decrease of the acidity at low Si/Mo ratio (Mo-KIT-5-5)
ould be caused by the formation of bulk MoO3 species, as con-
rmed by XRD (Fig. 4 g) and TEM (Fig. 3f). Besides, at the same
ontent of Mo,  mesoporous Mo-KIT-5-40 and Mo/KIT-5-40 cat-
lysts exhibited more acidic sites than conventional Mo/SiO2-40
atalyst.

.2. Catalytic activity

Various Mo-containing catalysts were tested in catalytic conver-
ion of 1-butene and ethylene to propene, which was  an important
eaction in chemical industry. According to previous research, the
atalytic conversion of 1-butene and ethylene to propene was a
andem reaction which involved isomerization of 1-butene to 2-
utene and the subsequent cross metathesis between 2-butene and
thylene to propene [2]. Besides, several side reactions coexisted,
uch as isomerization of 1-butene to isobutene, and oligomeriza-
ion of light olefins to high molecular weight compounds. The
igh acidity of catalyst stimulated these unwanted side-reactions,
esulting in poor catalytic performance [40]. In this work, the main
roducts were propene and 2-butene, and only slight amount of

sobutene was detected as present in Table S2, since the weak acidic
eature of catalysts. Therefore, the reaction could be described as
hown in Scheme 1.

The effect of Si/Mo ratio on 1-butene conversion and propone
electivity was studied and shown in Fig. 9. Pure KIT-5 showed
egligible conversion of 1-butene with no propene generation
not shown here). As Mo  was introduced, all Mo-KIT-5 catalysts
xhibited significant conversion of 1-butene and propene produc-
ion. With the Si/Mo ratio decreased from 60 (Mo-KIT-5-60) to 45
Mo-KIT-5-45), 1-butene conversion increased from 73.9 to 77.5%.
urther reducing the Si/Mo ratio to 25, a slight decline of initial
ctivity (about 4.1%) was observed for Mo-KIT-5-25 catalyst com-
ared with Mo-KIT-5-40. However, the 1-butene conversion and
ropene selectivity began to decline significantly when the Si/Mo
atio was lower than 25, and 1-butene conversion and propene
electivity were as low as 50.6 and 56.1%, respectively for Mo-KIT-
-5 catalyst.

It was believed that a lower oxidation state of Mo  and high
ispersion of surface Mo  species was beneficial for the olefin
etathesis, since considerable amount of metal carbine species

ould be generated [41,42], which was the prerequisite of the reac-
ion according to the well-known carbine-metallacyle mechanism
43]. The dispersion of surface Mo  species was close connected with

o  content. At low Mo  loading, the decrease of Si/Mo ratio leaded to
he improvement of surface Mo  species density. Thus, Mo-KIT-5-45
xhibited better catalytic performance than that of Mo-KIT-5-60.
owever, further decreasing Si/Mo ratio resulted in significantly
eclined BET surface area, which was against the dispersion of Mo
pecies. Besides, as the Si/Mo ratio reduced, bulk MoO3 began to

ppear as confirm by TEM (Fig. 3f) and XRD (Fig. 4g) results. Crys-
alline MoO3 was believed to be inactive for olefin metathesis [7].
hese explained the loss of catalytic activity for Mo-KIT-5-15 and
o-KIT-5-5 catalysts with low Si/Mo ratios.
Fig. 9. 1-Butene conversions (a) and propene selectivities (b) versus time on
stream over various Mo-KIT-5 catalysts. Reaction conditions: catalyst weight = 1.0 g;
T  = 450 ◦C; P = 0.1 MPa; WHSV = 0.8 h−1; C2H4/1-C4H8 = 2.

The catalytic performance of one-pot hydrothermal synthesized
Mo-KIT-5-40 catalyst was  compared with supported Mo/KIT-5-40
and conventional Mo/SiO2-40 catalysts with identical Mo  load-
ing prepared by impregnation method, as shown in Fig. 10.
Conventional silica supported Mo/SiO2-40 showed poor catalytic
performance with 1-butene conversion of 52.2% and propene selec-
tivity of 54.4% at steady-state. Supported Mo/KIT-5-40 exhibited
higher initial 1-butene conversion (60.7%) and propene selectiv-
ity (71.3%) than those of Mo/SiO2-40. But the activity gradually
declined to the same level of Mo/SiO2-40 after 8 h of reaction. In
contrast, the 1-butene conversion and propene selectivity of one
pot synthesized Mo-KIT-5-40 was as high as 77.5 and 84.5%, respec-
tively, and the catalyst was  quite stable. The excellent catalytic
performance of Mo-KIT-5-40 was  ascribed to its superior textu-
ral property since the larger BET surface area of Mo-KIT-5-40 could
lead to a higher dispersion of Mo  species, facilitating the metathesis
reaction.

The catalytic performance of Mo-KIT-5 was  also compared with
other mesoporous Mo-containing silica material with same Mo
content (2.5 wt%), namely Mo-SBA-15 with two-dimensional (2D)
hexagonal arrangement of cylindrical pores and Mo-KIT-6 with 3D

cylindrical pores (Fig. 11). As can be seen from Fig. 11, Mo-KIT-
5 exhibited superior catalytic activity to control Mo-SBA-15 and
Mo-KIT-6 catalysts. It was inferred that three dimensional cage type
porous networks with a high surface area was  beneficial for the high
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Fig. 10. 1-Butene conversions (a) and propene selectivities (b) versus time
on stream over Mo-KIT-5-40, Mo/KIT-5-40 and Mo/SiO2-40 catalysts. Reaction
conditions: catalyst weight = 1.0 g; T = 450 ◦C; P = 0.1 MPa; WHSV = 0.8 h−1; C2H4/1-
C4H8 = 2.
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Fig. 11. Comparison of catalytic performances of different Mo  containing meso-
porous silica catalysts. Reaction conditions: catalyst weight = 1.0 g; T = 450 ◦C;
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ispersion of Mo  species, implementing the excellent metathesis

ctivity. Besides, the 3D mesopores also facilitated transportation
f reactants and products.

[
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4. Conclusions

Various three-dimensional cage-like molybdenum containing
mesoporous KIT-5 (Mo-KIT-5) catalysts with different Si/Mo ratios
were prepared by one-pot hydrothermal synthesis and systemati-
cally characterized by multiple characterization techniques. It was
found that the ordered mesoporrous structure of KIT-5 could be
retained after incorporation of Mo,  even though the Si/Mo ratio
as low as 15, as evident from TEM and N2 physisorption analysis.
However, further decreasing Si/Mo ratio to 5 resulted in collapse of
mesoporous structure and the formation of bulk MoO3 as suggested
by XRD result. XPS result suggested that Mo  was  successfully incor-
porated into the KIT-5 framework and sample composed of both
Mo6+ and Mo5+ species. NH3-TPD analysis illustrated that Mo-KIT-
5 samples contained weak acid sites. The Mo-containing catalysts
were applied in catalytic conversion of 1-butene and ethylene to
propene. With the decrease of Si/Mo ratio, the 1-butene conver-
sion of Mo-KIT-5 first increased due to more active molybdenum
oxides species generated, and then declined because of the destroy
of mesoporous structure and formation of inactive bulk MoO3. Mo-
KIT-5-40 exhibited an improved catalytic performance compared
with control supported Mo/KIT-5-40 and Mo/SiO2-40 catalysts due
to high dispersion of active Mo  species. Moreover, Mo-KIT-5 also
exhibited superior catalytic activity to Mo-SBA-15 and Mo-KIT-6
catalysts, suggesting that this kind of 3D cage type materials was
very promising for catalytic conversion of 1-butene and ethylene
to propene and could be applied in other heterogeneous catalytic
reactions.
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