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a  b  s  t  r  a  c  t

1-Butene,  abundant  but inexpensive  in  industry,  can  be  used  to produce  more  valuable  propene  and
ethene  through  the well-known  metathesis  reaction.  In terms  of  catalyst  system  of  molybdena,  con-
trolling  the  interaction  between  the  molybdena  and  the support  is  quite  crucial.  A  special  support,  i.e.,
well-shaped  one-dimensional  �-Al2O3 with uniform  diameters  of ∼10 nm  and  lengths  of  ∼100  nm,  has
been  synthesized  via  oleylamine-assisted  hydrothermal  method.  The  molybdenum  oxides  are  well  con-
eywords:
elf-metathesis
-Butene
olybdenum oxides
ne-dimensional �-Al2O3

ilica modification

trolled  in  sizes  of  moderate  aggregation  suitable  for 1-butene  metathesis  with  a  fairly  high  rate  of  propene
production  (38.9  × 10−9 mol  m−2 s−1, 30 mol%  yield  in a single  pass)  under  mild  conditions.  The  status  of
MoOx species  in  the  catalyst  has  been  investigated  by solid  state 29Si MAS  NMR,  Raman,  UV–vis,  H2-TPR
and  NH3-TPD  techniques.  The  catalyst,  highly  stable  after  twelve  times  of  regeneration,  is important  for
practical  utilization  for  the  metathesis  reactions.

© 2014  Elsevier  B.V.  All  rights  reserved.
. Introduction

Propene is an important building block for important poly-
ers, intermediates and chemicals. Alternative technologies for

ropene production have been attracted attention due to the
ast increasing demand for propene, such as propane dehydro-
enation, olefin metathesis, methanol to propene and cracking of
ow-value olefins. The first metathesis reactions were found by
ndustrial chemists at Du Pont, Standard Oil and Phillips Petroleum
H.S. Eleuterio, E.F. Peters, B.L. Evering, R.L. Banks and G.C. Bai-
ey) 60 years ago which offers new industrial routes to important
etrochemicals, polymeric materials and pharmaceutical interme-
iates. It is now extensively explored in various reactions, such
s ring-opening metathesis polymerization, ring-closing metathe-
is, acyclic diene metathesis polymerization and cross-metathesis

1–5]. Propene cannot be produced from only 1-butene over homo-
eneous (Grubbs first generation-type) ruthenium catalysts. To
roduce propene from 1-butene, 2-butene must be produced firstly

∗ Corresponding authors. Tel.: +86 25 83595077; fax: +86 25 83317761.
E-mail addresses: nianhua@nju.edu.cn (N. Xue), dingwp@nju.edu.cn (W.  Ding).

1 These authors contributed equally to this work.

ttp://dx.doi.org/10.1016/j.molcata.2014.06.027
381-1169/© 2014 Elsevier B.V. All rights reserved.
through isomerization reaction of 1-butene and then the metathe-
sis reaction follows [1]. For the heterogeneous metathesis reaction,
catalysts are commonly composed of Re, W or Mo  elements which
are active centers supported on high-surface-area alumina or sil-
ica [4,6–8]. The metal-carbene species are usually acknowledged
as the initiating and propagating intermediates in olefin metathe-
sis reaction, as described by the Herisson–Chauvin mechanism [9].
The key step of olefin metathesis is the formation of metal car-
benes through the interaction between the alkene molecules and
the transition metal centers. Hence, it is crucial to control the inter-
action between the active centers and the support for exploring the
effective catalyst.

A large number of studies have focused on the interactions
among the supports and the supported molybdena species [10–12].
Commonly, the molybdena/silica-alumina shows higher activity
than molybdena loaded on alumina or silica alone [8,10–17]. Fur-
thermore, the active sites are not highly dispersed Mo  species
but clusters composed of several molybdate species [18]. To pur-
sue the efficiency of catalyst, a series of preparation methods

have been developed, intending to control the interaction between
metal centers and the supports. Recently, Debecker et al. have
prepared molybdena catalysts using different methods in the liq-
uid phase, such as one-pot aerosol route [19], the non-hydrolytic

dx.doi.org/10.1016/j.molcata.2014.06.027
http://www.sciencedirect.com/science/journal/13811169
http://www.elsevier.com/locate/molcata
http://crossmark.crossref.org/dialog/?doi=10.1016/j.molcata.2014.06.027&domain=pdf
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ol–gel catalysts of Si–Al–Mo mixed oxides [20], flame spray
yrolysis (FSP) synthesis and thermal spreading [21,22]. These

nvestigations have demonstrated interesting and important
esults.

In the present work, a high performance catalyst with molyb-
ena as active species and a kind of well-shaped one-dimensional
-Al2O3 as the support is prepared for 1-butene self-metathesis.
he catalyst shows ∼40 mol% yield of propene and ethene at 393 K
nder 0.1 MPa  with a high weight hourly space velocity (WHSV,
.4 h−1). The one-dimensional �-Al2O3, uniform in size and mor-
hology (10–20 nm of diameters and ∼100 nm of lengths), supports
ost of the active molybdena species in suitable aggregation

izes. It offers quite active sites and is also stable during multi-
egeneration for 1-butene metathesis.

. Experimental

.1. Catalyst preparation

.1.1. One-dimensional �-Al2O3 support
All chemical reagents were of analytical grade and used with-

ut further purification. One-dimensional �-Al2O3 was  prepared
y hydrothermal synthesis method. Typically, oleylamine (80–90%,
laddin Industrial Corporation) and NH3·H2O (25%) was  dissolved

n distilled water at 353 K. The alumina sol (Zhejiang Yuda Chemical
ndustry Co., Ltd.) was then gradually added into the above solution
nder stirring for 2 h at 353 K. Then the mixture was  transferred into
he autoclave, which was sealed and maintained at 453 K for 72 h.
fter the reaction, the solids were collected, washed with distilled
ater and alcohol, then dried in the air at 373 K for 12 h and cal-

ined at 823 K for 24 h. One-dimensional �-Al2O3 was  designated
s Al(n).

.1.2. Silica modification
Commercial �-Al2O3 powder was obtained from Fu Shun

esearch Institute of Petroleum and Petrochemicals, China, which
as designated as Al(c). The silica modified �-Al2O3 was prepared

ccording to the procedure reported elsewhere [23]. Typically,
he samples of silica modified Al(c) and Al(n) were prepared by
mmersing 1 g of commercial �-Al2O3 or one-dimensional �-Al2O3
nto an ethanol solution (20 mL)  containing a certain amount of
-aminopropyl-triethoxylsilane (Aldrich, 99.9%) under stirring for

 h at the room temperature. The obtained solid was  dried and then
alcined at 823 K for 12 h in air. They were designated as ySi/Al(c)
nd ySi/Al(n), respectively, where y is the SiO2 loading in weight
ercent (wt.%).

.1.3. MoO3 loaded on ySi/Al(c) and ySi/Al (n)
The catalysts of supported molybdena were prepared by

mpregnating the supports, i.e. Al(c), Al(n), ySi/Al(c) and ySi/Al(n),
ith an appropriate amount of ammonium molybdate (AR) solu-

ion under stirring for 6 h, then dried at 373 K, and finally
alcined at 823 K for 8 h in air. The prepared catalysts were
enoted as xMo/ySi/Al(c) and xMo/ySi/Al(n), respectively, where

 is the MoO3 loading in weight percent (wt.%). The cata-
ysts were pressed and crushed to particles of 20–40 mesh
or 1-butene metathesis reaction and performed corresponding
haracterization.

.2. Catalytic test

The 1-butene metathesis reaction was carried out in a

ontinuous-flow, fixed-bed system. 0.2 g of catalyst was placed
nto a quartz wool plug located in a quartz U-tube. After the catalyst
as pretreated at 873 K for 2 h under Ar (99.9%, 60 mL  min−1), then

ooled down to the desired reaction temperatures in the Ar flow
ysis A: Chemical 394 (2014) 1–9

and the 1-butene (99.5%) was  introduced to the reaction system.
The reaction conditions were as following: 393 K, 0.1 MPa, 2.4 h−1

of WHSV (1-C4H8). The reaction products were analyzed online by
gas chromatography equipped with a 50-m fused silica chrompack
PLOT Al2O3/Na2SO4 capillary column and a flame ionization detec-
tor. Regeneration of the used catalysts was performed at 823 K for
6 h in the atmosphere of oxygen.

A series of reaction pathways have been observed in the
self-metathesis of 1-butene on catalysts: isomerization, self-
metathesis, cross-metathesis, secondary cross-metathesis and
oligomerization [24]. We  classify alkene products as Cn

=, where
n represents the carbon numbers. The conversion X(Cn

=) is deter-
mined by subtracting the mass percentage of 1-butene feed in the

blank effluent gas, as Eq. (1).(1)X(C=
1−butene) = Wblank

1−butene
−Woutlet

1−butene

Wblank
1−butene

Wblank
1−butene: 1-butene feed from the blank reaction

Woutlet
1−butene: 1-butene feed from the outlet after reaction

The molar yield of the product is calcu-
lated according to following Eq. (2):(2)Y(C=

n ) =
X(C=

n )×((W(C=
n ))/n)

((W(C=
2 ))/2)+(W(C=

3 ))/3)+(W(C=
4 ))/4)+(W(C=

5 ))/5)+(W(C=
6 ))/6)+(W(C=

7 ))/7)

where W(Cn
=) is the mass percent of the product with the given

carbon number, and Y(Cn
=) is the molar yield. C7

= is used to denote
all the polymerized alkenes with carbon numbers over six. The spe-
cific activity is defined as the number of moles of propene produced
during the reaction per m2 of the catalyst and per second.

2.3. Characterization

XRD patterns of the samples were recorded in the 2� region of
10–80◦ using a diffractometer (Shimadzu XRD-6000) with Cu K�
radiation (� = 1.5418 Å). The scan speed was set at 10◦ min−1 with
a step size of 0.02◦.

The specific surface areas and pore volumes of catalysts were
obtained by means of the nitrogen adsorption measurement at 77 K
on a Micrometrics ASAP 2020 instrument. Samples were outgassed
at 573 K (<10−3 Torr) for 4 h prior to analysis. Adsorption data were
analyzed by the Barrett–Joyner–Halenda (BJH) method. Pore-size
distribution curves were calculated using the Dolimore–Heal (D–H)
method.

TEM measurements were conducted with JEOL JEM-100S, using
an accelerating voltage of 80 kV. Samples for TEM measurements
were suspended in ethanol and ultrasonically dispersed. Drops
of the suspensions were applied to a carbon-coated copper grid.
FTIR spectra of catalysts were obtained on a FT-IR spectrometer
(Bruker Vector 22) with a resolution of 4 cm−1 at room tempera-
ture. Raman spectra were recorded with a Renishaw invia system
equipped with a confocal microscope. A 514.5 nm exciting line was
focused using a 50× objective lens. The laser power at the sam-
ple was  20 mW.  Diffuse reflectance UV–vis spectra were recorded
with a UV-2401PC spectrometer under air-exposed conditions in
the range 200–800 nm.  The scan speed was  120 nm min−1 and the
BaSO4 powder was  used as the reference.

NH3-TPD profiles were obtained by using a micromeritics
AutoChem TP-5080 apparatus with a thermal conductivity detec-
tor (Tianjin Golden Eagle Technology Limited Corporation). Prior to
measurement, 0.1 g of the sample was  pretreated in a helium flow
at 873 K for 2 h and then cooled down to 373 K. Subsequently a
flow of ammonia/helium mixed gas (5 vol.% ammonia) was passed
and maintained for 30 min. Then the excess ammonia was removed
by a helium flow at 373 K for 1 h. The ammonia desorption was
performed in the temperature range of 373–873 K at a rate of

10 K min−1. The desorbed NH3 was detected using a thermal con-
ductivity detector (TCD).

Temperature-programmed reduction of H2 (H2-TPR) measure-
ments were carried out in a conventional setup (Tianjin Xianquan
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Fig. 1. (A) The TEM image of the one-dimensional �-Al2O3; (B) XR

ndustry and Trade Development Co., Ltd). Prior to measurements,
he sample was pretreated at 823 K for 2 h in an He flow and then
ooled to the room temperature. H2-TPR profiles were obtained
ith a thermal detector in the range of ambient to 1073 K at a
rogrammed temperature rate of 10 K min−1 under a 5 vol.% H2/N2
ow (30 mL  min−1).

TG analysis of used catalysts was carried out on a STA 449C-
hermal star instrument to monitor the amount of coke deposition
n the catalytic process. The catalyst loading was about 10 mg  and
he gas flow was 20 mL  min−1. The catalyst was heated from room
emperature to 1073 K in air stream at a heating rate of 10 K min−1.

Temperature programmed oxidation (O2-TPO) was  performed
ith a mass spectrometer (Inficon Transpector 2) to investigate the

oke formation. The 0.1 g of catalyst was heated from room temper-
ture to 973 K in a 10% O2/Ar flow (100 mL  min−1) at a heating rate
f 10 K min−1, during which m/e  intensities for CO2(44), CO(28),
2(32), and H2O(18) were recorded. Argon was used as an internal

tandard in order to calculate the amount of CO, CO2 and H2O.
29Si MAS  NMR  experiments were performed on a Bruker Avance

II spectrometer in a magnetic field strength of 9.4 T at the res-
nance frequency of 79.5 MHz. The spectra were recorded using a

 mm MAS  probe with a �/2 pulse length of 4.5 �s, the recycle delay

s 15 s at a spinning rate of 6 kHz. The chemical shift was  referenced
o DSS (4,4-Dimethyl-4-silapentane-1-sulfonic acid sodium salt) at
.534 ppm.

able 1
ET surface areas and catalytic performances of prepared catalysts.

Catalysts SBET (m2 g−1) 1-C4
= Con.

(mol%)
Yield of products (mol%) 

C2
= C3

= C5
= C6

0Mo/Al(c) 180 2.8 0 0 0 0 

0Mo/Al (n) 148 2.6 0 0 0 0 

0Mo/4Si/Al(c) 167 5.6 0 0 0 0 

0Mo/4Si/Al (n) 124 15.6 0 0 0 0 

10Mo/Al(c) 168 23.3 1.1 3.0 2.6 1.
10Mo/Al (n) 138 31.9 1.2 3.1 2.9 1.
10Mo/4Si/Al(c) 160 31.5 5.0 6.5 5.3 6.
10Mo/2Si/Al (n) 130 55.0 4.0 19.6 16.5 5.
1Mo/4Si/Al (n) 120 30.0 0.8 4.3 3.9 1.
6Mo/4Si/Al (n) 109 69.3 2.3 23.2 19.7 3.
10Mo/4Si/Al (n) 92 82.0 7.0 30.2 27.2 9.
20Mo/4Si/Al (n) 66 32.3 0 0 0 0 

10Mo/10Si/Al (n) 80 27.8 0 0 0 0 

eaction conditions: catalyst = 0.2 g, T = 393 K, P = 0.1 MPa, WHSV (1-C4H8) = 2.4 h−1, time o
a The apparent turnover frequency (TOF) is defined as the number of millimole of pro

mmol  mol−1 s−1).
b The area activity is calculated as the number of mmoles of propene produced per m2

c The specific activity is defined as the number of mmoles of 1-butene converted and p
erns of (1) one-dimensional �-Al2O3 and (2) commercial �-Al2O3.

3. Results and discussion

3.1. Composition and structure of the catalysts

The TEM result listed in Fig. 1A reveals that the Al(n) sam-
ple presents a highly uniform size with diameters of ∼10 nm and
lengths of ∼100 nm.  The XRD patterns of the supports shown in
Fig. 1B indicate that both commercial �-Al2O3 and one-dimensional
�-Al2O3 exhibit two  broad diffraction peaks at 45.9◦ and 67.1◦ in
the region between 10◦ and 80◦ which correspond to characteristic
peaks of �-Al2O3 (JCPDS: 10-0425). The specific surface area of one-
dimensional �-Al2O3 is slightly smaller than that of the commercial
�-Al2O3. Introducing silica to the both alumina samples results in
the decrease of the surface areas. Further decrease of surface areas
of samples is presented in all molybdena doped silica-alumina sam-
ples (Table 1).

After loading molybdena, XRD patters of the prepared catalysts
are depicted in Fig. 2. The structure and the crystalline properties
of �-Al2O3 are remained unchanged upon silica deposition. No any
diffraction lines corresponding to Mo  compounds are detected on
catalysts with low MoO3 loadings (≤10 wt.%). This suggests that the
Mo species are relatively high dispersed over the supports. When

20 wt.% of MoO3 is loaded, the characteristic peaks of crystalline
MoO3 diffraction appear at 23.4◦, 25.8◦, 27.4◦, corresponding to the
orthorhombic crystalline MoO3 (�-MoO3) [21].

TOFa

(mmol mol−1 s−1)
Area activityb

(×10−6 mmol m−2 s−1)
Specific activityc

(mmol g−1 h−1)
= 2-C4

=

2.8 0 0 0
2.6 0 0 0
5.6 0 0 0

15.6 0 0 0
3 10.5 0.73 2.10 1.28
6 23.1 0.76 2.70 1.33
6 8.1 1.59 4.80 2.78
1 9.8 4.80 17.9 8.38
2 17.8 7.76 4.30 1.84
8 20.3 7.37 25.3 9.92
8 7.8 7.40 38.9 12.9

32.3 0 0 0
27.8 0 0 0

n stream = 1 h.
pene produced per mole of Mo (considering the total Mo content) and per second

of catalyst and per second (units: ×10−6 mmol m−2 s−1).
roducts formed per gram of catalyst and per hour (mmol g−1 h−1).
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l(c): commercial �-Al2O3 powder; Al(n): one-dimensional �-Al2O3. (�) �-MoO3.

.2. 29Si MAS  NMR

To characterize the dispersion of silica on alumina surface,
he 29Si MAS  NMR  measurements are performed and the spec-
ra of 4Si/Al(n) and 4Si/Al(c) are shown in Fig. 3. The resonance
t around −102∼−116 ppm can be assigned to the crystallographi-
ally equivalent site of the Si(OSi)4 (Q4) group [6]. The resonances
n the range of −78 and −83 ppm can be tentatively assigned to
i(OSi)2(OH)2 and Si(OAl)3OH, respectively [25]. The 29Si MAS  NMR
pectrum of the 4Si/Al(n) shows the stronger intensity of resonan-
es at −78 and −83 ppm and the weaker intensity of the resonances
t −102∼−116 ppm compared with 4Si/Al(c). From above, the
raction of Q4 is much higher on commercial alumina than one-
imensional alumina, hence the dispersion of silica over �-Al2O3(n)

s much better than over �-Al2O3(c). In terms of silica modified alu-
ina, deposition of multiple layers of silica would be expected to

ead to a nonacidic surface, similar to pure amorphous silica [26].
iwa et al. reported that in the boundary layer between alumina
nd silica, the species as assumed or the substituted aluminum

ation like in zeolite framework could be formed to play the role of
he Brønsted acid site [27]. In the present work, the silica with good
ispersion which is nearly atomic dispersion in one-dimensional
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-7
8

4Si/Al(n)
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0
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-1
1
6

-1
0
2
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3

ppm
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ig. 3. 29Si MAS  NMR  spectra of 4Si/Al(c) and 4Si/Al(n). Al(c): commercial �-Al2O3

owder; Al(n): one-dimensional �-Al2O3.
Fig. 4. Raman spectra of the catalysts. Al(c): commercial �-Al2O3 powder; Al(n):
one-dimensional �-Al2O3.

�-Al2O3 surface is expected to possess more abundant boundary
layer offering more Brønsted acid sites.

3.3. Raman spectroscopy

From the Raman spectra shown in Fig. 4, the bulky MoO3
itself gives several sharp signals. The 292 cm−1 band is a doublet
comprised of wagging modes of the terminal oxygen connected
to Mo  atoms. The band centered at 673 cm−1 is an asymmetric
stretching of the Mo–O–Mo along c axis. The peak centered at
820 cm−1 is due to the antisymmetric stretching mode of O–Mo–O.
The band at 998 cm−1 is from asymmetric stretch of the termi-
nal oxygen atoms (Mo  O) [28,29]. With the both alumina as the
supports, even 10 wt.% molybdena presents very weak Raman sig-
nals related to crystalline MoO3. However, only one small broad
band at ∼950 cm−1 was observed (Fig. 4), which is assigned
to two-dimensional MoOx oligomers dispersed on the both alu-
mina supports, implying the strong interaction of molybdena with
the alumina supports and high dispersion of molybdena [4]. For
10Mo/4Si/Al(c), Raman signals related to crystalline molybdena are
not observed even with the silica modification except signals at
950 cm−1 to MoOx oligomers. However, the weak but clear sig-
nals related to aggregated molybdena emerge in 10Mo/4Si/Al(n)
sample. This reveals the relative weaker interaction between Mo
species and silica modified one-dimensional alumina than com-
mercial one. Increasing silica loading, i.e. 10Mo/10Si/Al(n), sharp
signals centered around ∼999 cm−1 (Mo  O stretching), ∼950 cm−1

(terminal M O stretch mode in MoOx oligomers), ∼822 cm−1 (anti-
symmetric stretching mode of Mo–O–Mo), ∼673 cm−1 and a broad
band at 210–350 cm−1 (Mo  O bend) are detected, implying bulky
MoO3 crystals presented in the surface. This is due to the weakened
interaction between the support and the molybdena species by the
thick layer of silica on the alumina surface.

3.4. UV–vis spectrum

The optical bandgap energy, Eg, determined from the position
of the low energy rise in UV–vis spectrum of prepared material
could characterize the average particle size of domains of tran-
sition metal oxides [28]. The absorption edge is defined as the

x-intercept of the straight line describing the near-edge region for
spectra plotted as [F(R∞)hv]2 as a function of hv,  where F(R∞) is the
Kubelka–Munk function and hv is the energy of the incident pho-
ton. The absorption edge energy decreases with increasing domain
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ig. 5. The UV–vis absorption edge energies of the prepared catalysts with the same
o  surface density on different supports. Al(c): commercial �-Al2O3 powder; Al(n):

ne-dimensional �-Al2O3.

ize. The UV–vis absorption edge energies of the prepared catalysts
ith the same Mo  surface density on different supports are shown

n Fig. 5. Comparing 10Mo/Al(c) with 10Mo/Al(n), it reveals that
he sizes of MoO3 species in 10Mo/Al(c) are smaller than those in
0Mo/Al(n). A decrease in absorption edge energy emerges when
oOx species are supported on silica modified alumina. The size

f MoOx species in ySi/Al(n) surface increases with the increase of
he silica content in �-Al2O3. The higher absorption edge energy of
0Mo/4Si/Al(c) is presented compared with that of 10Mo/4Si/Al(n)
hich reflects the smaller MoOx clusters in the former sample.

.5. Temperature-programmed reduction of H2 (H2-TPR)

It is well accepted that olefin metathesis reaction follows metal
arbene mechanism over heterogeneous catalysts. Therefore, the
edox property of the Mo  species in catalyst surface plays an impor-
ant role in the metathesis reaction. H2-TPR measurements could
ffer the information on the supported Mo  species. The TPR pro-
les of the prepared catalysts are shown in Fig. 6. Two  reduction
eaks in the range of 700–780 K and 1123–1183 K are observed for
oth 10Mo/Al(c) and 10Mo/Al(n) samples. The peak at low tem-
erature (700–780 K) is generally associated with the reduction of
ell dispersed octahedral Mo6+ to Mo4+ species [14,16]. The one at
igh temperatures is attributed to a further progress in the reduc-
ion of partially reduced MoOx species formed in the first reduction
rocess, together with the partial reduction of tetrahedrally coor-

inated Mo species strongly interacting with Al2O3 [30].

In addition to the two peaks abovementioned on alumina sup-
orted Mo  oxides, two shoulder peaks in the range of 850–950 K
nd 1000–1100 K appear over the molybdenum oxides supported

cheme 1. Schematic show of MoOx species dispersed on silica modified commercial �
l(n)).
Fig. 6. H2-TPR profiles of the Mo catalysts with different supports. Al(c): commercial
�-Al2O3 powder; Al(n): one-dimensional �-Al2O3.

on silica modified alumina catalysts (Fig. 6). The first shoulder peak
(850–950 K) is attributed to the reduction of microcrystalline MoO3
to MoO2 [31]. The other peak between 1000 K and 1100 K should be
attributed to the reduction of the molybdenum oxide in lower lev-
els of aggregation. From above results, there are more molybdena
species easily reduced which are in polymeric or microcrystalline
state on the support surface on the silica modified one-dimensional
�-Al2O3 than commercial one. Further increasing silica content on
the Al(n) surface, the hydrogen consumption increases due to the
increased amount of the easily reduced molybdena species, which
is the molybdena species aggregated to some extent. The amount
of molybdena species strongly interacted with the support and dif-
ficult to be reduced decreases with the increase in silica content.

The dispersion of the silica in alumina (Al(c) and Al(n)) directly
influences the status of supported molybdena. When the loading
of silica is lower than one monolayer (∼4 wt.%) over the one-
dimensional �-Al2O3, the MoOx species are highly dispersed on it
owning to strong interaction with the hydroxyl of alumina surface
[32]. Maybe due to its unique surface structure, the well-shaped
one-dimensional �-Al2O3 sample can support the silica modified
in highly dispersed state. The sample Al(c) cannot support the
highly homogeneous dispersion of silica for the heterogeneity of
its surface. The special surface property of 4Si/Al(n) with homoge-
neously dispersed silica sets the MoOx species in certain sizes of
polymerization which might be with special performance toward

olefin metathesis. The catalyst structures are schematically shown
in Scheme 1, which is also deduced with the spectroscopic results
of Raman, UV–vis and H2-TPR measurements.

-Al2O3 powder (presented by Al(c)) and one-dimensional �-Al2O3 (presented by
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ig. 7. NH3-TPD of the catalysts: (A) supports; (B) molybdena supported on different
upports. The number in the parenthesis presents the amount of desorbed NH3

�mol  g−1). Al(c): commercial �-Al2O3 powder; Al(n): one-dimensional �-Al2O3.

.6. Ammonia temperature-programmed desorption (NH3-TPD)

It has been reported that the stability of catalysts with time
n stream is governed at least in part by the acidity of the cat-
lysts [13]. Fig. 7A shows the NH3-TPD profiles of the supports
sed in the present work. A main desorption peak centered at
bout 450 K with a long tail is observed for all the supports. The
l(c) and Al(n) possess similar quantity of adsorbed ammonia.
owever, more acid sites are detected in Al(n) than that in Al(c)
hen doping 4 wt.% silica to the alumina surface. This reveals that

ilica in one-dimensional �-Al2O3 disperses better than in commer-
ial alumina to more interface of silica–alumina which probably
ffers Brønsted acid sites [33]. When adding Mo  species to these
aried supports, the amount of adsorbed ammonia dramatically
ncreases (Fig. 7B). For silica modified Al(n), introducing 10 wt.%

oO3 species results in different increase of detected acid sites
ith different silica content. More silica in Mo/ySi/Al(n) leads to
ore acid sites detected. The detected acid sites should include

ewis (bare Mo  atom, terminal oxygen vacancy), Brønsted acid
ites (Mo–OH) in MoO3 clusters formed in alumina surface and
rønsted acid sites from silica–alumina interface [33]. According to
he total amount of acid sites detected by NH3-TPD, 10Mo/4Si/Al(n)
nd 10Mo/10Si/Al(n) presented relatively higher density of acid
ites. Based on the relationship among the acidity, activity and
tability of the catalysts [13,34], the better activity and stability is
xpected on the molybdena catalysts supported on silica modified
ne-dimensional �-Al2O3 for the metathesis reaction.

.7. 1-Butene metathesis reaction

A series of reaction pathways have been demonstrated in the
elf-metathesis of 1-butene on the catalysts [24]. The reaction path-
ays of 1-butene on molybdena supported on alumina are listed

s follows.
Isomerization:

(1)

Self-metathesis:

(2)

Cross-metathesis:

(3)
Secondary cross-metathesis:

(4)
ysis A: Chemical 394 (2014) 1–9

Oligomerization:

(5)

The main products are ethene, propene, pentene, hexene, 2-
butene and minor C7+ hydrocarbons. Propene and pentene are the
products of cross-metathesis reaction of 1-butene and 2-butene
and secondary cross-metathesis of ethene and 2-butene. Among
products, 2-C4

= represents isomerization of 1-butene. C5
= rep-

resents substances bearing five carbon atoms, which are mainly
produced from secondary metathesis. C6

= is used to denote the
alkenes with six carbon atoms, which are produced from self-
metathesis. For clarity, the minor C7+ alkenes (<2.5 mol%) are
omitted in the presented table of products (Table 1).

From the data in Table 1, both commercial and one-dimensional
�-Al2O3 do not present metathesis activity but low isomerization
activity because of no Brønsted acid sites in alumina. After loading
silica to the two  supports, there is still no metathesis activity with
the increased isomerization activity. Both Mo/Al(c) and Mo/Al(n)
present metathesis activity with the increased isomerization activ-
ity simultaneously. However, the metathesis products are in low
yields due to the excessive dispersion of the MoO3 species and the
poor acidity of the catalysts [34]. This is also fairly consistent with
the results of a low activity for Mo/�-Al2O3 documented [35].

Among the prepared catalyst, the 10Mo/4Si/Al(n) catalyst
presents the highest activity with a 82.0 mol% conversion of 1-
butene, which corresponds to the production of propene and
ethene with a 40 mol% yield at the high space velocity of 2.4 h−1

(WHSV) at 393 K. Excessive silica in alumina surface makes the
larger crystalline of molybdenum oxides in the catalyst surface,
such as in 10Mo/10Si/Al(n), which is less active in metathesis reac-
tion. On the other hand, when the molybdena content reaches
20 wt.% on the 4Si/Al(n) surface, the bulky Mo  species form and
are inactive for the metathesis reactions[36]. Thomas et al. have
also reported that the catalytic activity of MoO3/Al2O3 is highly
dependent on the molybdena loading. The catalytic activity firstly
increases with the surface coverage of molybdena, then passes
through a maximum one [37]. Comparing with other reports
on 1-butene self-metathesis reactions (Table 2), molybdena sup-
ported on silica modified one-dimensional �-Al2O3 catalysts shows
the highest activity of 1-butene metathesis activity (high specific
activity, 38.9 × 10−9 mol  m−2 s−1) at atmospheric pressure and low
reaction temperature.

The bi-functional sites in moderate aggregated molybdena
species supported on the silica modified one-dimensional �-Al2O3
are responsible for the isomerization and metathesis simulta-
neously. Combing the results of Raman, UV–vis spectra with the
metathesis activity of 1-butene, it is concluded that the metathesis
reaction is complicated. The acidity and reducibility of the pre-
pared supported molybdena catalysts are both contributed to the
catalytic activity [37]. In current research, the MoOx species are
quite highly dispersed, which are difficult to reduce, on Al(c), Al(n),
4Si/Al(c) due to the strong interaction between the Mo  species and
supports. These catalysts are less active for the reaction. On the
other hand, the high activity of the 10Mo/4Si/Al(n) is correspond-
ingly related to the mildly aggregated MoOx species and suitable
reducibility and the relatively stronger acid of the 4Si/Al(n) plays a
role for the isomerization of 1-butene to 2-butene. The integrative
effects result in a good catalyst 10Mo/4Si/Al(n).

3.8. Deactivation and regeneration of the 10Mo/4Si/Al catalyst
The effect of space velocity on the reaction performance of
10Mo/4Si/Al(n) at 393 K is summarized in Fig. 8. Although the space
velocities of 1-butene are different, the initial conversion and yields
of metathesis products are similar. The regeneration cycle shortens
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Table  2
The metathesis activity of heterogeneous Mo and W based catalysts for 1-butene transformation reported in references.

Catalyst T (K) P (MPa) Space
velocity

C3
= yield

(mol%)
TOFa

(mmol  mol−1 s−1)
Area activityb

(×10-6 mmol m−2 s−1)
Specific acitivityc

(mmol g−1 h−1)
Refs.

Mo/HM-Al2O3 423 0.1 1.5d 26.5 3.54 8.8 7.1 [24]
Mo/M-Al2O3 423 0.1 2.0d 27.4 6.51 9.7 9.8 [4]
W/SiO2/Al2O3 453 0.1 2.4d 20.9 9.59 18.2 8.9 [23]
WO3/SiO2 623 0.5 0.36d 18.96 1.31 1.7 1.2 [17]
WO3/SBA-15 523 0.5 0.72d 27.1 1.96 1.4 3.5 [8]
WO3/SiO2-Al2O3 723 0.085 450e 31.7 9.5 13.3 11.8 [5]
10Mo/4Si/Al(n) 393 0.1 2.4d 30.2 7.40 38.9 12.9 Our

a The apparent turnover frequency (TOF) is defined as the number of moles of propene produced per mole of Mo (considering the total Mo  content, even if only part of the
Mo  is actually active) and per second (mmol  mol−1 s−1).

b The area activity is calculated as the number of mmoles of propene produced per m2 of catalyst and per second (units: ×10−6 mmol m−2 s−1).
 and p

w
m
1
c
i
d
l
w

w
a
c

F
1

c The specific activity is defined as the number of mmoles of 1-butene converted
d WHSV (h−1).
e GHSV (mL  h−1 mL−1).

ith the increasing reaction space velocity of 1-butene.The perfor-
ance of the catalyst begins to decrease after 24 h reaction with

-butene space velocity at 0.6 h−1. The catalytic performance of the
atalyst can be stable to 12 h when the space velocity of 1-butene
ncreases to 2.4 h−1. The deactivation might be related to the coke
eposition in the reaction process. However, 10Mo/4Si/Al(c) cata-

yst shows faster deactivation and lower yield of propene compared
ith 10Mo/4Si/Al(n) under the same reaction conditions.
The 10Mo/4Si/Al(n) catalyst shows good metathesis activity
ith a 1-butene conversion up to 82 mol% and a yield of propene

nd ethene up to ∼40 mol% in 15 h reaction, as shown in Fig. 8C. The
atalyst deactivates completely after 25 h reaction. Spamer et al.
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has reported that the amount of coke formation is a critical factor
in controlling the lifetime of WO3/SiO2 in the metathesis reaction
of 1-heptene [38]. At the same time, the oxidation state of tran-
sition metal centers could be changed during the reaction, which
may  also influence the catalyst activity [15]. Thermal gravimetric
(TG) analysis is used to determine the amount of coke on the cat-
alyst. The corresponding TG profile of the used 10Mo/4Si/Al(n) is
shown in Fig. 9A. Two weight loss steps could be observed on the

catalyst after 25 h reaction. The first weight loss occurs at a tem-
perature range between 300 K and 450 K, which is attributed to
the desorption of water in catalyst. The second one is observed at a
temperature range between 500 K and 850 K due to burning off coke
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ormed in catalyst. Temperature programmed oxidation (TPO) pro-
le of the used 10Mo/4Si/Al(n) is shown in Fig. 9B. There are two
ater signals centered at 350 K from the desorption of adsorbed
ater and at 590 K from the combustion of coke deposits in catalyst.

he gases of CO and CO2 begin to produce above 500 K and dimin-
sh at 850 K which is corresponding to the second weight loss of TG
esults. From these results, the amount of coke on 10Mo/4Si/Al(n)
s about 7 wt.% after 24 h reaction.

FTIR is an efficient tool to study the nature of the coke on cat-
lysts [39]. The FTIR spectra of fresh and used catalysts are shown
n Fig. 9C. There are five new peaks appeared after 24 h metathe-
is reaction for 10Mo/4Si/Al(n) compared with the fresh one. The
eaks at 2870 cm−1, 2930 cm−1, 2960 cm−1 are assigned to stretch
ibrations of –CH3, –CH2, –CH groups, as previously reported by
berly et al. [40]. The band at 1450 cm−1 corresponds to asym-
etric deformations of –CH3 groups and symmetric deformations

f CH2 groups [41]. The band at 1380 cm−1 is assigned to sym-
etric deformations of –CH3 [42]. There is no band at 3050 cm−1,

orresponding to stretch vibration of the C–H bond of aromatics.
he results indicate that the coke on used catalyst may  be long
hain alkenes formed by side reaction of olefin-oligomerization

15]. After regeneration at 823 K in air to remove the carbonaceous
eposits, the used 10Mo/4Si/Al(n) catalyst recovers the metathe-
is performance again with unchanged conversion of 1-butene and
ields of propene and ethene. The reusability of the catalyst for the
is reaction as a function of time on stream (Catalyst = 0.2 g, T = 393 K, P = 0.1 MPa,
yst = 0.2 g, T = 393 K, P = 0.1 MPa, WHSV of 1-butene = 2.4 h−1, reaction time = 1 h).

metathesis of 1-butene has also been carried out for several runs
(Fig. 10B). It is worth to note that the yield of the propene and
ethene remains basically even after regeneration of as many as 12
times.

4. Conclusions

The catalyst, molybdena supported on well-shaped one-
dimensional �-Al2O3 with homogeneously dispersed silica mod-
ification, exhibits a higher rate per mol  of Mo  atoms for 1-butene
metathesis than on commercial �-Al2O3. The uniform morphology
of the one-dimensional �-Al2O3 support is beneficial to disperse the
silica homogeneously and sets the moderate interaction between
MoOx species and the support surface, which causes molybdenum
oxides well dispersed in suitable aggregation states active and sta-
ble for 1-butene metathesis. At the same time, the silica modified
one-dimensional �-Al2O3 also offers suitable acidity for the isom-
erization of 1-butene to 2-butene. With these merits, the catalyst
10Mo/4Si/Al(n) shows highly catalytic performance for 1-butene
metathesis to propene and ethene at mild conditions. The deacti-

vated catalyst due to the deposition of long chain alkenes formed
by the side reaction of olefin-oligomerization can be regenerated
through calcination in air to remove the carbonaceous deposits and
the initial activity of 1-butene conversion could be restored. The
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