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Abstract

A metal ions (Ag, Bi, V, Mo) modified sol–gel method was used to prepare a mesoporous Ag0.01Bi0.85V0.54Mo0.45O4

catalytic membrane which was used in the selective oxidation of propane to acrolein. By optimizing the preparation parameters,
a thin and perfect catalytically active membrane was successfully prepared. SEM results showed that the membrane thickness
is ∼5�m. XRD results revealed that Ag0.01Bi0.85V0.54Mo0.45O4 with a Scheelite structure, which is catalytically active for
the selective oxidation of propane to acrolein, was formed in the catalytic membrane only when AgBiVMoO concentrations
were higher than 40%. Catalytic reaction results demonstrated that the selective oxidation of propane could be controlled to
a certain degree, such as to acrolein, in the catalytic membrane reactor (CMR) compared to the fixed bed reactor (FBR). For
example, a selectivity of 54.85% for acrolein in the liquid phase was obtained in the CMR, while only 8.31% was achieved
in the FBR.
© 2003 Elsevier B.V. All rights reserved.
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1. Introduction

Acrolein usually is used as an intermediate to pro-
duce acrylic acid, which is an important industrial
chemical with an annual world capacity of 6 billion
pounds in 1997[1]. The industrial process for pro-
duction of acrolein is the catalytic selective oxidation
of propylene. Compared to propylene, propane is a
cheaper, readily available raw material, so direct cat-
alytic selective oxidation of propane would be a very
attractive route for the production of acrolein. How-
ever, the challenge for the process is how to achieve
a high selectivity for the desired product, because the
intermediates, i.e. olefins, as well as desired product,
i.e. acrolein, are usually more reactive than the raw
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material, i.e. propane, and easier to be deeply oxidized
to COx and H2O.

In order to achieve high selectivity to acrolein for
the selective oxidation of propane, researchers have
devoted a lot of work to screening different kinds
of catalysts to find one with high selectivity[1–13].
Among these catalysts, Ag0.01Bi0.85V0.54Mo0.45O4 is
a good one for the selective oxidation of propane to
acrolein. However, the yield of the desired product
during the selective oxidation of propane to acrolein
does not exceed 10% per pass as up to now[1,2].
To control the selectivity, researchers have attempted
to combine different catalysts, such as a catalyst for
oxidative dehydrogenation of propane to propylene
and a catalyst for selective oxidation of propylene to
acrolein, in one reactor[2] in which 11.3% yield of
acrolein was achieved with 62.8% acrolein selectiv-
ity. On the other hand, some new concepts were also
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developed to control the selectivity for the selective
oxidation of propane to acrolein, by using a membrane
reactor, in which the membrane was used as reactant
distributor to introduce a reactant (O2 or propane) in
a controllable manner, which could regulate the reac-
tion to the better selectivity[14,15]. Or the membrane
was used as products (acrolein and H2O) separator to
remove the products from the reaction system simul-
taneously, therefore, the product was not allowed to
be further oxidized to COx and H2O [16]. In the for-
mer case, we tried four different flow arrangements
of propane and O2 in a tubular membrane reactor
packed with Ag0.01Bi0.85V0.54Mo0.45O4 catalyst. The
highest selectivity of 18% was obtained for dosing
propane from the shell side to the tube side and feed-
ing O2 in the tube side[15]. In the latter case, Kolsch
et al. [16,17] used an oxygenates-selective silica
modified mesoporous membrane to simultaneously
remove acrolein and H2O from the membrane reactor
in the process of reaction, the selectivity of acrolein
could be increased by a factor of 2–3 compared
with co-feed packed bed reactor at similar propane
conversion.

For both cases of membrane reactors mentioned
above, the membranes are inert and are only used to
add reactant to (or remove products from) reaction
system. The membrane itself does not work as a cata-
lyst for the reaction. This kind of membrane reactor is
called inert membrane reactor (IMR). There is another
kind of membrane reactor, called catalytic membrane
reactor (CMR), in which the membrane itself has an
intrinsic catalytic activity for the reaction. In CMR,
one of operation mode is that the reactants permeate
through the membrane in the Knudsen regime and are
introduced in a flow-through mode[14]. The idea to
improve catalytic selectivity for the selective oxida-
tion of propane to acrolein in CMR is based on the
fact that the catalytic layer of the membrane is very
thin (5–10�m), which can greatly reduce the contact
time between aimed product and catalytic layer to pre-
vent the aimed product be further oxidized to COx and
H2O. At same time, the catalytic layer is mesoporous,
and continuously and compactly arranged, which guar-
antees that the membrane has a relative high contact
surface and reactants have a good contact with the cat-
alyst.

In this paper, we will use a sol–gel technique to pre-
pare a catalytically active membrane and apply such

membrane to the process of selective oxidation of
propane to acrolein.

2. Experimental

2.1. Preparation of Ag0.01Bi0.85V0.54Mo0.45O4
catalyst by complex method

For comparison, we prepared Ag0.01Bi0.85V0.54
Mo0.45O4 catalysts by complex method. First we
prepare metal ions complex solution, then dry the
solution and calcine the catalyst at certain temper-
ation. The typical procedure for the preparation of
metal ions (Ag, Bi, V, Mo) complex solution was
prepared as following. Twenty-eight grams EDTA
acid was added in 60 ml ammonia water (50%, v/v)
to get a transparent solution, slowly adding 41.23 g
Bi(NO3)3·5H2O (A.R.) in the solution until all Bi salt
dissolved, then adding 0.17 g AgNO3 to get solution
(a). Fifteen grams EDTA acid was added in 60 ml
ammonia water (50%, v/v) to get a transparent so-
lution, then adding 4.9 g V2O5 (A.R.), then heating
and stirring until V2O5 dissolved completely to get
solution (b). 7.94 g (NH4)6Mo7O24·4H2O (A.R.) was
added in 50 ml distilled water to make all the chem-
ical dissolved completely, then adding 13 g EDTA
acid (A.R.). If EDTA acid precipitated, adding some
of ammonia water (50%, v/v) to get a transparent so-
lution (c). Solutions (a), (b), (c) are mixed and stirred
to get 0.1 mol Ag0.01Bi0.85V0.54Mo0.45O4 complex
solution. The concentration of complex solution is
3.64 × 10−4 mol/ml. The resulted product was cal-
cined at 380◦C for 6 h, 600◦C for 6 h separately.

2.2. Preparation of catalytically active membrane

The mesoporous catalytically active membrane
was prepared by modified sol–gel method, as shown
Fig. 1.

For preparation of catalytically active membrane by
modified sol–gel method, we started with the prepara-
tion of �-AlOOH sol, then modified the�-AlOOH sol
with metal ion complexes (Ag, Bi, V, Mo) possessing
catalytic function for selective oxidation of propane to
acrolein. After getting the modified�-AlOOH sol, the
dip-coating method was used to deposit the modified
�-AlOOH sol onto the porous�-Al2O3 support of
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Fig. 1. Schematic representation for preparation of catalytically active membrane by modified sol–gel method.

∼0.6�m average pore size and∼40% porosity, then
calcined with great care to get a catalytic membrane.

Preparation of γ-Al2O3 sol. PURAL SB power
(Dispersal 55909, Corporation, Germany) was used
as the starting material which is a kind of industrial
product with boehmite structure (�-AlOOH). The
detailed preparation process is illustrated inFig. 2.
Firstly, the SB powder was mixed with de-ionized
water, and the suspension in a certain concentration
was obtained, then the suspension was heated at
80◦C and refluxed for 30 min in order to hydrate the
boehmite particulates sufficiently, then some nitric
acid was added to peptize the boehmite particles to
form the�-AlOOH sol, and the sol was aged for 5 h
at 80◦C under refluxing.

Preparation of metal ions(Ag, Bi, V, Mo) com-
plex solution. The typical procedure for the prepara-

Fig. 2. Preparation process for particulate boehmite sol from SB
powder.

tion of metal ions (Ag, Bi, V, Mo) complex solution
was described in detail in experimentalSection 2.1.
The concentration of complex solution used here is
3.64× 10−4 mol/ml.

Modification ofγ-Al2O3 sol by metal ions(Ag, Bi, V,
Mo) complex. The metal ions (Ag, Bi, V, Mo) complex
solution was added to the aged�-AlOOH Sol. After
stirring for 2 h with strict control of the pH value of
3–4, the metal ions (Ag, Bi, V, Mo) modified sol was
obtained.

Dip-coating of modified sol on the porousα-Al2O3
support. Before dip-coating, the porous�-Al2O3 tube
was polished with fine sand paper and cleaned with
microwave for several minutes, then dried and calcined
at 550◦C. To ensure the valid membrane length was
6 cm, both end part of the tube were sealed with glaze.
�-Al2O3 tube was dipped into the modified sol for sev-
eral seconds at room temperature till a gel layer was
formed, then take it out and put it in a dust-free box for
drying overnight. The supported catalytic membrane
was calcined at 600◦C with temperature raising rate
of 0.3◦C/min for 6 h. The above dipping and calcina-
tion procedures were repeated for several times until
a weight increase around 50 mg was obtained.

2.3. Characterization of the catalytically active
membrane

The particle distributions of the�-AlOOH sol
(1 mol/l) with different nitric acid concentrations
were measured by the quasi-elastic laser light
scattering method (N4 Plus Particle Sizer, COULTER,
USA).
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Fig. 3. The configurations of CMR (a) and FBR (b).

The pore size distribution and specific surface area
of the catalytically active membrane were obtained
from the nitrogen adsorption and desorption isotherm
at 77 K using BET surface analyzer (Coulter 100 CX,
USA).

The phase structure of the catalytically active mem-
brane was determined by X-ray powder diffractom-
etry (Rigaku D/Max-RB) with Cu K�I radiation at
40 kV × 100 mA with continuous scanning rate of
3◦/min from 5◦ to 80◦.

The morphology of the catalytically active mem-
brane was observed by a scanning electron microscopy
(SEM, JEM-5600LV). Different magnifications were
applied depending on the purposes.

2.4. Catalytic reaction

Catalytic reaction in CMR. The catalytic reaction
in CMR was carried out at atmospheric pressure, as
shown inFig. 3a. The reactants of C3H8, O2 and N2
were introduced in the shell side of CMR, then pass
through the catalytically active membrane to the tube
side of CMR, from which the products and un-reacted
reactants came out to a cooling trap for collecting
the liquid products. The reaction conditions were as
following. The catalyst loading was 50–100 mg, the
reaction temperature was 400◦C, the feed gas molar

ratio of propane/O2/N2 is 37/53/10, the total flow rate
is 100 ml/min.

Catalytic reaction in fixed bed reactor(FBR). The
catalytic reaction in FBR was carried out at atmo-
spheric pressure, as shown inFig. 3b. The reactants of
C3H8, O2 and N2 were introduced into FBR, then the
products and un-reacted reactants came out to a cool-
ing trap for collecting the liquid products. The reaction
conditions were as following. The catalyst loading was
2 g (diluted with 10 g quartz), the reaction temperature
was 400◦C, the feed gas molar ratio of propane/O2/N2
is 37/53/10, the total flow rate is 100 ml/min.

The liquid products were analyzed by a gas chro-
matograph (Hewlett Packard 6890) equipped with a
capillary column by using FID and propanol as inner
standard. The selectivity of each liquid product was
defined as the fraction of all liquid products in the liq-
uid phase.

3. Results and discussion

3.1. Preparation of catalytically active membrane

As described inSection 2.2, the catalytically ac-
tive membrane was prepared by modified sol–gel
method. First, we prepared a stable�-AlOOH sol
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Table 1
Effect of nitric acid concentration on the properties of�-AlOOH sol (1 m) prepared from SB powder

Samples [HNO3] in
sol (M)

pH Viscosity
(MPa s)

Particle diameter (nm)
(≥90% by mass)

Stability

DAL-06 0.06 3.46 1.2 30–75 Sol with less precipitate (partially peptized)
DAL-08 0.08 3.40 1.4 19–60 Stable sol
DAL-09 0.09 3.37 1.3 38–75 Stable sol
DAL-10 0.1 3.37 1.35 30–60, 95–120 Double peaks, relatively stable sol
DAL-12 0.12 3.13 1.65 60–150 Unstable sol (8–9 days, gel)

with small particle size and narrow size distribution.
As shown inFig. 2, nitric acid is used to peptize the
suspension to avoid introducing anion impurities for
the preparation of�-Al2O3 sol. It has been known
that the acid concentration has an effect on the pH
value, the viscosity and the particle diameter of the
sol, so we change the concentration of the nitric acid
in the solution by changing the quantities of nitric
acid used in the peptizing step. In the all experi-
ments, the concentration of the�-AlOOH sol was
maintained at 1 mol/l. Typical results are listed in
Table 1.

The viscosity of the colloid is one kind of expres-
sion for the viscoelasticity, which is mainly controlled
by the degree of the aggregation and disaggregation
of the colloid particles. It can be seen fromTable 1
that the colloid has the lowest viscosity when the acid
concentration is 0.06 M, which means that boehmite
partial peptization occurred with less precipitate in
the sol. The viscosity of the sol almost remains con-
stant when the acid concentration is increased to
0.08–0.1 M, which means that a stable sol without
precipitate is obtained. Further increase of the acid
concentration, such as to 0.12 M, will result in easier
gel formation within a short time, such as 8–9 days,
and the viscosity of the sol reaches at the maximum
in this case.

The particle distributions of the�-AlOOH sol
(1 mol/l) with different nitric acid concentrations
were measured by the quasi-elastic laser light scatter-
ing method (N4 Plus Particle Sizer, COULTER), as
shown inFig. 4. It can be seen that the sol with the
smallest average diameter and a narrow size distri-
bution is obtained when the nitric acid concentration
is 0.08 M. With the increase of the acid concentra-
tion, the particle size of the�-AlOOH sol turns to
be bigger and its distribution becomes wider. Further
increasing the acid concentration, such as 0.12 M,

causes the�-AlOOH sol particles grow and aggregate
intensively.

It can be concluded that the optimum concentration
of nitric acid for getting a small sol particles with nar-
row particle size distribution is 0.08 M. We modified
the�-AlOOH sol with metal ions (Ag, Bi, V, Mo) so-
lution, as described in the experimentalSection 2.1,
to get the metal ions modified sol. The typical proper-
ties of the metal ions modified�-AlOOH sol with dif-
ferent Ag0.01Bi0.85V0.54Mo0.45O4 concentrations are
listed inTable 2.

Table 2shows that the viscosity of the metal ions
modified �-AlOOH sol increases with the increase
of AgBiVMoO concentrations, and the particle size
increases sharply at the beginning, then increases
gradually because addition of metal ions may destroy

Fig. 4. Particle size distribution of boehmite sol with different acid
concentrations prepared from SB powder.
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Table 2
Effect of AgBiVMoO concentrations on properties of the modified sol

AgBiVMoO concentration (wt.%) Viscosity (MPa s) Particle diameter (nm) wt.% (by mass)

80 2.3 2383, 3000 6, 91
60 2.0 598, 3000 16, 83
40 1.9 948, 1194 5.2, 94.8
20 1.9 598, 753 37.6, 55.3
10 1.29 598, 753 64.7, 35.3

Table 3
Effect of AgBiVMoO concentrations on pore structure of mesoporous AgBiVMoO catalytic membrane

AgBiVMoO concentration (wt.%) BET area (m2/g) Pore radius (nm) Specific pore volume (cm3/g) Porositya (%)

40 89.25 1–10 0.311 52.43
20 159.54 1–10 0.4143 57.48
10 196.50 1–10 0.4863 64.77
0 230 1–10 0.4984 64.84

a Porosity is calculated based on the formula:θ = Vp/(Vp + 1/ρt), whereθ is the porosity,Vp the specific pore volume,ρt the true
density of alumina (ρt = 3.7 g/cm3).

the stableness of the�-AlOOH sol, and make the sol
particles to aggregate at the beginning. The different
particle sizes of the�-AlOOH sol modified with dif-
ferent AgBiVMoO concentrations result in different
pore size and surface area of the catalytic membrane
as shown inTable 3.

It can be seen fromTable 3that with the increas-
ing of AgBiVMoO concentration, BET surface area
decreases gradually at the beginning, then decreases
sharply when the AgBiVMoO concentration reaches
at 40 wt.%, which shows a good agreement with the
changes of metal ions modified�-AlOOH sol parti-
cles. Besides the pore size and BET surface area, we
also identified the phase structure of the AgBiVMoO
catalytic membrane, as shown inFig. 5.

Fig. 5shows that XRD patterns of the AgBiVMoO
catalytic membrane are identical to that of�-AlOOH
when the concentration of AgBiVMoO is lower
than 40%. However, the typical scheelite structure
of Ag0.01Bi0.85V0.54Mo0.45O4 catalyst, which is the
active phase for the selective oxidation of propane to
acrolein, appears when the concentrations of AgBiV-
MoO are higher than 40%. So only the catalytically
active membranes with 40 and 80% AgBiVMoO con-
centrations were chosen for the catalytic evaluations
in the membrane reactor.

Fig. 6 shows the SEM photos taken from the cross
view and top view of the catalytically active mem-

brane on the porous�-Al2O3 support with AgBiV-
MoO concentration of 40%. It can be seen that the
thickness of catalytically active membrane is around
5�m (Fig. 6a), and there is no crack or pinhole on the
surface of the membrane (Fig. 6b). In addition, there
indeed are a lot of Ag0.01Bi0.85V0.54Mo0.45O4 cata-
lyst particles (less than 1�m) in the membrane. The

Fig. 5. XRD patterns of: (a)�-AlOOH; (b) �-AlOOH modified by
10% AgBiVMoO; (c)�-AlOOH modified by 20% AgBiVMoO; (d)
�-AlOOH modified by 40% AgBiVMoO; (e)�-AlOOH modified
by 60% AgBiVMoO; (f) �-AlOOH modified by 80% AgBiVMoO.
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Fig. 6. SEM photos of catalytic membrane prepared by modified sol–gel method: (a) cross view; (b) top view.

Table 4
Comparison of selectivities of liquid products in different reactors

Selectivities in liquid phase (%)

Acrolein Acrylic acid Acetic acid Methanol Acetone Formaldehyde

FBR 8.31 11.15 23.65 43.50 4.25 9.14
Membrane reactor (40%) 54.85 trace trace 17.21 11.17 16.77
Membrane reactor (80%) 38.26 trace trace 14.71 18.84 28.18

pore radius of the catalytically membrane is less than
10 nm (Table 3).

3.2. Selective oxidation of propane
to acrolein in CMR

Table 4 lists the selectivity of acrolein in the liq-
uid phase for the selective oxidation of propane to
acrolein in CMR and FBR. It can be seen that most of
acrolein was further oxidized to acrylic acid (11.15%
selectivity in the liquid phase) and acetic acid (23.65%
selectivity in the liquid phase) in FBR while there
were only a trace amount of further oxidation prod-
ucts, such as acrylic acid and acetic acid, were formed
in CMR. So, as high as 54.85% selectivity to acrolein
in the liquid phase was obtained in CMR, while only
8.31% selectivity to acrolein in the liquid phase was
achieved in FBR. These results demonstrate that the
selectivity to acrolein for the selective oxidation of
propane can be controlled to a high level by using
CMR.

4. Conclusions

A crack-free catalytically active membrane with
pore radius of less than 10 nm was successfully
prepared by the modified sol–gel technique. By con-

trolling the concentrations of AgBiVMoO, the cat-
alytic active phase, i.e. Ag0.01Bi0.85V0.54Mo0.45O4
with scheelite structure, was formed on the mem-
brane surface and in the�-Al2O3 membrane matrix.
The results for the selective oxidation of propane to
acrolein in the catalytically active membrane reactor
demonstrated that the contact time between aimed
product and catalytic layer can be greatly reduced by
the reducing the catalytic layer to a few micrometer,
such as 5�m. As a result, the aimed product, such
as acrolein, was prevented to be further oxidized to
acrylic acid and COx and H2O.
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