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Following a successful development of a hollow fibre membrane reactor (HFMR-I) [1], a highly compact
multifunctional Pd/alumina hollow fibre membrane reactor (HFMR-II) was further developed and applied
to the catalytic dehydrogenation of propane to propene. The developed HFMR-II consists of a thin and
defect-free Pd membrane coated directly onto the outer surface of an alumina hollow fibre substrate with
a unique asymmetric pore structure, i.e. a sponge-like outer layer and a finger-like inner layer where
Pt (1 wt.%)/SBA-15 catalyst is deposited. Benefiting from this novel design, the functionalized alumina
hollow fibre substrates with a surface area/volume value of up to 1918.4 m?/m? possess a catalyst surface
area of 31.8 m?/g, which is significantly higher than that of the HFMR-I in which Pt (0.5 wt.%)/y-Al,03
catalyst is deposited. In contrast with a conventional fixed bed reactor (FBR), greater propene selectivity
and a one order of magnitude higher space-time yield (STY) have been achieved by using the HFMR-II
for propane dehydrogenation. Although the process controlling step in the HFMR-II is believed to be
the catalytic reaction, as a consequence of catalyst deactivation due to coke-formation, the advantages
of HFMR-II, such as easy catalyst deposition and high catalytic surface area for catalytic reactions, are
promising for other catalytic reactions with less coking problems, such as the water-gas-shift (WGS)
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1. Introduction

In the last several decades, inorganic catalytic membrane reac-
tors (CMR) combining catalytic reaction and separation into a single
unit have attracted extensive attention in the research commu-
nity [2-5] and can be divided into two major categories of dense
CMRs in view of the function of the membranes. The first is the
use of a membrane to selectively remove a product from a reaction
that is limited by chemical equilibrium [6,7], shifting the reaction
towards the product side and simplifying subsequent product sep-
arations. The second is the use of a membrane to simultaneously
purify and uniformly distribute a reactant throughout the reactor
[8,9], offering a high level of control over how the reactants interact.

Use of Pd or Pd-alloy membranes in CMR, where the membrane
“extracts” hydrogen - a critically important energy carrier - from
a reaction, has been proved experimentally and theoretically to
be efficient in enhancing conversions and/or lowering operating
temperatures of endothermic, equilibrium-limited reactions [4,7]
such as the dehydrogenation of propane [10,11](C3Hg <> C3Hg + H>,
AH° =124 kJ/mol). Thin and defect-free Pd or Pd-alloy membranes
with high hydrogen permeability and selectivity can be supported
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by porous alumina hollow fibres [12-20] with to date the highest
surface area/volume value, demonstrating the advantages of using
composite membranes of this type in hydrogen separation. More-
over, in one of our recent studies, porous alumina hollow fibres
with a unique asymmetric pore structure [21], i.e. a sponge-like
outer layer and a finger-like inner layer, have been developed by
using a one step dry-wet spinning/sintering technique [12]. Such
alumina hollow fibres have also been used for the construction
of a highly compact hollow fibre membrane reactor (HFMR-I) for
propane dehydrogenation by directly coating a thin Pd/Ag mem-
brane onto the outer surface of the alumina hollow fibres and
depositing Pt (0.5 wt.%)/y-Al, 03 catalyst into the finger-like inner
layer [1]. The deposition of sub-micron sized catalyst particles was
repeated 3 times in order to obtain a reasonable loading of catalyst,
offering an increase in the surface area of the reaction zone (5cm
in length) of up to about 0.22 m? in the HFMR-I made with a single
hollow fibre.

In order to further improve the process of depositing catalyst
into the asymmetric alumina hollow fibres and to achieve a higher
surface area in the reaction zone, which can be critically important
in improving the performance of CMR in catalytic reactions such as
water—gas-shift (WGS) and steam reforming (SR) reactions, meso-
porous silica (SBA-15) [22] with a surface area as high as about
850 m2/g[23] and significant thermal stability up to 1473 K [24] has
been prepared inside the finger-like structure of the asymmetric
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alumina hollow fibres in this study, by using an easy and efficient
method via liquid-paraffin-medium protected solvent evaporation
[25,26]. After impregnating Pt onto the deposited SBA-15 and coat-
ing a Pd hydrogen separation membrane onto the outer surface of
the functionalized alumina hollow fibre substrates, a highly com-
pact multifunctional HFMR-II with a surface area/volume ratio of
up to about 1918.4 m2/m?3 is developed. Greater propene selectivity
as well as a one order of magnitude higher space-time yield (STY)
has been achieved when compared with a conventional fixed bed
reactor (FBR) for propane dehydrogenation. In contrast with HFMR-
I, a significant increase in the surface area of HFMR-II is achieved
by replacing y-Al, 03 with mesoporous SBA-15. Although the per-
formances of two HFMR designs are comparable as a consequence
of catalyst deactivation in dehydrogenation of propane, the advan-
tages of HFMR-II can be applied to other catalytic reactions of great
importance, such as WGS and SR etc. with less catalyst deactivation
problems.

2. Experimental
2.1. Materials

2.1.1. Alumina hollow fibres

Aluminium oxide powders of 1 wm (alpha, 99.9% metals basis,
S.A. 6-8 m?/g), 0.05 um (gamma-alpha, 99.5% metals basis, S.A.
32-40m?/g) and 0.01 wm (gamma-alpha, 99.98% metals basis, S.A.
100 m?/g) were purchased from Alfa Aesar and were used as sup-
plied. Polyethersulfone (PESf, Radel A-300, Ameco Performance,
USA), N-methyl-2-pyrrolidone (NMP, HPLC grade, Rathbone) and
Arlacel P135 (Unigema, UK) were used as binder, solvent and addi-
tive, respectively. DI water and tap water were used as the internal
and external coagulants, respectively, for the fabrication of alumina
hollow precursor fibres.

2.1.2. Electroless plating of Pd membrane

Pd (NH4),Cly (ammonium tetrachloropalladate, 99.99%,
Aldrich), SHC12>2H20, NazEDTA-ZHzo, HCl (37%), NyHy and
NH3-H,0 (28%) (Fisher Sci. Ltd.) were used for preparing the Pd
hydrogen separation membrane.

2.1.3. Mesoporous silica SBA-15

Tetraethoxysiliane (TEOS) as a silica source and poly-(ethylene
oxide)-poly(propylene oxide)-poly(ethylene oxide) (PEO-PPO-
PEO) amphiphilic block copolymer EO5¢Po70EOq (Pluronic P123,
MW =5800, Aldrich) as structure-directing agent were used for
the preparation of mesoporous silica SBA-15. HyPtClg (99.995%,
Aldrich) as a Pt source was used for preparing Pt (1 wt.%)/SBA-15
catalyst.

2.2. Fabrication of multifunctional HEMR-II

2.2.1. Asymmetric alumina hollow fibre substrates

Asymmetric alumina hollow fibre substrates were fabricated via
adry-wet spinning/sintering technique [12]. The preparation of the
alumina spinning suspension has been described elsewhere [21].
The resultant spinning suspension was degassed under vacuum for
2 h to fully remove air bubbles trapped inside. After degassing, the
suspension was transferred to a Harvard stainless steel syringe of
200 ml in volume and was extruded through a tube-in-orifice spin-
neret (ID=1.2 mm, OD =3.0 mm) into a coagulation bath containing
120L of water with an air-gap of 15 cm. DI water was used as the
internal coagulant and the flow rate ranged from 5 to 15 ml/min.
The extrusion rate of the spinning suspension and the flow rate of
the internal coagulant were accurately controlled and monitored by
two individual Harvard PHD 22/2000 Hpsi syringe pumps, ensur-
ing the uniformity of the prepared precursor fibres. The formed

precursor fibres were first heated in a CARBOLITE tube furnace
at 873K for 2 h to remove the organic polymer binder and were
then sintered at 1723 K for 4 h with heating and cooling rates of
5 K/min. The outer surfaces of the sintered substrates (about 30 cm
in length) were coated with a thin and gas-tight glaze layer with
the exception of the central part of the fibre of 5 cm in length, which
was left unglazed for the subsequent electroless plating (ELP) of Pd
membrane

2.2.2. Catalyst preparation and deposition

The synthesis of mesostructured silica monoliths, which were
used as the support for the Pt catalyst, has been reported else-
where [25]. For a typical synthesis, 5 g of P123 was first dissolved
fully in a mixture consisting of 25 g of ethanol and 1 g of aqueous
HCI (1 mol/L). 10.4 g of TEOS was then slowly added to the solution
under stirring, forming a transparent sol. The unglazed outer sur-
face of the alumina hollow fibre substrate was covered by a thin
layer of epoxy resin and the fibres were immersed in the resultant
sol and were degassed under vacuum for 1h at room tempera-
ture, removing air trapped in the finger-like voids of the substrates
and allowing the infiltration of the sol into the substrates. After
degassing, the remaining sol in the substrate lumen was expelled
using compressed air. The substrates were then placed in a flow-
ing air stream at room temperature for 48 h, during which the
sol in the substrates changed to gel. After that, the substrates
were heated at 333K for 20h in liquid-paraffin and sintered at
823K for 6 h with heating and cooling rates of 0.5 K/min, during
which the gel changed into silica SBA-15 inside the finger-like
voids of the substrate, while the thin epoxy resin layer on the
outer surface of the substrate was simultaneously removed. The
amount of deposited silica SBA-15 was determined by measuring
the weight gain of the samples. Pt was subsequently impreg-
nated onto the deposited silica SBA-15 by immersing the resultant
samples in an aqueous solution of H,PtClg at room temperature.
After impregnation, the substrates with the Pt (1 wt.%)/SBA-15
catalyst in the finger-like voids were dried at 383K overnight
and calcined at 773K for 4h with heating and cooling rates of
2 K/min

2.2.3. Pd membrane coating

The Pd membranes were coated directly onto the unglazed outer
surface of the functionalized alumina hollow fibre substrates by
a conventional ELP method [7]. Prior to coating, the substrates
were cleaned and activated by the Pd-Sn activation procedure. The
activation process consisted of successive immersion of the sub-
strates in tin(Il) chloride (SnCl,) solution and palladium chloride
(PdCl,) solution at room temperature. Deionised water and 0.1 M
HCI were used to rinse the samples between the immersions. The
activation process was repeated 6 times, after which the substrate
surface turned brown. The Pd membrane was coated using a plat-
ing bath having the composition as the one described elsewhere
[27].

2.3. Characterizations of HFMR-II

The morphology of the asymmetric alumina hollow fibre sub-
strates, the coated Pd membranes and the mesoporous silica
SBA-15 deposited into the finger-like voids were visually observed
using a scanning electron microscope (SEM, JEOL JSM-5610LV,
Tokyo, Japan). The pore structures of the functionalized asymmet-
ric alumina hollow fibre substrates were characterized by mercury
intrusion porosimetry (Autopore IV 9500, Micromeritics) and BET.
EDS analysis (INCA Energy by Oxford Instruments) was employed
to investigate the elemental distribution across the cross-sections
of the composite Pd/alumina hollow fibre membranes.
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Fig. 1. SEM images of the asymmetric alumina hollow fibre substrate sintered at 1723 K for 4 h: (a) whole view, (b) cross-section, (c) inner surface, (d) outer surface, (e) inner

edge and (f) outer edge.

2.4. Dehydrogenation of propane to propene using HFMR-II

The apparatus for dehydrogenation of propane to propene has
been described elsewhere [1]. A gaseous stream containing propane
(5vol.%)and hydrogen (4.5 vol.%) with balanced nitrogen was intro-
duced at 30 ml/min into the lumen of the reactor. Argon with a flow
rate of 50 ml/min was used as a sweep gas to carry the permeated
hydrogen to a TCD gas chromatograph (Varian-3900) for analysis.
The membrane reactor was operated at atmospheric pressure and
the effluent gases from the reactor were analyzed on-line using a
FID gas chromatograph (Varian-3900).

3. Results and discussion

3.1. Microstructure of asymmetric alumina hollow fibre
substrates

As a result of instabilities at the interface between the non-
solvent (internal coagulant) and the spinning suspension [21], the
prepared alumina hollow fibre substrates possess a unique asym-

metric pore structure that is characterized by a thin, uniform
sponge-like outer layer and a thick finger-like inner layer (Fig. 1a
and b). Finger-like voids extend across approximately 80% of the
fibre cross-section from a highly porous inner surface (Fig. 1c) with
the remaining 20% consisting of the sponge-like outer layer, form-
ing a smooth and denser outer surface (Fig. 1d). The entrances of
the finger-like voids exist in a thin, highly porous inner skin-layer
(Fig. 1e), while no finger-like structures are found in the sponge-
like outer layer (Fig. 1f). The OD and ID of the sintered hollow fibre
substrates with uniform wall thickness were measured at approx-
imately 1893 wm and 964 pm, respectively, resulting in a surface
area/volume value of up to 1918.4m?/m3. It should be noted here
that this value can be further increased to 2789.0m?/m3 when
porous YSZ hollow fibres (OD = 1300 wm) with similar asymmetric
structures [28] are employed, yielding a significantly higher surface
area per volume value for HFMR.

The asymmetric pore structures, especially those above 100 nm,
of the sintered alumina hollow fibre substrates were then quanti-
fied by mercury intrusion porosimetry. As can be seen in Fig. 2,
two distinct peaks, i.e. a narrow, strong peak at 6.03 wm and a
wide, weak one at 151.4nm are observed, indicating the mean
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Fig. 2. Mercury intrusion of the asymmetric alumina hollow fibre substrates sin-
tered at 1723 K for 4 h.

pore sizes of the highly porous inner skin-layer (Fig. 1e) and the
denser sponge-like outer layer (Fig. 1f), respectively. In contrast
with the sponge-like outer layer, the pore volume of the finger-like
inner layer is significantly higher, further proving the feasibility of
developing a highly compact multifunctional HFMR by depositing
catalyst into the finger-like voids through the highly porous inner
skin-layer of the substrate.

3.2. Microstructure of the functionalized alumina hollow fibre
substrates

Prepared mesoporous SBA-15 yields a type IV isotherm with a
H1 hysteresis loop (Fig. 3), which agrees well with a typical adsorp-
tion and desorption for mesoporous materials with 2D-hexagonal
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Fig. 3. Nitrogen adsorption/desorption isotherm plots and pore size distribution
curve (inset) of SBA-15 sintered at 823K for 6 h.

structures [22]. Awell defined step occurs at about p/p® =0.45-0.55,
associated with the filling of the mesopores as a result of capil-
lary condensation. A narrow pore size distribution (inset of Fig. 3),
which was calculated from the adsorption branch based on the BJH
model, indicates a uniform pore structure with a mean pore diame-
ter of approximately 4.74 nm, which is consistent with the reported
pore sizes of SBA-15 ranging from 4.6 to 30 nm [22]. The BET surface
area and the total pore volume of prepared SBA-15 were measured
at about 596.58 m2/g and 0.65 cm3/g, respectively.

The asymmetric alumina hollow fire substrates were then func-
tionalized by preparing SBA-15 inside the finger-like voids followed
by impregnation of Pt. As can be seen in Fig. 4, SBA-15 is success-

Asymmetric PO
g

Fig. 4. SEM images of the functionalized alumina hollow fibre substrate: (a) whole view, (b) cross-section, (c) inner surface and (d) top view from outer surface.
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Fig. 5. Mercury intrusion of the functionalized alumina hollow fibre substrates.

fully deposited into the alumina hollow fibre substrates (Fig. 4a
and b) by using the method described above. Instead of fully block-
ing the finger-like voids, there is a gap between the deposited
SBA-15 and the wall of the finger-like voids after sintering. The
pore structures of the inner surface (Fig. 4c) and the outer surface
(Fig. 4d) are in good agreement with their untreated counterparts,
although a small amount of SBA-15 scum is found scattered loosely
across the inner surface. The pore structure of the functionalized
substrates, which was further characterized by mercury intrusion
and shown in Fig. 5, agrees well with that of the untreated sub-
strates (Fig. 2) except for a new peak at about 62.5 nm, representing
one of pore structures in the deposited SBA-15. A comparison
between Figs. 2 and 5 further indicates that the deposition of SBA-
15 does not significantly change the pore structure of the hollow
fibre substrates, because the pore size distribution representing the
entrance of the finger-like voids and the one representing the mean
pore size of the outer sponge-like layer are consistent with their
untreated counterparts. This further suggests that the deposition
of SBA-15 does not create significant additional resistance to gas
permeation through the functionalized substrates.

The pore structures of the functionalized hollow fibre substrates,
especially those less than 100 nm, were characterized by BET. As can
be seen in Fig. 6, the peak at 4.83 nm, which represents the meso-
porous structure of the deposited SBA-15, agrees well with that
in Fig. 3, indicating that the major pore structure of the deposited
SBA-15 was confined during the deposition. The peak at 44.19 nm
should represent the same pore structure as the one at 62.5nm in
Fig. 5, but differs slightly due to different characterization meth-
ods. This indicates that, besides the mesopores in the deposited
SBA-15, bigger pores, probably small cracks, were formed during
the deposition, which is possibly due to non-uniform shrinking of
SBA-15 monoliths in the finger-like voids during the sintering. Fur-
thermore, the functionalized substrates possess a much higher pore
volume in contrast with the untreated substrates in view of the pore
sizes between 2 and 100 nm, showing the advantages of depositing
mesoporous materials of this type into the developed asymmetric
hollow fibre substrates in increasing the surface area of the reactor.

The characteristics of the functionalized as well as the untreated
substrates are listed in Table 1. In comparison with our previous

Table 1
Characteristics of functionalized and untreated alumina hollow fibre substrates.

Fig. 6. Pore size (<100 nm) distribution and pore volume of functionalized and
untreated alumina hollow fibre substrates.

catalyst deposition method [1], in which sub-micron sized catalyst
particles were dispersed in ethanol prior to the deposition, the cur-
rent method is much more efficient for greater loading of catalyst
with a higher surface area, and as a result, yields a significantly
higher catalyst surface area in the functionalized substrates. The
increase of 5.19 m? in the surface area of the reaction zone (5 cm in
length) in HFMR-II, which was calculated on the amount of SBA-15
deposited, is much higher than the value of 0.22 m?2 obtained in the
previous work for HFMR-I.

3.3. Dehydrogenation of propane to propene

After impregnating Pt into the deposited SBA-15, a multifunc-
tional Pd/alumina HFMR-II was developed by directly coating a Pd
membrane of approximately 6 pm in thickness onto the outer sur-
face of the functionalized alumina hollow fibre substrate, using a
conventional ELP method [7]. No mechanically weak, intermedi-
ate y-Al, 03 layer was employed to modify the substrate surface
prior to the coating of the Pd membrane. EDS analysis shown in
Fig. 7 reveals that Pd plating solution penetrated slightly into the
substrate (approximately 2 wm beneath the substrate surface) dur-
ing the ELP process, which also agrees with our previous study [1].
The hydrogen permeation flux through the Pd/alumina hollow fibre
composite membrane was investigated and described elsewhere
[27], because the composite membranes were prepared in the same
batch using same preparation conditions.

For comparison, the catalytic activity of the Pt (1 wt.%)/SBA-15
catalyst, which was prepared by a conventional wet impregnation
method, was investigated in a fixed bed reactor (FBR) using the
same operating conditions as those of the HFMR-II. Approximately
0.1 g of the catalyst was packed into the centre of a dense ceramic
tube of 9 mm in diameter. Initial propane conversion values refer to
the analysis of the reaction products after 5 min on stream. As can be
seen in Fig. 8, the propane conversion started at 75.3% at 773 K and
then reduced to 9% after 120 min of the reaction, in agreement with
the work of Lobera et al. [29], in which the coke content increased
abruptly in approximately the first 10 min, causing rapid catalyst
deactivation at the initial stage of the reaction. In the mean time, the
propene selectivity increased sharply from 2% to 70% after around
35 min on stream, as a result of deactivation of highly active coor-

Deposited material

Weight gain (%)

BET S.A. (m?/g) Increase of S.A. in reaction zone (5 cm long) (m?)

Alumina fibre
3rd deposition (HFMR-I) [1]
1st deposition (HFMR-II)

~y-Alumina (180 m2/g) 0.74
SBA-15 (596.58 m?/g) 6.96

0.71
<2.04 0.22
31.83 5.19
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Fig. 7. EDS analysis of the Pd/alumina composite hollow fibre membrane.

dinatively unsaturated surface Pt sites by coke [23]. This indicates
that, although coke-formation is the main reason for catalyst deac-
tivation in the dehydrogenation of propane to propene, the formed
coke functioning as a promoter improves the propene selectivity by
deactivating the sites that are active for C-C bond activation [23].
Fig. 8 further illustrates that increasing the operating temperature
reduces the propane conversion as well as the propene selectiv-
ity due to higher level of catalyst deactivation, as a consequence of
which the operating temperature of the HFMR-II was chosen to be
773K

In contrast with the FBR, the initial propane conversion of the
HFMR-II was lower and was measured at approximately 48.7%, as
shown in Fig. 9. It has been proved that the use of Pd-based mem-
branes to remove hydrogen as a product from a dehydrogenation
reaction enhances the catalyst deactivation in membrane reactors
as a consequence of faster coke-formation [4]. As a result, in the
first several minutes of the reaction, the propane conversion val-
ues in the HFMR-II may be significantly higher than 48.7% and drops
sharply before the first product sample in Fig. 9, which was taken
5min after the reaction, was analyzed. As the reaction proceeds,
the propane conversions of the HFMR-II and FBR are comparable.
For endothermic dehydrogenation reactions, the high demand for
heat means that the products of reaction can be trapped within the
pores of the catalyst, resulting in rapid catalyst deactivation due to
carbon deposition [4]. Therefore, it is logical to conclude that hydro-
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Fig. 8. The catalytic properties of the Pt (1 wt.%)/SBA-15 catalysts in dehydrogena-
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Fig. 9. Dehydrogenation of propane to propene using the multifunctional HFMR-II.

gen permeation through the membrane is not the rate limiting step,
because the rate of hydrogen production in a catalytic membrane
reactor of this type is limited by the catalyst productivity [30]. Use
of coking-resistant catalysts such as Pt-Sn supported catalysts [31]
with high catalytic activity and stability is, in this case, critically
important to further improve the performance of membrane reac-
tors of this type. However, the propene selectivity of the HFMR-II
is higher than that of the FBR, demonstrating the advantages of the
developed HFMR-II in view of the amount of the catalyst employed.
After 2 h of testing, the HFMR was regenerated at 773 K overnight,
using a stream consisting of 5% of 0, and 95% of Ar. As can be seen in
Fig. 9, the propane conversions after the regeneration were slightly
lower than that of the fresh HFMR-II, while the propene selectivity
was well recovered.

Although the performance of the FBR and the HFMR-II seem to
be comparable in view of the propane conversion and the propene
selectivity, much less catalyst is required in the HFMR-II because
of the greater surface area of the functionalized alumina hollow
fibre substrate. As can be seen in Fig. 10, the volumetric space-time
yield (STY) of the HFMR-II is more than 10 times that of the FBR.
It should be noted here that this value can be further increased to
approximately 20 when smaller ceramic substrates (OD = 1.3 mm)
with similar asymmetric structures are employed [28]. In addition,
the STY of the HFMR-II, in view of the amount of catalyst employed,
is more than 4 times that of the FBR, indicating that the HFMR-II is
more efficient in propene production.
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Fig. 10. The space-time yields (STY) the FBR and the HFMR-II.
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In comparison with HFMR-I [1], the performances of the two
HFMR designs are comparable in regard to propane conversion
as well as propene selectivity, which indicates that higher cata-
lyst loading and surface area in the membrane reactor cannot be
appreciated as a consequence of fast catalyst deactivation. How-
ever, the advantages of the current HFMR design, which have been
demonstrated in this study, can be applied to a number of other
catalytic reactions of great importance, such as WGS and SR, with
less coke-formation problems.

4. Conclusions

Porous alumina hollow fibre substrates with a unique asymmet-
ric pore structure, i.e. a sponge-like outer layer and a finger-like
inner layer, and with high surface area/volume ratios of up to
1918.4m?/m3 have been prepared by a one-step dry-wet spin-
ning/sintering method. These substrates are employed to construct
a highly compact multifunctional Pd/alumina hollow fibre mem-
brane reactor (HFMR-II) for dehydrogenation of propane. Prior
to the direct coating of Pd membranes onto the outer surface
of the developed substrates, the substrates were functionalized
by depositing mesoporous SBA-15 with a surface area as high
as 596.58m?/g into the finger-like inner layer, using an easy
and efficient method via liquid-paraffin-medium protected solvent
evaporation, followed by the impregnation of Pt. This offers both
a high catalyst loading and an increase in the surface area of the
reaction zone (5 cm in length) in the HFMR-II of 5.19 m2. Benefiting
from this novel design, greater propene selectivity was achieved
in the HFMR-II with less catalyst when compared with a conven-
tional fixed bed reactor (FBR) under the same operating conditions,
indicating that the developed HFMR-II is more efficient in propene
production. The space-time yield (STY) of the HFMR-II was more
than 10 times that of the FBR, demonstrating the advantages of the
developed HFMR. In comparison with HFMR-I, similar propane con-
version as well as propene selectivity was obtained, indicating that
higher catalyst loading and surface area in the membrane reactor
cannot be appreciated as a consequence of coke-formation. How-
ever, the advantages of HFMR-II can be applied to other catalytic
reactions with less coking problems, such as the water-gas-shift
(WGS) reaction and steam reforming (SR) etc.
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