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A novel inorganic hollow fiber membrane reactor (iHFMR) has been developed and
applied to the catalytic dehydrogenation of propane to propene. Alumina hollow fiber
substrates, prepared by a phase inversion/sintering method, possess a unique asymmet-
ric structure that can be characterized by a very porous inner surface from which fin-
ger-like voids extend across �80% of the fiber cross-section with the remaining 20%
consisting of a denser sponge-like outer layer. In contrast to other existing Pd/Ag com-
posite membranes, where an intermediate c-Al2O3 layer is often used to bridge the Pd/
Ag layer and the substrate, the Pd/Ag composite membrane prepared in this study was
achieved by coating the Pd/Ag layer directly onto the outer surface of the asymmetric
substrate. After depositing submicron-sized Pt (0.5 wt %)/c-alumina catalysts in the
finger-like voids of the substrates, a highly compact multifunctional iHFMR was devel-
oped. Propane conversion as high as 42% was achieved at the initial stage of the
reaction at 723 K. In addition, the space-time yields of the iHFMR were �60 times
higher than that of a fixed bed reactor, demonstrating advantages of using iHFMR for
dehydrogenation reactions. VVC 2009 American Institute of Chemical Engineers AIChE J, 55:

2389–2398, 2009
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Introduction

Because of the production of polypropylene from propene,
the direct dehydrogenation of propane (C3H8 $ C3H6 þ H2;
DH� ¼ 124 kJ=mol) to propene has been extensively studied
both theoretically and experimentally in the past several dec-
ades.1,2 High temperatures (773–873 K) and low pressures
(0.3–1 atm) are industrially used to obtain commercially ac-
ceptable conversions due to the endothermic nature of the
reaction.1 For instance, the conversion of propane in the
CatofinTM process is between 48 and 65% per pass at 823 K
when the operating pressures are at 0.3–0.5 bar.1 Besides the

considerable amount of extra energy needed, high operating
temperatures promote undesirable side-reactions that quickly
deactivate the catalysts. Severe coking is often observed and
frequent catalyst regeneration after short time intervals of
only 15–30 min is necessary.1 In the case of the UOP
OleflexTM process, a longer cycle duration of about 7 h can
be achieved at 823 K by adding hydrogen to the feed to
reduce the coke formation, although propane conversion is
limited to around 40% for thermodynamic reasons.2

The use of membrane reactors allows the continuous
removal of hydrogen from the reaction zone during the
dehydrogenation of propane to propene, thus offering the
possibility of substantially increasing the conversion and/or
lowering the reaction temperature in endothermic, equilib-
rium-limited reactions of this type.3–5 Compared to porous
membrane reactors, dense membrane reactors, such as Pd-
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based membranes, possess much better performance because
of its extremely high hydrogen selectivity.5–7 Thin and
defect-free Pd-based membranes are usually deposited onto
porous ceramic or metal substrates to achieve high permea-
tion flux, reduced membrane cost, sufficient mechanical
strength, etc. without compromising the hydrogen permselec-
tivity.3,8 In most cases, Pd-based membranes cannot be
directly deposited onto the porous substrates with symmetric
structures because of their large surface pore size. As a
result, a c-Al2O3 intermediate layer, which is usually pre-
pared by a sol–gel based technique, is widely used before
the subsequent membrane deposition.3,8

After the report of the successful preparation of porous
alumina hollow fibers with supremely high surface area/vol-
ume ratio,9 various studies have been carried out to deposit
Pd-based membranes onto the substrates of this type for
hydrogen separation,10–14 in which a c-Al2O3 intermediate
layer was often used as discussed previously. Although Tong
et al.15,16 developed a novel combined organic and inorganic
process to avoid the need for the mechanically weak, inter-
mediate c-Al2O3 layer, a multistep post-treatment was still
necessary. Alumina hollow fiber substrates with symmetric
structures featured in a study of Sun et al.,17 involving in
elimination of finger-like voids of fibers for greater mechani-
cal strength. No intermediate layer was required when a Pd
membrane as thin as around 1.5 lm was deposited onto hol-
low fiber substrates consisting entirely of a sponge-like
structure.

In contrast to the substrates used earlier, the alumina hol-
low fiber substrate prepared in this study possesses a unique
asymmetric pore structure that is characterized by a very po-
rous inner surface from which finger-like voids extend across
�80% of the fiber cross-section with the remaining 20%
consisting of a denser sponge-like outer layer. This unique
structure confers several advantages, as the sponge-like outer
layer with its narrow pore size distribution provides a suffi-
ciently smooth surface for the direct deposition of a thin and
defect-free hydrogen separation layer without any pre or
post-treatment, while long finger-like voids in the substrate
wall provide an extensive surface for the deposition of cata-
lysts as shown in the insert of Figure 1.

In this study, Pd/Ag alloy membranes with the composi-
tion close to 77 wt % Pd and 23wt % Ag, which have been
widely studied because of their great H2 permeation flux and
stability, have been selected as the H2 separation layer and
have been coated onto the denser sponge-like outer layer of
the substrate, while submicron-sized Pt (0.5 wt %) c-alumina
catalyst particles have been deposited into the finger-like
voids through the very porous inner surface, forming a
highly compact multifunctional membrane reactor for simul-
taneous dehydrogenation of propane to propene and hydro-
gen separation. Because of the limitation on the stability of
the catalyst, the operating temperature was inevitably fixed
at 723 K at which the equilibrium conversion of propane is
low. However, in comparison with the traditional fixed bed
reactor (FBR), the highly compact multifunctional inorganic
hollow fiber membrane reactor (iHFMR) proposed in this
study clearly demonstrates its advantages.

Experimental

Materials

Aluminum oxide powders of 1 lm (alpha, 99.9% metals
basis, S.A. 6–8 m2/g), 0.05 lm (gamma-alpha, 99.5% metals
basis, S.A. 32–40 m2/g), and 0.01 lm (gamma-alpha,
99.98% metals basis, S.A. 100 m2/g) particle sizes were pur-
chased from Alfa Aesar and were used as supplied. Polye-
thersulfone (PESf, Radel A-300, Ameco Performance, USA),
N-methyl-2-pyrrolidone (NMP, HPLC grade, Rathbone), and
Arlacel P135 (Uniqema, UK) were used as binder, solvent,
and additive, respectively. DI water and tap water were used
as the internal and external coagulants, respectively, when
fabricating Al2O3 hollow fiber precursors. Pd(NH4)2Cl4 (Am-
monium tetrachloropalladate, 99.99%, Aldrich), SnCl2�2H2O,
Na2EDTA�2H2O, HCl (37%), N2H4, AgNO3, and NH3�H2O
(28%) (Fisher Sci. Ltd) were used for preparing the Pd/Ag
hydrogen separation layer using an electroless plating (ELP)
method. H2PtCl6 (99.995%, Aldrich) and gamma-aluminum
oxide powders of 60 nm (99% metal basis, S.A. 180 m2/g,
Alfa Aesar) were used for preparing the Pt (0.5 wt %)/c-
Al2O3 catalyst using a traditional impregnation method.

Preparation of multifunctional membranes

Asymmetric Al2O3 Hollow Fiber Substrates. Asymmetric
Al2O3 hollow fiber substrates were fabricated via a phase
inversion/sintering technique.9 Arlacel P135 (0.1 wt %/alu-
mina surface area) was dissolved in NMP before the addition
of aluminum oxide powders (1 lm: 0.05 lm: 0.01 lm ¼
7:2:1). The dispersion was rolled with 20-mm agate milling
balls with an Al2O3/agate weight ratio of 1.9 for 48 h and
milling was continued for a further 48 h after the addition of
PESf. The spinning suspension was then transferred to a gas-
tight reservoir and degassed under vacuum for 2 h. After
degassing, the suspension was pressurized at 7–20 psig using
nitrogen gas and was extruded through a tube-in-orifice spin-
neret (ID 1.2 mm, OD 3.0 mm) into a coagulation bath con-
taining 120 l of water with an air-gap of 15 cm. DI water
was used as the internal coagulant and the flow rate ranged
from 10 to 30 ml/min. The formed precursor fibers were first
heated in a CARBOLITE tube furnace at about 873 K for
2 h to remove the organic polymer binder and were then

Figure 1. Schematic diagram of the apparatus for the
dehydrogenation of propane to propene.

2390 DOI 10.1002/aic Published on behalf of the AIChE September 2009 Vol. 55, No. 9 AIChE Journal



sintered at 1723 K for 4 h with heating and cooling rates of
5 K/min. The outer surface of the prepared substrates (about
30 cm in length after sintering) was coated with a thin and
gas-tight layer of glaze with the exception of the central part
of the fiber (of around 5 cm in length) being left for ELP of
Pd/Ag membrane.

Catalyst Preparation and Deposition. Submicron-sized Pt
(0.5 wt %)/c-Al2O3 catalyst was prepared by impregnation
of c-Al2O3 powders of 60 nm with the aqueous solution of
H2PtCl6 at room temperature. After impregnation, the cata-
lyst was dried at 383 K overnight and calcined at 773 K for
4 h with heating and cooling rates of 2 K/min. Before cata-
lyst deposition, the catalyst was reduced under flowing H2 at
773 K for 2 h. The deposition of the catalyst particles into
the finger-like voids of the substrates was performed by uni-
formly dispersing the prepared catalyst in an aqueous me-
dium using Arlacel P135 as a dispersant first. The hollow
fiber substrates were vacuumed for 1 h to remove the air
trapped inside. A volume of the suspension containing cata-
lyst particles was then sucked into a closed vessel containing
the substrates. After 1 h, the vessel was opened to the atmos-
phere which applied an additional driving force for the sus-
pension to penetrate into the finger-like voids within the sub-
strates. Before drying the substrates in an oven overnight at
383 K, the remaining suspension in the substrate lumen was
expelled using compressed air. This catalyst deposition pro-
cess was repeated three times for sufficient loading of cata-
lyst in the finger-like voids before the dehydrogenation reac-
tion.

Pd/Ag Coating. The Pd/Ag membranes were coated onto
the outer surface of asymmetric alumina hollow fiber sub-
strates by an ELP technique.3 Before the coating, the sub-
strates were cleaned and activated by the conventional Pd-Sn
activation procedure. The activation process consisted of
successive immersion of the substrates in the tin (II) chloride
(SnCl2) solution and the palladium chloride (PdCl2) solution
at room temperature. Deionized water and 0.1 M HCl were
used to rinse the samples between the immersions. The acti-
vation process was repeated six times, after which the sub-
strate surface turned brown. The Pd/Ag membrane was then
coated by a ‘‘coating-diffusion’’ process3 using the plating
baths having the compositions shown in Table 1. Before the
Ag coating, a Pd layer was coated onto the activated sub-
strate surface. The thicknesses of the Pd and the Ag layer
were determined by controlling the plating process, in which
the plating solution was refreshed every hour. The homoge-
neous Pd/Ag alloy membrane was obtained by heat treatment
of the samples at 923 K for 12 h.

Characterization of multifunctional hollow
fiber membranes

The morphology of the alumina hollow fiber substrates,
the Pd/Ag composite membranes, and the catalyst deposited
in the finger-like voids were visually observed using a scan-
ning electron microscope (JEOL JSM-5610LV, Tokyo,
Japan). A clear cross-sectional fracture of hollow fiber sub-
strates was obtained by directly snapping the samples. All
the samples were positioned on a metal holder and gold
coated using sputter-coating operated under vacuum. The
SEM micrographs of both the sample surface and the cross-
section were taken at various magnifications. EDS analysis
(INCA Energy by Oxford Instruments) was used to investi-
gate the elemental distribution across the Pd/Ag membranes.

Single gas (H2 or N2) permeation measurements of both
the asymmetric Al2O3 hollow fiber substrates with and with-
out catalyst loading and the Pd/Ag composite membranes
were carried out. The gas permeation module was placed
into a CARBOLITE tube furnace equipped with a micro-
processor temperature controller. The effective heating zone
of constant temperature was �5 cm of length. Pressurized
hydrogen or nitrogen (99.99%) was introduced into the shell
of the module. The operating pressures were adjusted by a
pressure regulator (PRG-101-60, Omega) and monitored
using a KN2200 electronic pressure gauge. The pressure in
the lumen was kept at atmospheric pressure. The flow rates
of gas permeating through the substrates or the Pd/Ag com-
posite membranes were measured using bubble flow meters.

Dehydrogenation of propane to propene

The apparatus for the dehydrogenation of propane to pro-
pene is schematically shown in Figure 1. A gaseous stream
containing propane (5%) and hydrogen (4.5%) with balanced
nitrogen was introduced 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 online using a FID gas
chromatograph (Varian-3900). It should be noted that the
above operation is only used for lab-scaled apparatus. For a
commercial unit, it would be logical to use vacuum instead
of using Ar as a sweep gas. Also, the iHFMRs would be
constructed with a bundle of the fibers instead of a single
fiber to obtain a surface area/volume ratio for commercial
applications.

Results and Discussion

Microstructure of asymmetric Al2O3

hollow fiber substrates

Figure 2 shows morphologies of the asymmetric Al2O3

hollow fiber substrates sintered at 1723 K for 4 h. The OD
and ID of the fibers with uniform wall thickness were meas-
ured at �1893 lm and 964 lm, respectively. As can been
seen, the hollow fiber substrates prepared possess a unique
asymmetric structure composed of long finger-like voids and
a thin and uniform sponge-like layer (Figures 2a, b) with a
very porous inner surface (Figure 2c) and a relatively denser

Table 1. Coating Bath Compositions of Pd/Ag
Electroless Plating

Compounds Pd Bath Ag Bath

Pd(NH3)4Cl2�H2O (g/l) 4 –
AgNO3 (g/l) – 0.519
Na2EDTA 2H2O (g/l) 40.1 40.1
NH4OH (28%) (ml/l) 198 198
N2H4(1 M) (ml/l) 5.6 5.6
pH 10–11 10–11
Temperature (K) 333 333
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outer surface (Figure 2d). The formation of finger-like voids
at the inner fiber surface is believed to be initiated by insta-
bilities at the interface between the nonsolvent and the sus-
pension. Finger-like void growth then proceeds as a result of
nonsolvent influx into the suspension as a result of the vis-
cous fingering phenomenon. Because of the high concentra-
tion of nonsolvent at the interface, polymer precipitation is
instantaneous resulting in a rapid, large increase in the vis-
cosity of the suspension in this region. Consequently, the
suspension viscosity exceeds the critical value at which fur-
ther morphological change may take place and the size of
the entrances to the finger-like voids is determined at this
point. Nonsolvent influx through these entrances into the sus-
pension results in finger-like void growth. However, the
polymer precipitation rate within the suspension is lower
than that at the interface with nonsolvent due to the lesser
availability of nonsolvent in this region. As a result, the sus-
pension viscosity remains below the critical value for longer
and finger-like void growth may proceed, giving rise to the
characteristic finger-like shape. Finger-like void growth can-
not proceed above a critical suspension viscosity and conse-
quently growth is halted when this value is exceeded. Expo-
sure of the outer fiber surface to the atmosphere causes an
increase in viscosity in this region due to simultaneous sol-
vent evaporation and nonsolvent condensation from the sur-
rounding atmosphere. For fibers prepared as substrates in
this work, the critical suspension viscosity is exceeded in the
outer region of the fiber before immersion in nonsolvent
takes place. Consequently, finger-like void growth is not
observed at the outer fiber surface and a sponge-like struc-
ture results.

Accompanied by the growth of the finger-like voids, a
highly porous inner surface and a relatively denser outer sur-
face are formed as shown in Figures 2c, d. In contrast to
other existing alumina substrates with symmetric structures,
the sponge-like layer near the outer wall prepared in this
study is much thinner. In addition, the usage of fine particles
contributes to both the narrow pore size distribution and the
sufficiently smooth outer surface for the direct deposition of
Pd/Ag membranes. Moreover, catalyst could be deposited
into the finger-like voids of the substrates. Thus, highly com-
pact multifunctional membranes can be further fabricated.

Catalyst preparation and deposition

Submicron-sized Pt (0.5 wt %)/c-alumina catalyst was pre-
pared using a traditional impregnation method and deposited
into the substrate of hollow fiber membrane reactor
(iHFMR). Before catalyst deposition, the catalyst particles
were dispersed in an aqueous medium using Arlacel P135 as
a dispersant. Only the catalyst particles suspended evenly in
the aqueous medium were used for subsequent catalyst depo-
sition. As a result, a very small amount of the catalyst was
deposited uniformly in the finger-like voids of the asymmet-
ric alumina substrates. As can be seen from Figure 3a, the
surfaces of the finger-like voids were covered by a thin layer
of submicron-sized catalyst particles, while the sponge-like
regions of the substrate remained unaffected. Figure 3b
shows the finger-like void surface at high magnification and
indicates that the catalysts are sparsely deposited on the sur-
face of the finger-like voids. This agrees with the result that,
after the catalyst deposition, the average weight gain of the

Figure 2. SEM images of the asymmetric alumina hollow fiber substrate sintered at 1723 K for 4 h: (a) whole view,
(b) cross section, (c) inner surface, and (d) outer surface.
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asymmetric alumina hollow fiber substrates (30 cm in
length) is only �0.74%, as listed in Table 2.

Gas permeation of Al2O3 hollow fiber substrates

The permeation characteristics of Al2O3 hollow fiber sub-
strates were investigated using H2 and N2 gas permeation
measurements. The permeation results are shown in Figure 4.
As can be seen, the permeances of H2 and N2 slightly
increase as the mean pressure across the substrates is
increased, indicating that the total flow through the alumina
hollow fiber substrates (sintered at 1723 K for 4 h) is
described by the combined contribution of Knudsen diffusion

and Poiseuille flow.17,18 The separation factor (a) of H2/N2

was measured to be 3.2, which is slightly lower than those
of 3.3–3.5 achieved by modifying the substrates with a c-
Al2O3 intermediate layer.3,17 Figure 4 further illustrates that
the H2 and N2 permeation fluxes of the substrates with and
without the catalyst are very close, indicating that the mass
transfer resistance created due to the catalyst deposition is
negligible.

Sequential electroless plating of Pd/Ag membranes

The Pd/Ag composite membranes were coated onto the
outer surface of the substrates prepared above by a ‘‘coating-
diffusion’’ ELP method3 where the plating bath was
refreshed every 1 h. Before the deposition of Ag, the surface
of the Pd membrane was reactivated so as to produce uni-
form Ag plating. The composition of the Pd/Ag membranes
was controlled by the plating rates of Pd and Ag as shown
in Figure 5. The weight gain of Pd and Ag increases linearly

Figure 3. SEM images of catalyst deposition in the hol-
low fiber substrate: (a) catalyst particles de-
posited into the finger-like voids and (b) fin-
ger-like voids with high magnification.

Table 2. The Weight Gain of the Asymmetric Alumina
Hollow Fiber Substrates After Catalyst Deposition

Catalyst Deposition
Whole Weight
of Samples (mg)

Weight
Gain (%)

Before deposition 935.6 –
After 1st 1 h deposition 936.5 0.10
After 2nd 1 h deposition 940.4 0.51
After 3rd 1 h deposition 942.5 0.74

Figure 4. Gas permeation of hydrogen and nitrogen
through the hollow fiber substrates at room
temperature.

Figure 5. Weight gain of Pd and Ag during the electro-
less plating.
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with time during the ELP. The mechanism of the ELP tech-
nique is based on the controlled autocatalytic reduction of
the metastable metallic salt complexes on the target surfa-
ces.19 Nonlinear behavior can be observed when the ELP is
carried out continuously without changing the ELP solution,
in which the number of the Pd nucleation sites and the con-
centration of the metallic salt complexes change with time.
In contrast, the ELP solution in this study was refreshed ev-
ery hour, as a result of which the Pd and Ag plating behav-
iors were linear with respect to time. The plating rate of Pd
is �6.5 times higher than that of Ag. This plating profile
was further confirmed by preparing Pd/Ag membranes with
different thicknesses, which were calculated based on the
theoretical densities of Pd and Ag. The calculated membrane

thicknesses agree well with that of the SEM characteriza-
tions.

Figure 6 shows the morphology of a Pd/Ag membrane
with the thickness around 8 lm. The reason for choosing a
relatively thick membrane for SEM as well as the subse-
quent EDS analysis is to highlight the microstructural change
of the membranes during the ELP process. As can be seen
from Figures 6a, b, a uniform Pd layer was first deposited
on the activated substrate with the Pd grains tightly bound
on the surface without observable defects. A less defined
grain boundary on the surface of the Ag layer is shown in
Figure 6c. A clear double-layer structure was obtained after
the deposition of Ag as shown in Figure 6d. Figure 6e illus-
trates that the boundary between the Pd and the Ag layers

Figure 6. SEM images of Pd/Ag composite membranes during ‘‘coating and diffusion’’ electroless plating: (a) sur-
face of Pd layer, (b) cross-section of Pd layer, (c) surface of Ag layer, (d) cross-section of Pd and Ag
layers before heat treatment, (e) cross-section of Pd/Ag alloy after heat treatment, and (f) surface of Pd/
Ag alloy after heat treatment.

2394 DOI 10.1002/aic Published on behalf of the AIChE September 2009 Vol. 55, No. 9 AIChE Journal



disappeared after heat treatment at 923 K for 12 h in Ar due
to intermetallic diffusion between the layers. Although some
small pores were found on the surface of the composite
membrane after the heat treatment (Figure 6f), these pores
are dead volumes, as the membrane as a whole is gas-tight
with excellent H2/N2 selectivity.

EDS analysis was also carried out to investigate the ele-
mental distribution across the Pd/Ag membrane cross-section
before and after heat treatment. As shown in Figure 7a, a
small amount of Pd was observed at �2 lm beneath the sub-
strate surface before heat treatment, which indicated that the
Pd plating solution penetrated slightly into the substrate dur-
ing the ELP process. In contrast to Figure 7a, significant
change in the elemental distribution across the membrane
occurred after heat treatment as shown in Figure 7b. The
Tamman temperature (TM) is defined as the temperature at
which considerable thermal vibration occurs in a lattice and
is estimated at half the melting point (K) of a material.20 As
the TM of Ag, which is about 617 K, is much lower than
that of Pd (914 K), it is reasonable to assume that silver
atoms migrate significantly into the palladium layer during
heat treatment. As can be seen in Figure 7b, the concentra-

tion of Ag decreased slightly toward the substrate, while the
concentration of Pd was increased. This indicates that a
higher temperature and/or longer time would be required for
a more uniform elemental distribution in such a thick mem-
brane. Although a number of researches on metallic interdif-
fusions have been carried out to determine the diffusion
coefficient of Ag in Pd, it is still difficult to accurately pre-
dict the alloying process. For example, the diffusion coeffi-
cients from several groups are quite different from each
other.20 One of the possible reasons is that, apart from the
material nature of Pd and Ag, the alloying process can be
determined by the membrane microstructure, which is
closely related to the preparation processes and the surface
property of the substrates. Hou and Hughes21 obtained ho-
mogeneous Pd/Ag membranes by annealing the membrane at
873 K for 10 h, which is quite similar to our work. While
Uemiya et al.22 concluded that high temperatures of above
1073 K were necessary to obtain a homogeneous Pd/Ag
alloy membrane. However, area scans performed randomly
on the cross section of other thinner samples revealed an av-
erage Pd/Ag ratio of 78:22, which was considered to be an
indication that the Pd/Ag membranes used in subsequent
experiments have a homogeneous distribution of Pd and Ag.

Gas permeation of Pd/Ag-Al2O3 composite
hollow fiber membranes

Figure 8 shows the effect of the pressure difference on
hydrogen permeation through a 5 lm Pd/Ag composite
membrane between 723 and 873 K. Before the introduction
of hydrogen, the sealing of the module and the gas-tightness
of the composite membrane were tested using nitrogen with
the transmembrane pressure up to 3 bar. A 1 ml bubble flow
meter with a minimum detectable scale of 0.01 ml was used
to measure the flow rate of nitrogen. No soap bubble move-
ment was observed at every operating temperature and pres-
sure, indicating that the hydrogen/nitrogen selectivity in this
research is close to infinity. In addition, a technique for

Figure 7. EDS analysis of Pd/Ag membranes: (a) before
heat treatment and (b) after heat treatment.

Figure 8. Relationship between square root of pressure
difference and hydrogen permeation flux
through Pd/Ag composite membrane at dif-
ferent temperatures.
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testing the fiber gas tightness developed by Tan et al.23 was
also used, further confirming that the membrane used is
gastight.

As can be seen in Figure 8, the hydrogen permeation flux
increased with increasing temperature. The linear relation-
ship between the hydrogen flux and the square root of the
pressure difference indicated that the pressure exponent (n)
is equal to 0.5 in the temperature range of 723–873 K.
Therefore, bulk diffusion is the controlling step in hydrogen
permeation.3 The apparent activation energy (Ea) of hydro-
gen permeation, which was calculated according to the
Arrhenius plot shown in Figure 9, was �5.4 kJ/mol, agree-
ing well with the reported values of 6.38,7 5.73,24 and 5.7
kJ/mol.25 However, higher Ea values of 9.8,21 11.36,26 and
15.5 kJ/mol27 have also been reported, indicating that the Ea

value of Pd/Ag membranes is an indication of the net effects
of a number of factors. Irrespective to the uniformity of the
membrane, the Ea of the Pd/Ag membranes is closely related
to the weight ratio between Pd and Ag. For example, Pd/Ag
membranes with 20–23 wt % of Ag possess a relatively low
Ea. Also, Ea is dependent on the controlling step of the
hydrogen permeation. For instance, the Ea value for the
hydrogen permeation process controlled by bulk diffusion is
lower than that controlled by surface exchange.

Dehydrogenation of propane to propene

The performance of the iHFMR was compared with a
FBR, in which 0.1 g of Pt (0.5 wt %)/c-alumina catalyst was
packed into the center of a dense ceramic tube of 9 mm in
diameter. As can be seen in Figure 10, the propane conver-
sion in the FBR started at about 22% and then reduced to
about 8% after 40 min, which is close to the equilibrium
conversion of propane at 723 K. In the mean time, the pro-
pene selectivity increased from about 34 to 80%. This trend
agrees well with the work of Lobera et al.,28 in which the
coke content increased abruptly in the first �10 min, causing
quick catalyst deactivation at the initial stage of the reaction.
In the case of the iHFMRs, the initial propane conversion of
the 1st iHFMR was measured to be about 37%, which is
�68% higher than that of the FBR. Similar results listed in

Table 3 are also obtained for a 2nd iHFMR, which proves
that the use of the iHFMRs substantially shift the reaction to
the product side and increase propane conversion. However,
as the reaction proceeds, a faster decrease in propane con-
version was observed in the iHFMRs, which may be due to
the more serious carbon deposition in membrane reactors.4

This problem may be able to overcome by using coking-re-
sistant catalysts such as Pt-Sn supported catalyst.29 In com-
mercial dehydrogenation operations, the generation of hydro-
gen from the reaction serves to reduce carbon formation
tendency. Although the removal of generated hydrogen in a
membrane reactor contributes to an increase in conversion
and yield of the reaction, it aggravates the formation of car-
bon, which may block the surface of the catalyst, foul the re-
actor, or even accumulate on the membrane surface, block-
ing further hydrogen permeation.4 Instead of removing
hydrogen as soon as it forms, a certain amount of hydrogen
should be deliberately kept in the reaction zone to mitigate
catalyst deactivation, although the conversion of the reaction
is reduced at the same time.

Figure 10 further illustrates that the difference in perform-
ance between the two reactor designs is diminished as a
function of time. One of the possible reasons for this result
is that due to the relatively low propane conversion at
723 K, the amount of hydrogen produced in the iHFMRs
was small. Hence, limited driving force of the hydrogen can
be built up for the hydrogen permeation, leading to the simi-
lar performances between iHFMR and FBR. For endothermic

Figure 9. Arrhenius plot of hydrogen permeance for
Pd/Al2O3 hollow fiber composite membrane.

Figure 10. Propane conversion (solid symbols) and
propene selectivity (open symbols) of the
inorganic hollow fiber membrane reactor
(iHFMR) and fixed bed reactor (FBR).

Table 3. Propane Conversion and Propene
Selectivity of iHFMRs

Time
(min)

Propane
Conversion (%)

Propene
Selectivity (%)

1st iHFMR 5 37.16 24.27
17.5 14.12 62.39

2nd iHFMR 5 35.65 27.92
16 12.26 75.48

3rd iHFMR 5 42.07 –
45 6.29 –
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dehydrogenation reactions, the high demand for heat means
that the products of reaction can be trapped within the pores
of catalyst, resulting in a fast catalyst deactivation as a con-
sequence of carbon deposition.4 So, it is logical to conclude
that hydrogen permeation through the membrane is not the
rate limiting process, because the rate of hydrogen produc-
tion in the catalytic membrane reactor is limited by catalyst
productivity.30 As a result, the use of coking-resistant cata-
lyst with great catalytic activity is critically important to fur-
ther improve the performance of the membrane reactor.
However, because of the high surface area of the asymmetric
substrates, comparable propane conversion and propene se-
lectivity were obtained with much less catalyst (around 1.15
mg in the reaction zone) used in the iHFMR compared to
that of FBR. Table 4 shows the space-time yields (STY) of
the 1st iHFMR and FBR. As can be seen, the STY of the
iHFMR is more than six times that of the FBR. It should be
noted that this value can be further increased to �14 when
smaller ceramic substrates (OD ¼ 1.3 mm) with similar
asymmetric structures are used.31 Moreover, the STY of the
iHFMR, in view of the amount of catalyst used, is more
than 60 times that of the FBR, indicating that the iHFMR is
more efficient in propene production. This demonstrates
another advantage of the iHFMR in propane dehydrogena-
tion.

To further assess the performance of the iHFMR, a 3rd
iHFMR was used in propane dehydrogenation using same
operating conditions described previously. As shown in
Table 3, similar to the other two iHFMRs, the propane con-
version of the 3rd iHFMR decreased from 42.07% at 5 min
to 6.29% after 45 min as a result of catalyst deactivation.
The reactor was then regenerated at 773 K for 2 h, using a
stream consisting of 40% of O2 and 60% of Ar. As shown
in Figure 11, after the regeneration, the initial propane con-
version was recovered to 38.89%, which is �8% lower than
that of the fresh iHFMR. In addition, the final propane con-
version was about 5.54%.

Although high initial propane conversions have been
achieved in the iHFMRs, quick catalyst deactivation is still a
challenge. To improve the performance of the iHFMR in
dehydrogenation reactions, coking-resistant catalysts such as
Pt-Sn catalysts with sufficiently great activity at high operat-
ing temperatures should be used. Furthermore, the beneficial
effect of the highly compact multifunctional iHFMR devel-
oped in this study can be used in other catalytic reactions
with less coking problems such as steam reforming or water-
gas shift (WGS) reactions.

Conclusions

Al2O3 hollow fiber substrates with a unique asymmetric
structure were prepared by a combined phase inversion/sinter-
ing technique. The asymmetric structure consists of long fin-
ger-like voids and a uniform outer sponge-like layer of about
60–70 lm in thickness. Based on the analysis, the outer
sponge-like layer of the substrate provides a sufficiently
smooth surface for direct coating of thin and dense Pd/Ag
membranes for hydrogen separation. After depositing submi-
cron-sized Pt (0.5 wt %)/c-alumina catalyst particles in the
finger-like voids, a highly compact multifunctional membrane
reactor was developed and applied in dehydrogenation of pro-
pane to propene. At the operating temperature of 723 K, the
propane conversion as high as 42% was achieved in the
iHFMR at the initial stage of the reaction. The advantage of
using iHFMR compared to FBR is diminished after 40 min of
operation due to the deactivation of the catalyst and the low
equilibrium conversion of propane. However, due to the high
surface area of the asymmetric substrates, comparable pro-
pane conversion and propene selectivity were obtained with
much less catalyst used in the case of iHFMR, which clearly
demonstrated the advantages of the iHFMR developed.
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