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Methane steam reforming, with and without added oxygen, was theoretically and
experimentally investigated using microporous silica membranes, thus allowing the per-
meation of hydrogen as well as other gases in reactants and products. A simulation of
catalytic membrane reactors was carried out for a cocurrent, isothermal, and plug-flow–
type membrane reactor with the selective permeation of hydrogen through microporous
membranes. The effect of operating conditions on the conversion of methane and hydro-
gen production is discussed with the aid of two dimensionless numbers, the Damköhler
number (Da) and the permeation number (�). Methane conversion, XCH4, has approxi-
mately the same dependency on permeation number in terms of the permeability ratios of
hydrogen over nitrogen, whereas the purity of hydrogen in the permeate increased with
increasing hydrogen selectivity. Catalytic membrane reactors, consisting of a silica
microporous layer and a Ni-catalyst layer, were prepared. The permeability ratio of
hydrogen over steam, �(H2/H2O), which ranged from 1 to 20, showed a relatively good
correlation with that for helium over hydrogen, �(He/H2). Catalytic membrane reactors
showing a hydrogen selectivity over nitrogen of 30–100, with hydrogen permeances of
0.5–3 � 10�7 mol m�2 s�1 Pa�1, were applied to the steam reforming of methane with
and without the addition of oxygen. The reaction was carried out at 500°C, and the feed
and permeate pressure were maintained at 100 and 20 kPa, respectively. Methane
conversion, XCH4, increased up to approximately 0.8 beyond the equilibrium conversion
of 0.44 by extracting hydrogen in permeate stream. © 2004 American Institute of Chemical
Engineers AIChE J, 50: 2794–2805, 2004
Keywords: catalytic membrane reactor, methane steam reforming, autothermal, porous
silica membranes, hydrogen, simulation

Introduction

Hydrogen is a clean fuel that does not generate carbon
dioxide and has attracted a great deal of attention for use as a
fuel gas in polymer electrolyte fuel cells. Technology for the
production and purification of hydrogen represents key factors,
if hydrogen is to be used in future energy systems. Hydrogen
can be produced by the steam reforming of methane, and

conventionally purified by distillation and pressure-swing ad-
sorption (PSA). Membrane separation is a recently developed
technology for hydrogen purification.

Membrane reactors, in which reaction and separation occur
in one unit, have attracted considerable attention, especially for
hydrogen production by the steam reforming of methane. This
area has become even more attractive with the development of
inorganic membranes that support high-temperature applica-
tions (Sanchez and Tsotsis, 2002). The conversion of methane
is limited because the main reaction of methane reforming, that
is, the steam reforming of methane (SRM), CH4�H2O � CO
� 3H2, and the water-gas shift reaction, CO � H2O � CO2 �
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H2, are subject to thermodynamic equilibrium. The steam re-
forming reaction, which is endothermic and therefore favored
at high temperature, is conventionally operated at approxi-
mately 800°C. Membrane reactors would be expected to reduce
the operating temperature by shifting the SRM by the use of
hydrogen permselective membranes. A number of studies of
membrane reactors for methane steam reforming using dense
membranes such as palladium (Sanchez and Tsotsis, 2002;
Uemiya et al., 1991) have been reported. In terms of palladium
membranes, which allow 100% pure hydrogen in the permeate
stream, several disadvantages such as high cost and degrada-
tion by acidic gases and carbon have been indicated (Hsieh,
1996; Sanchez and Tsotsis, 2002). On the other hand, a limited
number of papers have reported on membrane reactors for
methane reforming that use porous membranes: steam reform-
ing of methane using alumina membranes (Chai et al., 1994;
Tsotsis et al., 1993) and silica membranes (Tsuru et al., 2001;
Yoshida et al., 2001a), and CO2 reforming of methane using
microporous silica membranes (Prabhu et al., 2000a,b). Mem-
brane characteristics such as the permeability of water vapor, a
crucial factor that influences the performance of membrane
reactors, have not been extensively investigated. Additional
experimental investigations of membrane reactors using porous
membranes would be important from the viewpoint of the
dependency of the performance of membrane reactors on op-
erating conditions (flow rate, pressure).

Simulation studies of membrane reactors often assume the
use of palladium membranes as hydrogen semipermeable
membranes, and the performance (such as temperature profile
along the axial direction) is discussed in detail (Kim et al.,
1999). On the other hand, porous membranes, which also show
the conversion larger than the equilibrium as membrane reac-
tors, have not been extensively discussed (Oklany et al., 1998;
Prabhu et al., 2000b). Porous membranes, the separation mech-
anism of which is based on molecular sieving, permit the
permeation of hydrogen as well as other gases, resulting in a
reduced hydrogen yield and permeate concentration (Hwang
and Onuki, 2001; Itoh, 1983; Yogeshwar et al., 1995). In other
words, the performance of membrane reactors for methane
reforming depends on the characteristics of the membrane used
(selectivity, permeability) and reaction conditions (feed flow
rate, reaction rate, pressure), and an understanding of these
effects on the performance of the membrane reactors consti-
tutes an important issue.

In this study, methane reforming was simulated using a
one-dimensional (1-D) isothermal plug-flow model under
cocurrent flow conditions. The performance of the membrane
reactor in terms of methane conversion and hydrogen yield, are
discussed based on membrane selectivity (�); the Damköhler
number (Da), which corresponds to the ratio of reaction rate to
feed flow rate; and the permeation number (�), which is the
ratio of permeate to feed flow rate. Moreover, catalytic mem-
brane reactors, consisting of a silica hydrogen separation layer
on Ni-catalyst impregnated substrates, were prepared and used
for methane steam reforming with the addition of oxygen.

Simulation of Membrane Reactors of Methane
Reforming

The reactions discussed in the present study are the steam
reforming of methane (SRM) and the SRM reaction with added

oxygen, which will be abbreviated as the oxygen-added steam
reforming reaction of methane (OSR) in later sections. Accord-
ing to Xu and Froment (1989) and Adris et al. (1991), the
following reactions can be assumed for the steam reforming of
methane

CH4 � H2O � CO � 3H2 �H298 � 206 kJ/mol (1)

CO � H2O � CO2 � H2 �H298 � �41 kJ/mol (2)

CH4 � 2H2O � CO2 � 4H2 �H298 � 165 kJ/mol (3)

For the case of oxygen addition, the oxidation of methane is
assumed as follows

CH4 � 0.5O2 3 CO � 2H2 �H298 � �36 kJ/mol (4)

CH4 � 2O2 3 CO2 � 2H2O �H298 � �803 kJ/mol (5)

SRMs 1 and 3 are endothermic, whereas reactions 4 and 5
are exothermic. The possibility of an autothermal reaction, that
is, a self-sustaining reaction in terms of reaction heat, was
indicated for the case of the SRM reaction with added oxygen
(OSR) in a palladium membrane reactor (Chen et al., 2003;
Grace et al., 2001).

Figure 1 shows the schematic reaction model used for the
simulation of a membrane reactor. The following assumptions
were made: (1) plug flow in the feed and permeate stream; (2)
an isothermal reaction, which occurs on the catalysts in the
feed stream, at 500°C; and (3) negligible pressure drop along
the axial direction. Table 1 summarizes the rate equations and
rate factors for reactions 1–3 (Adris et al., 1991; Xu and
Froment, 1989). The oxidation of methane was assumed to be
completed at the inlet of the membrane reactor based on
reaction 5, which produces CO2 and H2O, followed by reac-
tions 1–3.

The molar flow rate in the feed and permeate streams, Fi and
Qi, can be described as follows in a plug flow reactor (Tsotsis
et al., 1993).

Feed Stream (Retentate Flow)

dFi

dz
� �

j�1,2,3

�i, jRjwcat � sPi�xiph � yipl� (6)

Figure 1. Membrane reactor.
Fi and Qi are the molar flow rate into the feed and permeate
streams, respectively.
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Permeate Stream

dQi

dz
� sPi� xiph � yipl� (7)

where Rj and �i,j are the reaction rate and stoichiometric num-
ber of the jth reforming reaction ( j � 1, 2, 3), respectively, as
shown in Table 1. Pi is the permeance of the ith component; ph,
pl, xi, and yi are the total pressure of feed and permeate, and the
mole fraction of the ith component in the feed and permeate,
respectively. wcat and s indicate the catalyst weight and mem-
brane area per membrane unit length.

Equations 6 and 7 can be converted into dimensionless
equations, using dimensionless numbers, as shown in Table 2

dfi

d�
� �

i

Da �i, jR*j �
� �xi � yipr�

�i
(8)

dqi

d�
�

� � xi � yipr�

�i
(9)

The dimensionless reaction rate R*j was normalized with
R1

max, defined as the forward rate of reaction 1 based on the
inlet composition. According to Mohan and Govind (1986,
1988) and Yogeshwar et al. (1995), the performance of a
membrane reactor can be evaluated using the Damköhler num-
ber Da and the permeation number �. The Damköhler number
indicates the ratio of the maximum reaction rate to the inlet
flow rate of methane, and can be interpreted as a measure of
residence time in reactor and space velocity. Infinite Da can be
achieved when the smallest feed flow rate or the largest loading
of catalysts is used, and shows the equilibrium composition at
any axial location. The permeation number �, defined as the
ratio of the maximal hydrogen permeate flow rate to the feed

flow rate of methane, serves as a measure of the effect of the
extraction of hydrogen.

Hydrogen permeance PH2
, the permeability ratio of hydrogen

over nitrogen �(H2/N2), and that of hydrogen to steam �(H2/H2O)
were used as parameters of membrane performance for the sim-
ulation. Gaseous molecules such as N2, CH4, CO, and CO2, which
have relatively large molecular sizes, were assumed to permeate
through pinholes left in the hydrogen semipermeable porous
membranes, based on Knudsen diffusion (Yoshioka et al., 2001).
Therefore, the permeances of CH4, CO, and CO2 were assumed to
show a Knudsen selectivity to nitrogen permeance, as shown in
Table 3. The selectivity of hydrogen to steam was reported to be
dependent on the conditions used to prepare the membranes (Sea
et al., 1998); it has been reported that amorphous silica prepared
by the sol–gel method showed �(H2/N2) and �(H2/H2O) values of
450 and 3, respectively (Tsuru et al., 2001). Membrane perme-
ation performance is also dependent on the pressure of the feed
and permeate streams, and can be normalized using the pressure
ratio pr, defined as the ratio of permeate pressure to feed pressure.

The simulation was carried out at a temperature of 500°C, a
feed pressure (ph) of 100 kPa, and a pressure ratio (pr) of 0.2,
as summarized in Table 3. The ratio of feed flow rate of steam
to methane, S/C (�FH2O

/FCH4
), was fixed at 3, whereas that of

oxygen to methane, O/C (�FO2
/FCH4

), was varied from 0 to
0.4. Based on Kim et al. (1999), the inlet flow rate of hydrogen
can be assumed to be 10�4 relative to methane, which is
necessary for the calculation for reactions 1–3. The perfor-
mance of a membrane reactor was compared based on methane
conversion (XCH4) and permeate hydrogen yield (YH2).

Experimental
Hydrogen-semipermeable catalytic membranes

A 40 wt % nickel nitrate solution was used in the preparation
of the catalytic membranes. The nickel catalyst was impreg-
nated by immersing an �-alumina porous substrate (pore size 1
�m, outer diameter 10 mm, inner diameter 8 mm, length 9 cm)
in the nickel nitrate solution, followed by drying at room
temperature more than 12 h and firing at 500°C in air. The
hydrogen separation layer was then formed on the outer surface
of the substrates. Catalytic membranes were fired in air at
500°C, and reduced to the elemental state by treatment with
hydrogen at 500°C before use (Tsuru et al., 2001).

The hydrogen separation layer was prepared by a sol–gel
process using silica sol solutions. Colloidal silica sol solutions
were prepared by hydrolysis reaction of 2.5–10 g of tetraethox-
ysilane (TEOS) with 100 g of water using 0.5 cm3 of nitric acid
as a catalyst for 1 h, followed by condensation reaction at the
boiling point for 12 h after adding 500 g of water and 1.5 cm3

of nitric acid. Several sol solutions, having different colloidal

Table 2. Dimensionless Parameters Used in the Simulation
of the Membrane Reactor

Permeation number: � �
PH2sLph

FCH4,0

Damköhler number: Da �
R1

maxWcat

FCH4,0

(where R1
max � k1(pCH4

pH2O/pH2
2.5)/DEN2)

Axial position: � � z/L; dimensionless reaction rate: R*
j � Rj/R1

max

Table 1. Kinetic Rate and Parameters of Methane
Reforming

CH4 � H2O � CO � 3H2 R1 � k1��pCH4pH2O/pH2

2.5�

� �pH2

0.5pCO/K1e�	/DEN2

CO � H2O � CO2 � H2 R2 � k2��pCOpH2O/pH2�

� �pCO2/K2e�	/DEN2

CH4 � 2H2O � CO2 � 4H2 R3 � k3��pCH4pH2O
2 /pH2

3.5�

� 
pH2
0.5pCO2/�K1eK2e��	/DEN2

where DEN � 1 � KCOpCO � KH2
pH2

� KCH4
pCH4

� KH2OpH2O/pH2

Rate factors kj � Ajexp(��Ej/RT)
k1 
mol Pa0.5/(kg-cat s)] A1 � 3.71 	 1017 �E1 � 240.1 kJ/mol
k2 
mol/(kg-cat s Pa0.5)] A2 � 5.43 �E2 � 67.13 kJ/mol
k3 
mol Pa0.5/(kg-cat s)] A3 � 8.96 	 1016 �E3 � 243.9 kJ/mol
Equilibrium constant
K1e [Pa2] � 1.03 � 1010exp[30.4197 � (27106.2/T)]

K2e[—] � exp[�3.79762 � (4159.54/T)]
Adsorption parameters Ki � Biexp(��Hi/RT)
KCH4 [Pa�1] BCH4 � 6.65 	 10�9 �HCH4 � � 38.28 kJ/mol
KH2O 
—� BH2O � 1.77 	 105 �HH2O � 88.68 kJ/mol
KCO [Pa�1] BCO � 8.23 	 10�10 �HCO � � 70.65 kJ/mol
KH2 [Pa�1] BH2 � 6.12 	 10�14 �HH2 � � 82.9 kJ/mol
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diameters, were prepared by controlling TEOS concentration in
the condensation reaction. The Ni-impregnated �-alumina po-
rous substrates were first deposited using �-alumina particles
(average diameter 180 nm; Sumitomo Chemical Co., Tokyo,
Japan) mixed with a colloidal sol solution, followed by coating
with sol solutions of larger to smaller colloidal diameters.
Details of this procedure are described elsewhere (Asaeda and
Yamasaki, 2001; Tsuru et al., 1998, 2001; Yoshida et al.,
2001b,c; Yoshioka et al., 2001).

Membrane reaction for methane reforming

Gas permeances of pure gases (He, H2, N2, CO2,) were
measured using a catalytic membrane reactor system, as shown
in Figure 2. The pressure of the feed stream, ph, was maintained
at 200 kPa, whereas that of the permeate stream, pl, was
maintained at atmospheric pressure. Before use for the mem-
brane reaction, porous silica membranes were hydrothermally
treated at 500°C for several hours at atmospheric pressure,
using a mixed feed of hydrogen and steam (mole fraction
0.5/0.5) and a nitrogen sweep in the permeate stream, and
permeances of H2, N2, and H2O were simultaneously calcu-
lated. The temperature of the outside of the catalytic membrane
housing was controlled at 500°C, and the temperature inside
the catalytic membrane was measured using a movable ther-
mocouple set inside the tubular membrane.

A mixture of methane and steam (S/C � 3) was continuously
supplied to the catalytic membranes at a methane flow rate of
approximately 0.5–20 � 10�6 mol s�1. The feed stream was
approximately atmospheric, whereas the permeate stream was
evacuated down to approximately 20 kPa using a diaphragm
pump. The reaction was carried out at 500°C. Reactant gaseous

mixtures were fed to the inner stream of the cylindrical mem-
branes.

Gas compositions were determined using two types of on-
line gas chromatographs: GC-1 and GC-2. GC-1, equipped
with a packed column of Gaschropack 54 at an operating
temperature of 180°C, was used for the analysis of water vapor
and CO2, whereas GC-2, with molecular sieves operated at
80°C, was used for the analysis of other gases such as H2, O2,
N2, CH4, and CO after removing water vapor by cold traps.
First, partial pressures of H2O and CO2 were determined based
on GC-1 analysis, and then the total pressure of other gases
including H2, O2, N2, CH4, and CO, the mole fractions of
which were determined by GC-2 analysis, was calculated; the
mole fractions of each component in retentate and permeate
streams could be determined by using two gas chromatographs.
Therefore, based on the flow rates measured with soap film
meters, assumed to consist of noncondensable gas (H2, O2, N2,
CH4, CO, and CO2), the permeate and retentate flow rates of
each component were determined. The material balance of
carbon, hydrogen, and oxygen atoms was within the maximum
error of less than 10%.

Results and Discussion
Simulation study on membrane reactor

Figure 3 shows the flow rates of components in the feed-side
(retentate) and permeate stream along the axis for the case of a
permeability ratio of hydrogen over nitrogen, �(H2/N2), of 100,
and a permeation number � of 10. Feed-side CH4 flow rate for
the case of Da � 100, which is shown in Figure 3a as the
normalized flow rate with the inlet flow rate of methane,

Table 3. Membrane Performance and Operating Conditions Used for Simulation

Membrane performance PCH4 � PH2/��H2/N2� 	 1.323 PH2O � PH2/��H2/H2O�
PCO � PH2/��H2/N2� 	 1.0 PCO2 � PH2/��H2/N2� 	 0.798

Operating condition pr (�pl/ph) � 0.2 �ph � 100 kPa� 500�C, isothermal
S/C (�FH2O/FCH4) � 3 O/C (�FO2/FCH4) � 0–0.4

Figure 2. Experimental apparatus of a membrane reactor system.
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deceases gradually because of the steam reforming reaction
along the axis. On the other hand, steam in the retentate stream
is consumed by reaction with methane and permeates the
membrane because of its relatively large permeability and,
consequently, the normalized flow rate of steam deceases dras-
tically from a value of 3 at the inlet to an approximate value of
1 at the outlet. Figure 3b shows the case of infinite Da number;
feed-side composition, which satisfies the equilibrium of the
reactions 1–3 at any axial location, changes as a result of
selective permeation through the microporous membrane. It is
clear that a larger hydrogen yield can be achieved when the Da
number is larger.

The effect of the Damköhler number (Da) and the perme-
ation number (�) on methane conversion, XCH4, is shown in
Figure 4. XCH4 decreases with a decrease in Da, which corre-
sponds to a small catalyst loading and a large inlet flow rate.
The infinite Da number, which allows a local equilibrium in the
feed-side composition, as a result of the infinite high reaction
rate compared with the feed flow rate of methane, shows the
largest conversion. The conversion at infinite Da and � � 1 is
in good agreement with the equilibrium conversion (XCH4 �
0.44) for S/C, the ratio of feed flow rate of steam to methane of
3, and a reaction pressure of 100 kPa. Small values of �
indicate a small effect of selective permeation on methane
conversion, and conversions at � � 1 show approximately
good agreement with those achieved without membrane per-
meation. An increase in permeation number �, which can be
achieved either by large hydrogen permeability and membrane
area or by decreasing the feed flow rate of methane, causes a
significant effect on the enhancement of methane conversion
and, consequently, methane conversion increases up to 0.7
beyond the equilibrium conversion of 0.44. It should be noted
that XCH4 at any value of Da increases with an increase in �.

Hydrogen yield YH2, which is defined as the ratio of permeated
hydrogen molar flow rate to inlet methane flow rate, increases
with an increase in � and Da. It should be noted that the maximal

Figure 3. Flow rate normalized with CH4 feed flow rate along the axis.
(a) Da � 100; ph � 100 kPa, pr � 0.2; S/C � 3; �(H2/N2) � 100, �(H2/H2O) � 3; � � 10. (b) Da � 
; ph � 100 kPa, pr � 0.2; S/C �
3; �(H2/N2) � 100, �(H2/H2O) � 3; � � 10.

Figure 4. Effect of Damköhler number (Da) on permeate
hydrogen yield (YH2), H2 concentration in per-
meate, and CH4 conversion (XCH4) as a func-
tion of permeation number.
SRM; ph � 100 kPa, pr � 0.2; S/C � 3; �(H2/N2) � 100,
�(H2/H2O) � 3.
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YH2 is 4 for the case of the complete recovery of hydrogen in the
permeate stream and 100% methane conversion. Hydrogen con-
centration in the permeate, defined as mole fraction based on dry
gas, shows a tendency to decrease with an increase in � and with
a decease in Da. This is because large � and small Da allow the
permeation of product gas (CO, CO2) and reactant gases (CH4,
H2O), respectively. The effect of � on conversion appears to show
a similar tendency for any Da number and, therefore, the case of
infinite Da will be discussed below.

Figure 5 shows the effect of � and �(H2/N2) on XCH4, YH2,
and hydrogen concentration. For the comparison, the calculated
results for a palladium membrane (� � 
) and Knudsen-
selective membranes (� � 3.7) are also included in the figure.
Methane conversion increases with an increase in � and shows
almost the same dependency, irrespective of �(H2/N2), because
the enhancement in methane conversion is highly dependent on
the permeation of hydrogen. However, the maximal conversion
of methane for porous membranes is approximately 0.7 be-
cause of the leakage of reactants (CH4 and H2O). Hydrogen
concentration in the permeate increases with an increase in
�(H2/N2), reaching 100% for a palladium membrane (� � 
).

On the other hand, porous membranes show larger YH2 values
than the palladium membrane for the case where � is lower
than 30. As is clear from Figure 3, porous membranes allow the
permeation of steam, present as the major component in the
retentate stream, which decreases the partial pressure of hydro-
gen in the permeate, resulting in an increase in hydrogen
permeation, compared with a palladium membrane. It should
be noted that simulated curves of porous membranes show
upper limits in terms of � because the retentate flow rate
decreases with � and diminishes at a certain value, that is,
maximal �. Another tendency to be identified is that XCH4

shows a maximum as a function of � because of the contribu-
tion of reverse reaction of steam reforming of methane. At
large �, partial pressure of H2O in the feed stream decreases
drastically because of reaction with methane as well as mem-
brane permeation, whereas CO and CO2, having much lower
permeance than that of H2O, show increased partial pressure,
as can be speculated from Figure 3, resulting in enhancement
of reverse reaction of steam reforming of methane.

Figure 6 shows the effect of the permeability ratio of hydro-
gen to water vapor, �(H2/H2O). As will be discussed below,

Figure 5. Effect of selectivity of �(H2/N2) on permeate
hydrogen yield (YH2), H2 concentration in per-
meate, and CH4 conversion (XCH4) as a func-
tion of permeation number.
SRM; Da � 
, ph � 100 kPa, pr � 0.2; S/C � 3; �(H2/
H2O) � 3.

Figure 6. Effect of selectivity of H2/H2O on permeate
hydrogen yield (YH2), H2 concentration in per-
meate, and CH4 conversion (XCH4) as a func-
tion of permeation number.
SRM; Da � 
, ph � 100 kPa, pr � 0.2; S/C � 3; �(H2/N2) �
100.
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porous silica membranes show �(H2/H2O) values ranging from
approximately 2 to 15. With an increase in �(H2/H2O), hydro-
gen yield, hydrogen concentration, and methane conversion
increase, which increases the performance of the membrane

reactor. This is because larger �(H2/H2O) values reduce the
leakage of steam into the permeate. By comparing Figures 5
and 6, it can be concluded that a small enhancement in the
selectivity of hydrogen over steam is quite effective for im-
proving the performance of the membrane reactor.

Autothermal reforming reactions, which can be realized by
adding oxygen to the feed flow in the steam reforming of
methane, are attractive because the combustion of methane
could provide the heat required for the endothermic reaction of
steam reforming. Figure 7 shows the effect of oxygen addition
for the case of a constant S/C of 3 in the feed. The addition of
oxygen increases methane conversion and only slightly de-
creases hydrogen yield, whereas hydrogen in the permeate is
present at approximately the same concentration.

As discussed above, dimensionless numbers, permeation
number � and Damköhler number Da, are quite useful param-
eters in understanding the dependency of the performance of
membrane reactors on operating conditions (feed flow rate,
reaction rate determined by types of catalyst and the amount in
membrane reactor) and membrane performance (hydrogen per-
meance, permeability ratio to other gases).

Catalytic membranes

Figure 8 shows a cross section of a catalytic membrane. An
intermediate layer can be observed on the outer surface of the
substrate with a thickness of approximately 1–2 �m. The top
layer, which functions for hydrogen permselectivity, was pre-
pared by coating colloidal sol solutions and the thickness
appears to be less than 1 �m. Nickel catalysts of approximately
0.1 �m in particle size were observed on the �-alumina parti-
cles of several micrometers, which consisted of the �-alumina
support. The average amount of Ni impregnation was approx-
imately 0.25 g (as NiO) by weighing �-alumina supports
before and after Ni impregnation. Several types of membrane
reactor configurations have been proposed: packed-bed mem-
brane reactors (PBMR), fluidized-bed membrane reactors
(FBMR), and catalytic membrane reactors (CMR). PBMR and
FBMR consist of permselective membranes and catalysts either
in a packed or fluidized bed. Catalytic membranes, which have
the functions of both catalysis and separation in one membrane,
can be applied in a more compact manner than can other types
of membrane reactors and have been recently applied to meth-
ane reforming (Kurungot et al., 2003; Tsuru et al., 2001).

Figure 7. Effect of O/C on permeate hydrogen yield
(YH2), H2 concentration in permeate, and CH4

conversion (XCH4) as a function of permeation
number.
OSR; Da � 
, ph � 100 kPa, pr � 0.2; S/C � 3; �(H2/N2) �
100, �(H2/H2O) � 3.

Figure 8. Cross section of a catalytic membrane.
Ni catalysts were impregnated inside an �-Al2O3 porous substrate.
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As indicated in reports of our previous studies (Tsuru et al.
2001; Yoshida et al. 2001b,c), steam, at a high temperature,
affects the permeation performance of porous silica membranes
prepared by a sol–gel process. Figure 9 shows the permeances
of pure He, H2, and N2 before and after the hydrothermal
treatment, the condition of which was a partial pressure of
steam of 50 kPa in the feed at 500°C for 9 h. Permeances for
hydrogen and helium deceased after the hydrothermal treat-
ment, whereas that for nitrogen remained essentially un-
changed. The effect of hydrothermal treatment can be inter-
preted as follows: the hydrothermal treatment densified the
small pores through which H2 and He were able to permeate
and molecules of larger size could not, and the large pores that
allowed permeation of large molecules, possibly corresponding
to pinholes in the hydrogen separation layer, were unaffected
by the treatment (Tsuru et al., 2001; Yoshida et al., 2001b).

Figure 10a and b shows the permeability ratios of hydrogen
over steam, �(H2/H2O), as a function of those of helium over
hydrogen �(He/H2) and hydrogen over nitrogen �(H2/N2) for
16 microporous silica membranes prepared by the sol–gel
method. �(H2/H2O), ranging from 1 to 20, showed a relatively
good correlation with �(He/H2), ranging from 1 to 5, although
the correlation of �(H2/H2O) with �(H2/N2) was found to be
scattered. This is probably because He (kinetic diameter 0.27
nm), H2 (0.289), and H2O (0.265), which have small kinetic
diameters, permeated through similar pores: micropores
formed as silica network structures (intraparticle pores) as well
as large pores (interparticle pores) such as pinholes, whereas
nitrogen permeates only through relatively large interparticle

pores. Membrane performances used for catalytic membrane
reaction are summarized in Table 4.

Membrane reaction of methane reforming

Figure 11 shows the time course for the conversion and flow
rate during steam reforming (SRM) and oxygen-added steam
reforming (OSR) reactions with/without membrane perme-
ation. For the case of SRM, the conversion of methane without
membrane permeation, which was achieved by closing the
permeate stream, showed approximately the same value as the
equilibrium conversion of 0.44 at 100 kPa, and increased with
membrane permeation where the permeate stream was evacu-

Figure 9. Permeances of He, H2, and N2 before and after
hydrothermal treatment.
Hydrothermal treatment (HT) was carried out at 50 kPa of
partial steam pressure and 500°C for 9 h.

Figure 10. �(H2/H2O) as a function of �(He/H2) (a) and
�(H2/N2) (b) for microporous silica mem-
branes prepared by a sol–gel process.

Table 4. Membrane Performance Used for Experiments of
Catalytic Membrane Reaction

Membrane
PH2

*
[mol m�2 s�1 Pa�1]

�(H2/N2)*
[—]

�(H2/H2O)
[—]

M-1 2.6 � 10�7 (2.0 � 10�7) 87 (69) 8
M-2 5.6 � 10�8 (5.1 � 10�8) 56 (48) 10
M-3 4.5 � 10�8 42 8

*Values in parentheses indicate permeance and selectivity after catalytic reac-
tions.
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ated to approximately 20 kPa. For the case of OSR with an
oxygen addition of O/C � 0.2, the value for methane conver-
sion without membrane permeation was larger than that of
SRM because of methane combustion, and increased with
membrane permeation.

Figure 12 shows a temperature profile along the axis; the
temperature of the outside of the membrane housing was main-
tained at 500°C and the temperature inside the cylindrical
membrane was measured by moving the location of the ther-
mocouple inside the membrane. The temperature along the
membrane axis was 500 � 5°C under conditions of N2 flow.
For the case of the SRM reaction without membrane perme-
ation, the inside temperature, which was 490°C at the inlet
because of the endothermic reaction, increased along the axial
direction and approached the same temperature profile as that
for nitrogen flow, indicating that SRM occurred mainly in the
first half of the membrane and no reaction occurred in the last
half. With membrane permeation, the temperature decreased
several degrees Celsius; this effect was clearly observed for the
last half of the membrane length. This indicates that the endo-
thermic SRM reaction of Eqs. 1–3 was enhanced by membrane
permeation. For the case of OSR, the temperature was approx-
imately 510°C at the inlet, decreased drastically, and then had
approximately the same profile as that for N2 flow, especially
in the last half of the catalytic membrane. No oxygen was
detected in the permeate or retentate stream, suggesting that the
exothermic reaction of methane combustion occurred near the
inlet, followed by an endothermic steam reforming reaction.
With membrane permeation, the temperature profile decreased
by several degrees Celsius, similar to SRM. Based on the
temperature profile, it would be expected that the reaction of
methane reforming could be autothermal, if the controlled
addition of oxygen along the catalytic membrane is possible.

Figure 13 shows data on the conversion of methane (XCH4),
hydrogen yield (YH2), and flow rate of the retentate and per-
meate streams, which was defined as a total flow rate from the
membrane reactor maintained at 500°C, when a microporous
silica membrane, M-1, was used. Conversion without mem-

brane permeation showed an approximately equilibrium con-
version, indicating that the reaction rate was sufficiently high to
assume an infinite Da number in the experimental ranges of
methane feed flow rate. XCH4, which was increased with mem-
brane permeation, and hydrogen yield YH2 increased to approx-
imately 0.8 and 3, respectively, with a decrease in CH4 feed
flow rate. Figure 14 demonstrates the case where a micro-
porous silica membrane, M-2, was used. These data show a
tendency similar to that shown in Figure 13. It should be noted
that hydrogen mole fraction of 0.95–0.98 (dry-gas basis) was
achieved in permeate stream for both experimental conditions.
However, because M-2 had a relatively low hydrogen per-
meance of 5.6 � 10�8 mol m�2 s�1 Pa�1, the flow rate of
permeate and retentate crossed at a relatively low FCH4

of 1 �
10�6 mol s�1, whereas M-1 showed a cross at FCH4

of 5 �
10�6 mol s�1. The curves in the figures were calculated using
the isothermal plug-flow model, as described earlier, assuming
infinite Da. Membrane parameters measured by single gases
before and after reaction, and used for calculation, are summa-
rized in Table 4. Because the permeance change of M-1 before
and after the reaction was relatively large, two calculated
curves are shown in Figure 13. In both figures calculated
curves for conversion, hydrogen yield, and flow rates are in a
relatively good agreement with experimental data, although the
comparison of simulated curves with experimental data is not

Figure 11. Time course for the conversion for a methane
reforming reaction with and without mem-
brane permeation.
SRM: steam reforming (S/C � 3); OSR: SRM with addition
of oxygen (S/C � 3, O/C � 0.2); with and without mem-
brane permeation (wP and woP).

Figure 12. Temperature profile along the axial direction
for SRM (a) and OSR (b).
FCH4

� 1.3 � 10�5 mol s�1; S/C � 3, O/C � 0.2; ph � 100
kPa, pl � 20 kPa.
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based on the exact model in terms of catalyst configuration and
temperature profile. M-1 was not in as good agreement as M-2,
probably because a larger permeance might cause a concentra-
tion gradient in the radial direction inside the catalyst layer
inside a support, a factor that was not considered in the present
simple simulation model.

Figure 15 shows the effect of permeate pressure on catalytic
membrane performance under conditions of constant feed side
pressure and constant feed flow rate. With a decrease in per-
meate pressure, methane conversion and hydrogen yield were
increased. This can be explained by an increased driving force
for the permeation of hydrogen, as evidenced by the permeate
flow rate. Again, the calculated curves are in relatively good
agreement with experimental data.

Conclusions

Methane steam reforming, with and without oxygen addi-
tion, was theoretically and experimentally investigated using

microporous silica membranes, which allow the permeation of
hydrogen as well as the feed and reactant gases based on
permselectivity. A simulation of catalytic membrane reactors
was carried out in a cocurrent, isothermal, plug-flow–type
membrane reactor with the selective permeation of hydrogen
through microporous membranes. The effect of operating con-
ditions on the conversion of methane and the production of
hydrogen was discussed using two dimensionless numbers, the
Damköhler number and the permeation number �. Methane
conversion, XCH4, shows approximately the same dependency
on permeation number in terms of permeability ratios of hy-
drogen over nitrogen, whereas hydrogen purity in the permeate
decreased with an increase in hydrogen selectivity. The dimen-
sionless numbers, permeation number � and Damköhler num-
ber Da, are quite useful parameters in understanding the de-
pendency of the performance of a membrane reactor on
operating conditions (feed flow rate, reaction rate determined
by types of catalyst, and the amount of catalyst in the mem-
brane reactor) and membrane performance (hydrogen per-
meance, permeability ratio to other gases) for methane reform-
ing reaction.

Figure 13. Flow rate in the permeate and retentate, hy-
drogen yield, and CH4 conversion as a func-
tion of CH4 inlet flow rate.
M-1; SRM; ph � 100 kPa, pl � 20 kPa; S/C � 3; PH2

�
2.6 � 10�7/2.0 � 10�7 mol m�2 s�1 Pa�1, �(H2/N2) �
87/69 before/after reaction; �(H2/H2O) � 8; calculations 1
and 2 were simulated using permeances before and after
reaction.

Figure 14. Flow rate in permeate and retentate, hydro-
gen yield, and CH4 conversion as a function
of CH4 inlet flow rate.
M-2; SRM; ph � 100 kPa, pl � 20 kPa; S/C � 3; PH2

�
5.6 � 10�8/5.1 � 10�8, �(H2/N2) � 56/48, before/after
reaction; �(H2/H2O) � 10; curves are calculated.
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Catalytic membrane reactors, consisting of a silica micro-
porous layer and a Ni-catalyst layer, were prepared. The per-
meability ratio of hydrogen over steam, �(H2/H2O), which
ranged from 1 to 20, showed a relatively good correlation with
that for helium over hydrogen, �(He/H2), suggesting He, H2,
and H2O permeated through similar pores such as micropores
and large pores. Catalytic membrane reactors showing hydro-
gen selectivity over nitrogen of 30–100, with a hydrogen
permeance of 0.5–3 � 10�7 mol m�2 s�1 Pa�1, were applied
to the steam reforming of methane. The reaction was carried
out at 500°C, and the feed and permeate pressures were main-
tained at 100 and 20 kPa, respectively. Methane conversion
XCH4 increased to approximately 0.8 beyond the equilibrium
conversion of 0.44 by extracting hydrogen in the permeate
stream, and the permeated hydrogen yield YH2 reached a max-
imum of 3 with membrane permeation. The experimental re-
sults were found to be in reasonably good agreement with the
simulations.

Acknowledgment
This work was supported by the R&D Project for High Efficiency

Hydrogen Production/Separation System using Ceramic Membranes
Funded by NEDO, Japan.

Notation

Da � Damköhler number, Da � R1
maxWcat/FCH4,0

Fi � feed-side molar flow rate of species i, mol s�1

Fi,0 � feed molar flow rate of species i, mol s�1

Fi,L � outlet feed-side molar flow rate of species i, mol s�1

fi � dimensionless flow rate of species i, Fi/FCH4,0

Ki � adsorption parameters, as defined in Table 1
Kje � equilibrium constant, as defined in Table 1

ki � rate factors, as defined in Table 1
L � reactor length, m

Pi � permeance of species i, mol s�1 m�2 Pa�1

ph � feed-side pressure, Pa
pi � partial pressure of species i, Pa
pl � permeate-side pressure, Pa
pr � pressure ratio, pl/ph

Qi � permeate-side molar flow rate of species i, mol s�1

Qi,L � outlet permeate-side molar flow rate of species i, mol s�1

qi � dimensionless flow rate of species i, Qi/FCH4,0

Rj � reaction rate, mol kg-cat�1 s�1

R*j � dimensionless reaction rate, Rj/R1
max

R1
max � maximum forward reaction rate of Eq. 1, R1

max � k1( pCH4
pH2O/

pH2
2.5)/DEN2, mol kg-cat�1 s�1

s � membrane area per unit membrane length, m2 m�1

wcat � catalyst weight per unit membrane axial length, kg-cat m�1

Wcat � catalyst weight of membrane module (Wcat � wcatL), kg-cat
XCH4 � methane conversion, XCH4

� 1 � (FCH4,L � QCH4,L)/FCH4,0

xi � feed-side mole fraction of species i
YH2 � permeate hydrogen yield, the ratio of permeated hydrogen molar

flow rate to feed methane flow rate, YH2
� QH2,L/FCH4,0

yi � permeate-side mole fraction of species i
z � axial coordinate, m

Greek letters

�i � permeability ratio of hydrogen over species i, PH2
/Pi

� � permeation number, � � PH2
sLph/FCH4,0

�i,j � stoichiometric coefficient of species i in reaction j

 � dimensionless axial coordinate, z/L
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