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Introduction

Molecular sieve silica (MSS) membranes are a developing
technology involving nanotechnology techniques. These mem-
branes demonstrate excellent properties for permeation of hy-
drogen molecules with a very high selectivity, as presented in
Table 1 (de Vos and Verweij, 1998; Diniz de Costa et al., 2002;
Kusakabe et al., 1999; Tsai et al., 2000), making them ideal for
applications requiring separation of hydrogen from other gases.
The permeation of hydrogen is now approaching the limit of
1 � 10�6 mol m�2 s�1 Pa�1, equivalent to 0.7 kg of hydrogen
per square meter of membrane area per hour, and at 1 atmo-
sphere differential pressure across the membrane. MSS mem-
branes can operate at temperatures up to 500°C and up to 20
atmospheres. However, there are limited reports in the litera-
ture regarding scale-up of silica-based membranes. To cite but
one example, Koukou et al. (1999) scaled-up alpha-alumina
tubes (length: 20 cm; outer diameter: 1.4 cm) with silica-
derived films for gas separation. They tested their membranes
using a feed-gas mixture of 62% H2 and 38% CH4 for pressure
differences ranging from 5 to 20 bar, resulting in best H2/CH4

selectivities of 5. Potential applications of the MSS membranes
include gas separation, such as extracting H2 from a gas stream
in a petrochemical refinery process; filtration of contaminants
(such as CO) from H2 supply for proton-exchange membrane
(PEM) fuel cells; and chemical production using membrane
reactors to carry out dehydrogenation.

MSS membranes are envisioned to be integrated into PEM
fuel cell systems, which is a technology being developed for
motor vehicles (50–100 kW), residential (2–10 kW) and com-
mercial (250–500 kW) power generation, as well as small/
portable generators and battery replacement (ECW, 2000).
PEM fuel cells usually require a pure H2 source for operation.

However, for most of these applications, tank storage of H2 at
extremely high pressure (up to 35 MPa) presents serious con-
cerns with respect to safety. Hydrogen is thus typically ob-
tained by reforming a hydrocarbon fuel (methanol or gasoline)
onboard. In this reaction, the product termed as “reformate”
consists of H2, CO, CO2, and water. CO is detrimental for the
fuel cell operation because of catalyst poisoning and severe
fuel cell degradation. Thus, CO levels must be reduced to 10
parts per million (ppm) for standard anodes or 100 ppm for
CO-tolerant anodes in fuel cell technology (Hasegawa et al.,
2002; Sotawa et al., 2002). Metal membranes based on palla-
dium and its alloys can provide high H2 purification and
various research groups have reported their use in fuel cell
systems (Koros and Mahajan, 2000; Ledjeff-Hey et al., 1998;
Lin and Rei, 2000). However, palladium membranes are a
major economic impediment in fuel cell technology, particu-
larly because they cost in the order of US$1,250 to US$2,000
per square meter of membrane area (Illgen et al., 2001). Thus,
there is a major advantage of using silica-derived membranes
because such materials are cheap and readily available. Given
that the cost effectiveness of technologies such as fuel cells and
membrane reactors is paramount to making these technologies
competitive against traditional technologies (Ogden et al.,
2001), MSS membranes can potentially deliver cost savings
over use of metal membranes.

Much of the current MSS membrane research has been
limited to laboratory testing. Operating systems in fuel cells,
membrane reactors, and gas separation undergo cycles of
start-up to shutdown with varying compositions and heating
rates. The development of inorganic membranes displaying
outstanding chemical and thermal resistance is required to open
new fields of industrial applications (Jonquieres et al., 2002).
Although laboratory testing has shown the potential of MSS
membranes, there is a need to scale-up to test how the tech-
nology can perform under as close as possible to real applica-
tion conditions. Thus, in this work we scaled-up MSS mem-
brane tubes for fuel cell reformate purification. Of particular
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attention, issues related to permeation of single-gas and refor-
mate gas mixtures as well as H2 separation are addressed in
terms of scale-up performance. The membrane operating life is
investigated under the cycling temperature operating condi-
tions to verify the technology suitability for fuel cell applica-
tion.

Scale-Up

Gas permeation and separation experiments for both single-
gas (He, H2, CO2, and CO) and synthetic reformate containing
H2 (42.3%), CO2 (12.4%), CO (9.2%), and N2 (36.1%), were
carried out in a permeation apparatus shown in Figure 1. The
permeation of single gases was determined according to nor-
malized flux measurements described elsewhere (de Vos and
Verweij, 1998; Diniz da Costa et al., 2002). Ports (P) in the
permeate and retentate streams were used to collect gas sam-
ples and to determine the concentrations of the gases by gas
chromatography (GC) analysis. The sweep gas used was argon
and its flow was controlled (FC) at 100 mL min�1. Pressure
transducers (PT) were used to monitor the pressures in both
feed and permeate lines. Experiments were carried out in the
temperature range of 50°C (room temperature) to 250°C. GC
analyses of the gases in the retentate and permeate streams
were conducted in a Shimadzu (Kyoto, Japan) GC with TCD
and FID detectors in series. The selectivity (�) of the mem-
branes for gas mixtures was determined as a function of the
concentration of the gas components in the permeate (cp,i) over
the retentate (cr,i) according to the following equation

�1/ 2 �
cp,1

cr,1

cr,2

cp,2
(1)

Table 2 lists the number of layers and calcination procedure
to coat the scaled-up tubes. The primary layers were prepared
using Locron alumina sols (supplied by Bayer AG, Le-
verkusen, Germany), whereas the intermediate layers were
prepared using a templated [methyltriethoxysilane (MTES)]
sol–gel method. The two top layers, including the selective
layer, were synthesized by a catalyzed hydrolysis process using
tetraethylorthosilicate (TEOS), absolute ethanol (EtOH), 1 M
nitric acid (HNO3), and distilled water. The preparation proce-
dures are described elsewhere (Diniz da Costa et al., 2002).

�-Alumina tubes (length: 10 cm; outer diameter: 1.5 cm)
were used for MSS membrane scale-up. The effective surface
area was 20 cm2, which is 15–20 times larger than that used in
previously published work for small platelet–supported MSS
membranes (Diniz da Costa et al., 2002; Kusakabe et al.,
1999). The tubes were initially sanded to obtain a smooth
surface for film coating. The tubes were then cleaned and
conditioned in an oven at 600°C before film coating. The
dip-coating process was performed on the outside shell of the
tubes in a clean room–type fume hood to avoid dust. Subse-
quently the tubes were calcined as described in Table 2. The
dip-coating–calcination process was repeated for each film
layer coated on the substrate. The tube coated with the selective
layer was assembled in a membrane module depicted in Figure
2. The module was of cylindrical shape to accommodate a tube
membrane with a graphite disc placed at each end side of the
tube.

Results

Single-gas permeation results, depicted in Figure 3A, show
a typical activated permeation (that is, permeation increased
with temperature) for all gases tested except for CO2. It was
also observed that H2 permeation slightly decreased after
200°C. Activated permeation is a property of molecular sieve
materials applicable to all types of gases from room tempera-
ture to about 200–250°C (Diniz da Costa et al., 2000), except
for CO2 (de Vos and Verweij, 1998). Figure 3B shows that the

Table 1. Gas Permeation of Membranes (10�8 mol m�2 s�1 Pa�1) and Permselectivity

PH2 PCO2 PCH4 PH2/PCO2 PH2/PCH4

Temperature
(°C) Reference

2 0.03 0.006 67 333 150 Diniz da Costa et al. (2002)
10 0.9 0.25 11 40 100 Kusakabe et al. (1999)

170 27 0.27 6.3 630 150 de Vos and Verweij (1998)*
68 23 1.3 3.0 52 150 Tsai et al. (2000)*

*Membranes fabricated in clean rooms.

Figure 1. Permeation rig for mode 1 (single gas) and
mode 2 (reformate).

Table 2. MSS Tube Membrane Film Synthesis

Layer
Number

of Layers Chemical Synthesis Calcination

Top selective 2 Two-step sol–gel 500°C at 0.5°C m�1

Top 2 Single-step sol–gel 500°C at 0.5°C m�1

Intermediate 2 Templated sol–gel 500°C at 1°C m�1

Prime 2 Locron 600°C at 1°C m�1
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permeation did not vary that much with respect to pressure
difference across the membrane for each temperature point,
giving a clear indication that the graphite seals functioned very
well. In addition, the pressure difference did not affect per-
meance rates in silica-derived membranes because these mate-
rials have low adsorption rates (de Lange et al., 1995) that
comply with Henry’s law.

The results for permeation of synthetic reformate are listed
in Table 3. The permeation also increased with temperature for
all gases except CO2, thus indicating that activated transport is
also regimenting the transport of gas mixtures through the
membrane. Doubling the pressure difference across the mem-
brane resulted in an increase of concentration of all gases, a
direct result of altering the driving force. CO is a major
problem for fuel cell application because it poisons the elec-
trochemical catalysts in the PEM fuel cell, and should be
reduced to levels below 100 ppm. At 50°C and 1 atm pressure
difference (�P), the scaled-up membrane shows that CO con-
centration was less than 200 ppmv. Therefore, these results
strongly suggest that these membranes can be optimized to
meet the technology requirements for fuel cell application.

An increase in temperature led to higher selectivities, as
shown in Figure 4. The selectivity of H2/CO increased by
twofold (6.3 to 12.6), whereas H2/CO2 trebled in value (1.5 to
5.5). The increases in selectivity were largely attributed to the
adsorption characteristics of the gases tested, leading to acti-
vated transport. For instance, in Figure 3A it was observed that
H2 single-gas permeation increased with temperature, whereas
CO2 decreased and CO increased only slightly. The same trend
was also observed in Table 3. Thus, as the temperature in-
creased the selectivity of H2 to CO and CO2 followed suit.

The MSS membrane tubes were tested for He permeation for
up to 36 days, as shown in Figure 5 under heating and cooling
cycles. During this testing period, the He permeation was
measured after heating the tube membrane to 250°C from room
temperature. The initial increase in permeation from day 1 to
day 2 was attributed to membrane initial conditioning, in
particular that water and atmospheric gases were expelled from
the membrane structure, thus deblocking pores and resulting in
higher permeation rates. He permeation remained quite con-
stant for an additional 5 days and then slightly decayed at a rate
of 7.7 � 10�11 mol m�2 s�1 Pa�1 per day. Thus, fouling or
decaying rates were two orders of magnitude lower than the
current permeation rates, suggesting that MSS tubes may last
up to half a year in fuel systems before regeneration or replace-
ment should be required. These results also indicate that the

Figure 2. MSS tube membrane module system.

Figure 3. Permeation results for (A) 1 atm pressure dif-
ference as function of temperature and (B) He
permeation at various pressure regimes.
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heating and cooling cycles did not affect the tube membrane
performance, suggesting that silica derived films were stable
under temperature-cycling conditions. In addition, the mem-
branes were also tested for high temperatures at 450°C. How-
ever, high-temperature heat induced stress resulted in the mem-
brane tubes cracking at the interface with graphite seals, which
is a problem related to the module design, rather than the
membrane performance.

The results discussed above are very encouraging and further
work will be carried out to optimize the MSS membrane
scaled-up tubes. The major problems encountered in the
scale-up process were related to seal technology rather than
membrane production. There are two major advantages for
MSS membranes to operate at high temperatures. First, refor-
mate systems for fuel cell PEM technology deliver gas streams
around 400°C and membrane systems for CO cleanup should
be able to withstand such high temperatures. Second, adsorp-
tion characteristics of gases change with temperature. High
temperatures enhance gas-separation properties, in particular
for H2 as discussed above, leading to an engineering bench-
mark required to achieve CO concentration to amounts below
100 ppm for fuel cell technology. Thus, the tube membrane
module design will be revisited to address problems related to
heat stress cracks caused on the tube. Furthermore, H2 perme-
ation was relatively low, two orders of magnitudes below
laboratory-scale results reported in the literature. Further work
will thus need to address permeation flux enhancement. This

can be achieved by reducing the number of film layers, as
described in Table 2, provided that selectivity is not compro-
mised. Film-layer reduction leads to flux enhancement, given
that the flux of gases increases proportionally as membrane
thickness decreases.

Conclusion

High-quality silica-derived films were scaled-up to MSS
tube membranes, which exhibited activated transport, a char-
acteristic of molecular sieving materials. Separation of syn-
thetic reformate resulted in CO concentrations below 200
ppmv, strongly suggesting that MSS tube membranes can be
further developed for PEM fuel cell technology. The scaled-up
MSS tube membranes showed good robustness to thermal
cycling and long-life operation because permeation decayed at
two orders of magnitude below permeation rates. High-tem-
perature testing (that is, 450°C) resulted in high thermal stress,
causing the tubes to crack, which is an important issue to be
addressed in future membrane module design.
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