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(57) ABSTRACT

Methods and apparatus are taught for selectively oxidizing
carbon monoxide 1 a source of gas containing carbon
monoxide and hydrogen. A gas containing carbon monoxide
and hydrogen is fed into a membrane reactor (10, 50, 60)
capable of selectively absorbing the carbon monoxide. Pret-
erably, the reactor comprises a substantially defect-free
zeolite membrane (4) having at one metal that acts as an
oxidation catalyst. The zeolite membrane (4) may be sup-
ported on a porous ceramic support (2, 52, 61) and the
average pore diameter 1s preferably between about 0.3 nm
and about 1.0 nm. Moreover, the substantially defect-free

zeolite membrane (4) preferably has a thickness between
about 0.1 micron and about 50.0 microns. The at least one
metal 1s preferably capable of selectively oxidizing the

carbon monoxide and 1s preferably platinum. Preferably, the

temperature of reactor housing i1s maintained at about 200-
300 degrees centigrade.
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FIG5 Reactor Temperature = 150°C
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FIG 8 Reactor Temperature = 225°C
-1
Wy~ T A
H2
— 1072
0
£
S 1073
E
5 0,
=104 K A
A. CO
10 O,
N

10 Detection limit

ik o v oo wlk o o e B s B e B ey B B R gy e ek i gy ey e o aay aa  EEN FE T

0 0.2 0.4 0.6
O, feed rate [mL/min]



Patent Application Publication Sep. 11, 2003 Sheet 8 of 12 US 2003/0168407 Al

250°C

Reactor Temperature

FI1G.9

Flux [mol.m=.s™1]

Detection limit

0 0.2 04 0.6
O, teed rate [mL/min]



Patent Application Publication Sep. 11, 2003 Sheet 9 of 12 US 2003/0168407 Al

FIG.10

CO/H, concentration ratio

Detection limit

0 0.2 0.4 0.6
O, feed rate [mL/min]



Patent Application Publication

FIG.11

$ 25 %1000
(a)

¢ 30 x 1000 ¢ 30 X 1000 ¢ 30 % 1000
(b4 %19 tubes) (3 x37 tubes)q (2.5 %61 tubes)
(d) (e) "

Sep. 11, 2003  Sheet 10 of 12

10mm SIMIm
;2
<34
33 39
d 10 X 1000 b 5 X% 1000

(b) (c)

US 2003/0168407 Al

0.2023%0%. 00
090 Y000 0% 0
020929 0%0
09209 0% %0
0 09030,
000

¢ 30 X 1000
(@2 %91 tubes)

(g)



Patent Application Publication Sep. 11,2003 Sheet 11 of 12 US 2003/0168407 A1

FIG.12

300mm
04
00 | gas feed inlet
,f\ =
| 55
om) (|| 5
V
- T | outlet
outlet 56 at the permeation side
at the fe_ed side
53
NI
)7
0
\ ~ -
53 53 \

o0
02 |



Patent Application Publication Sep. 11,2003 Sheet 12 of 12 US 2003/0168407 A1

gas feed inlet 60

FIG.13

il S eal
15mm 61 64 /

(a) ,

TA 2T T A e WX TR NS
e vy P e CHE WY e P ey Wbt TE T - e
T - outlet
61 - at the
AR T NS -;_.:",h-_-f W Ly e T Ty

permeation side

100mm

0o

seal

69

- 100mm @ e

66 outlet at the feedside

H2z CO

b4
@ seal

61 62 6261 61 62




US 2003/0163407 Al

ZEOLITE MEMBRANES FOR SELECTIVE
OXIDATION OF CARBON MONOXIDE IN MIXED
HYDROGEN GAS SOURCE

[0001] This application claims priority to Japanese patent
application 2000-238704, filed on Aug. 7, 2000, the disclo-
sure of which 1s expressly incorporated herein by reference.

BACKGROUND OF THE INVENTION
0002] 1. Field of the Invention

0003] The present invention generally relates to zeolite
membranes impregnated with one or more oxidation cata-
lysts. Such zeolite membranes are capable of selectively
oxidizing and/or removing carbon monoxide and other oxi-
dizable gas molecules contained 1 a hydrogen gas source.
In one preferred aspect; the present invention also relates to
devices for producing a hydrogen gas source that 1s sub-
stantially free of carbon monoxide, which hydrogen gas
source may be utilized with a fuel cell for generating electric
energy, such as a fuel cell for a vehicle.

0004] 2. Description of Related Art

0005] Fuel cells are currently being developed in order to
more elficiently utilize hydrocarbon resources and such fuel
cells are expected to be utilized 1n environmentally friendly
fuel cells, such as e.g., electrically powered vehicles. Such
fuel cells typically utilize hydrogen that is produced by a
stcam reforming reaction, for example, of methanol
(CH,OH+H,O — CO,+3H,) in a reformer. However, the
reformed gas produced by the reformer also usually contains
a small amount of carbon monoxide (usually 1-2%) that is
produced by a reverse shift reaction (CO,+H, — CO+H,0).
Because many current fuel cell designs utilize a platinum
clectrode catalyst, the presence of carbon monoxide 1n the
reformed gas will poison the platinum electrode catalyst and
can substanfially reduce the efficiency of the fuel cell.
Therefore, it 1s highly desirable to deliver a hydrogen gas
source to the fuel cells that 1s substantially free of carbon
monoxide (i.e. less than 50 ppm of carbon monoxide and
more preferably less than 10 ppm of carbon monoxide).

[0006] Micro-porous hydrogen separation membranes
consisting of a thin film of palladium have been utilized to
prepare substantially pure hydrogen gas sources. Such pal-
ladium thin films selectively allow hydrogen gas to pass
through the film, but do not permit other molecules to pass.
Therefore, highly pure hydrogen gas sources can be pro-
duced with such palladium thin films. However, palladium
1s a precious metal and such palladium films can be very
expensive to produce. Therefore, such palladium films are
not economical for use 1n fuel cells that may be utilized, e.g.,
in automobiles.

[0007] A zeolite membrane has also been proposed in
Japanese Laid-open Patent Publication no. 10-36114, which
zeolite membrane 1s formed on a porous support. This
zeolite membrane was successiully utilized to selectively
separate carbon dioxide gas from a mixture of nitrogen and
carbon dioxide gases. It 1s believed that such zeolite mem-
branes may have higher retention times for polar gases than
for non-polar gases.

[0008] Zeolite catalysts impregnated with platinum have
also been described 1n U.S. Pat. Nos. 5,702,838, 5,874,051
and 5,955,395 for selectively oxidizing carbon monoxide 1n
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a mixture of hydrogen and carbon monoxide gases. How-
ever, these publications describe a bed reactor, in which a
zeolite powder 1s packed 1nto a carrier structure. Although
oood results are described with these techniques, bed reac-
tors are inherently inefficient, because the gas mixture can
pass over the catalyst without being forced to contact the
catalyst. Thus, such catalytic systems will have difficulty to
produce hydrogen gas sources that are substantially free of
carbon monoxide (i.e. less than 50 ppm of carbon monox-
ide). Also, in order to increase the opportunity for the gas
mixture to contact the catalyst, such bed reactors require a
relatively large amount of precious metals and thus, are not
cost-effective.

[0009] Zeolite membranes impregnated with noble metal
catalysts have been suggested 1 several references, e.g.,

U.S. Pat. Nos. 5,618,435, 5,716,527, 5,779,904, 5,871,650,
5,895,769, 5,849,980 and 5,942,119. However, none of
these references suggests the use of such zeolite membranes
for selectively oxidizing carbon monoxide 1in a mixture of
hydrogen and carbon monoxide gases. Further, none of these
references teaches an example of the actual preparation of
such a zeolite membrane 1impregnated with a noble metal
catalyst, or has described the properties of such a zeolite
membrane.

SUMMARY OF THE INVENTION

[0010] It is, accordingly, one object of the present inven-
tion to overcome one or problems of the prior art. In one
embodiment of the present teachings, zeolite membranes are
taught that can be utilized to produce hydrogen gas sources
that are substantially free of carbon monoxide.

[0011] In one aspect of the present teachings, zeolite
membranes are taught that have molecule permselectivity.
That 1s, the zeolite membranes are capable of separating
and/or removing oxidizable gas molecules with high accu-
racy (specificity), while providing a comparatively high gas
permeation flow rate (gas treatment speed) sufficient for
practical applications. Oxidizable gas molecule 1include gas-
ified organic compounds or gas molecules that can be
oxidized utilizing platinum and/or other oxidation catalysts.

[0012] In another aspect of the present teachings, porous
ceramic membranes are taught that have gas-permeable fine
pores. Preferably, at least one metal catalyst 1s incorporated
into the porous ceramic membrane and the metal catalyst
preferably acts as an oxidation catalyst. In another aspect of
the present teachings, the porous ceramic membrane com-
prising a metal catalyst 1s formed on the surface of an
Inorganic porous support. Such porous ceramic membranes
preferably provide molecular permselectivity, because the
gas-permeable fine pores absorb certain gases more readily
than other gases.

[0013] For example, when the present zeolite membranes
are utilized at ambient temperatures, polar gases (e.g. carbon
monoxide and other oxides, such as nitrogen oxides) are
believed to be more readily absorbed by the fine pores of the
zeolite membrane than non-polar gases (e.g. hydrogen gas).
In addition, at higher temperatures such as 100-200° C. or
more, the present zeolite membranes are believed to provide
molecule selective gas permeability due to a molecular sieve
cffect, which 1s due to the presence of fine pores of a
molecule level size that are distributed over the zeolite
surface. As a result, the retention rate of the polar gases in
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the zeolite membrane 1s much greater than the non-polar
cgases. By incorporating a metal catalyst, such as a noble
metal (e.g. platinum), into the fine pores, the polar gases can
be selectively oxidized. Thus, for example, 1if a mixture of
carbon monoxide and hydrogen gases 1s passed through a
zeolite membrane 1mpregnated with platinum, the carbon
monoxide 1s selectively oxidized to carbon dioxide, even 1t
hydrogen 1s present 1in excess of the carbon monoxide. In
fact, even though platinum 1s utilized as the catalyst and
platinum 1s well known to catalyze the oxidation of hydro-
gen 1n the presence of oxygen, substantially no hydrogen 1s
oxidized by the present zeolite membranes.

[0014] As a result, carbon monoxide or other harmful
components 1n a mixed hydrogen gas source can be selec-
fively oxidized and converted into other harmless molecule
species (e.g. carbon dioxide) by permeating the mixed
hydrogen gas source through the fine pores of the zeolite
membrane. Further, because the mixed hydrogen gas source
must pass through the fine pores of the zeolite membrane,
such a structure 1s far more efficient than bed reactors
comprising zeolite powders. That 1s, because the mixed
hydrogen gas source 1s forced to pass through the fine pores,
the harmful components (e.g. carbon monoxide) are more
likely to contact the surface of the zeolite material and thus
more likely to be absorbed by the zeolite membrane than a
zeolite powder. Consequently, the oxidation of the harmful
component can be performed more efficiently, thereby sub-
stantially reducing the amount of such harmful components
in the hydrogen gas source.

[0015] Moreover, the present zeolite membranes can be
very thin (e.g. 1-50 microns and more preferably 5-20
microns) and require only a small amount of the noble metal
catalyst (e.g. 1-10% by weight). Thus, by reducing the
amount of metal catalyst, which can be very expensive, the
overall cost of the system can be substantially reduced as
compared to bed reactors filled with zeolite powder. More-
over, the pore size of such zeolite membranes permits
relatively high gas permeation flow rates. Therefore, suitable
zeolite membrane reactors can be utilized for practical
applications, such as preparing hydrogen gas sources that
are substantially free of carbon monoxide for various fuel
cell applications.

[0016] In another aspect, zeolite membranes comprise fine
pores that have the property of being less permeable to
carbon monoxide than to hydrogen. The average size of the
fine pores preferably selectively permeates hydrogen gas
over other harmful components, such as carbon monoxide.
In one preferred aspect of the present teachings, the average
pore diameter of the zeolite membrane 1s between about
0.3-1.0 nm and more preferably, the average pore diameters
are between about 0.3-0.9 nm. Further, these zeolite mem-
branes can be utilized to prepare membrane reactors for
selectively removing carbon monoxide from a mixed hydro-
gen gas Source.

[0017] For example, such zeolite membranes can selec-
fively reduce the membrane permeation flow rate of carbon
monoxide vis-a-vis hydrogen. In other words, these zeolite
membranes have a retention rate for carbon monoxide that
1s significantly greater than hydrogen, preferably at least
about 10 times greater for carbon monoxide than hydrogen.
By incorporating a material (e.g. oxidation catalyst) into the
zeolite membrane that oxidizes carbon monoxide, the car-
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bon monoxide can be efficiently and selectively oxidized as
the carbon monoxide permeates the zeolite membrane. Con-
sequently, carbon monoxide can be removed from a mixed
hydrogen gas source with high efficiency and selectivity.

|0018] In another aspect of the present teachings, the
thickness of the zeolite membrane 1s preferably between
about 0.1-50 microns and more preferably, between about
1.0-20 microns. Moreover, the zeolite membrane 1s prefer-
ably mncludes a defect-free ceramic layer and the thickness
of the defect-free layer 1s preferably at least about 1.0-5.0
microns. A defect-free zeolite membrane 1s intended to mean
a continuous layer of zeolite material that 1s substantially
free of cracks or fissures. Therefore, the gas molecules must
pass through the fine pores of the zeolite membrane 1n order
to transverse the zeolite membrane and can not simply pass
over the zeolite material without contact, as 1s possible with
zeolite powders utilized 1 bed reactors.

[0019] Thus, by providing a defect-free zeolite layer, the
mixed hydrogen gas source must pass through the fine pores
of the zeolite membrane, which increases the opportunity for
the zeolite material to contact the oxidizable molecules.
Thus, a continuous, substantially defect-free zeolite layer
increases the absorption of harmful components (e.g. carbon
monoxide) in the zeolite membrane and thus, increases the
cficiency of the oxidation catalyst disposed within the
zeolite membrane. In addition to the manufacturing tech-
niques described herein, other techniques for preparing a
continuous, substantially defect-free zeolite membrane are
known 1n the art.

[0020] As discussed above, a zeolite i1s the preferred
substance for the membrane. Porous zeolite membranes can
be prepared that have a property of more readily absorbing
polar molecules, such carbon monoxide, than non-polar
molecules, such as hydrogen. This property 1s believed to be
based upon the molecular sieve properties inherent to zeo-
lites.

[0021] In another aspect of the present teachings, the
zeolite membrane 1s supported by a porous support of
another material, which preferably may be a porous ceramic
material although porous metal supports and other similar
porous materials can be advantageously utilized with the
present teachings.

[10022] For example, the zeolite membrane may be coated
onto the surface of a porous support. Because the zeolite
membrane can be very thin (e.g. about 1-50 microns in
thickness), the porous support may be utilized to provide
mechanical strength to the zeolite membrane. Thus, the
porous support preferably increases the durability of the
zeolite membrane without decreasing the gas permeation
rates through the membrane structure. A membrane reactor
may be formed by supporting the zeolite membrane on the
porous support in a membrane reaction module (unit). Such
membrane reactors may have excellent strength and stability
and can be employed 1n gas oxidation reactor apparatus of
various types and sizes. Again, such membrane reactors may
be preferably utilized 1n an apparatus that separates and/or
removes harmful gas components, e.g. carbon monoxide,
from a mixed hydrogen gas source.

[0023] Preferred zeolite membranes provide selective gas
permeability due to the adsorption and/or molecular sieve
properties of the fine pores (1.e. molecular size pores), which
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are distributed over the zeolite membrane surface. More-
over, the oxidation and removal of oxidizable gas molecules
during permeation through the membrane can be conducted
with high efficiency via the oxidation catalyst supported on
the outer surface of the membrane and/or on the inner wall
surface of the fine pores. Due to the gas separation capacity
of the zeolite membrane 1itself and its capacity as an oxida-
tion catalyst, the present zeolite membranes have excellent
molecule permselectivity.

10024] In another preferred aspect of the present teach-
ings, the zeolite membrane preferably comprises a Y-type
zeolite. Such Y-type zeolite membranes preferably comprise
fine pores that are distributed over the membrane surface.
Such fine pores have desirable properties and sizes so as to
restrict the permeation of polar molecules of a relatively
large size, such as carbon monoxide molecules, with respect
to permeation of non-polar molecules of a small size, such
as hydrogen molecules. Therefore, Y-type zeolite mem-
branes can be effectively utilized to selectively absorb polar
molecules, such as carbon monoxide. By incorporating an
oxidation catalyst, such as a noble metal, in to the Y-type
zeolite membrane, carbon monoxide, for example, can be
selectively oxidized in a mixed hydrogen gas.

[0025] Representative methods of making zeolite mem-
branes having excellent molecule permselectivity are also
provided herein. For example, a zeolite membrane (e.g. a
Y-type zeolite membrane) may be coated onto the surface of
a porous support. Accordingly, zeolite particles are caused to
adhere to the surface of a porous support. At least one
composition that can catalyze the oxidation of carbon mon-
oxide to carbon dioxide 1s then preferably incorporated or
impregnated into the zeolite membrane. Preferably, noble
metals are utilized to catalyze this reaction and for example,
various transition metals, such as but not limited to plati-
num, may be incorporated into the zeolite membrane.

[0026] The present zeolite membranes may preferably be
utilized 1 a system for selectively removing carbon mon-
oxide from a mixed hydrogen gas source. When for example
methanol 1s subjected to a methanol reforming reactor,
various gas components are formed, including hydrogen,
carbon monoxide, and carbon dioxide. In addition, un-
reacted methanol and water vapor may remain in the mix-
ture. Thus, while hydrogen gas 1s the primary component of
this mixture, various other gaseous components are
included. Therefore, according to the present specification,
one example of a “mixed hydrogen gas source” is the gas
components generated when methanol 1s reformed accord-
ing to known reformation techniques. In particular, a “mixed
hydrogen gas source” preferably includes hydrogen as a
primary component, but may include various other unessen-
fial gas components, such as carbon monoxide, carbon
dioxide and water vapor. However, it should be noted that a
“mixed hydrogen gas source” can mean any gaseous mixture
that comprises hydrogen as a primary component, but also
includes other gaseous components that are preferably
removed and/or oxidized 1n order to increase the purity of
the hydrogen gas.

10027] Thus, in another aspect of the present teachings, a
mixed hydrogen gas source may be forcibly passed (e.g.
under pressure) through a zeolite membrane comprising an
oxidation catalyst. Another source of oxygen may be pro-
vided, such as for example oxygen gas, air containing
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oxygen or water vapor that may be hydrolyzed to release
excess oxygen. The additional oxygen can be utilized to
oxidize the carbon monoxide to carbon dioxide. By forcing
the enfire mixed hydrogen gas source through the present
zeolite membranes, harmful components, such as carbon
monoxide, can be selectively oxidized with high selectivity
and efficiency. According to experiments described 1n fur-
ther detail below, carbon monoxide can be reduced to below
current detection levels (1.e. about 8 ppm). However, no
substantial oxidation of hydrogen gas was noted. Thus, the
present zeolite membranes can be utilized 1n reactor systems
for efficiently producing a hydrogen gas source that is
substantially free of carbon monoxide. Thus, for example,
such membrane reactors will be highly useful to prepare
appropriate hydrogen gas sources for fuel cells. Naturally,
such membrane reactors can be constructed in various ways
and some representative examples will be described below.

[0028] Other objects, features and advantages of the
present teachings will become apparent upon further review
of the following description, claims and drawings.

BRIEF DESCRIPTION OF THE DRAWINGS

10029] FIG. 1 is a cross-sectional view schematically
illustrating the structure of a tubular gas separation module
constructed with a representative zeolite membrane.

10030] FIG. 2 is an electron microscopic image showing
the cross section of a representative PtY-type zeolite mem-
brane that 1s disposed on the inner surface of a porous
support tube.

[0031] FIG. 3 is a block diagram schematically illustrat-
ing a carbon monoxide removal apparatus constructed by
using representative zeolite membranes.

10032] FIG. 4 is a schematic drawing explaining the
internal structure of a permeation tube installed 1n the carbon
monoxide removal apparatus of FIG. 3.

[0033] FIG. 5 is a graph illustrating the relationship
between the flow rate of hydrogen, carbon monoxide, and
oxygen permeation through a PtY-type zeolite membrane at
a temperature of 150° C.

10034] FIG. 6 is a graph illustrating the relationship
between the flow rate of hydrogen, carbon monoxide, and
oxygen permeation through a PtY-type zeolite membrane at
a temperature of 175° C.

[0035] FIG. 7 is a graph illustrating the relationship
between the flow rate of hydrogen, carbon monoxide, and
oxygen permeation through a PtY-type zeolite membrane at
a

0036]

0037] FIG. 8 is a graph illustrating the relationship
between the flow rate of hydrogen, carbon monoxide, and
oxygen permeation through a PtY-type zeolite membrane at
a temperature of 225° C.

temperature of 200° C.

[0038] FIG. 9 is a graph illustrating the relationship
between the flow rate of hydrogen, carbon monoxide, and
oxygen permeation through a PtY-type zeolite membrane at
a temperature of 250° C.

[0039] FIG. 10 is a graph illustrating the relationship
between the carbon monoxide/hydrogen concentration ratio
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and oxygen feed flow rate through a PtY-type zeolite mem-
brane at various temperatures.

10040] FIG. 11 shows several cross-sectional views that
schematically 1llustrate representative tubular gas separation
modules that may be constructed using the representative
zeolite membranes, in which FIGS. 11(a)-(c) show single
tubular type modules and FIGS. 11(d)-(g) show multi tubu-
lar type modules.

10041] FIG. 12 is a schematic drawing that shows a

representative carbon monoxide removal apparatus having
four permeation tubes.

10042] FIG. 13 shows a multi-layer plate type gas sepa-
ration module, in which FIG. 13(a) is a schematic drawing
showing a representative structure for a multi-layer plate
reactor and FIG. 13(b) is a cross-sectional view schemati-
cally showing the flow and permeation of the feed gas.

DETAILED DESCRIPTION OF THE
INVENTION

[0043] In one embodiment of the present teachings, appa-
ratus are taught that may comprise a reactor housing having
a gas feed inlet and a gas discharge port. For example, a
mixed hydrogen gas source may be input into the gas feed
inlet. Preferably, the reactor housing 1s substantially air tight
with the exception of the gas feed 1nlet and the gas discharge
port.

10044] A substantially defect-free zeolite membrane is
preferably disposed between the gas feed inlet from the gas
discharge port. Thus, the zeolite membrane may substan-
tially separate the reactor housing into a first half and a
seccond half. The zeolite membrane preferably includes
gas-permeable fine pores, which pores are substantially less
permeable to carbon monoxide than to hydrogen. For
example, the gas-permeable fine pores may have a higher
retention time for polar gases, such as carbon monoxide,
than non-polar gases, such as hydrogen.

[0045] The zeolite membrane also preferably comprises at
least one metal that acts as an oxidation catalyst, which
oxidation catalyst may be supported on the porous zeolite
membrane. In a preferred use of such apparatus, a mixture
of hydrogen and carbon monoxide may be supplied to the
cgas feed inlet and forced to permeate through the substan-
tially defect-free zeolite membrane. As a result, the carbon
monoxide 1s selectively oxidized without significant oxida-
tion of the hydrogen. For example, the present apparatus
may be utilized to prepare a source of hydrogen gas than 1s
substantially free of carbon monoxide, ¢.g. the carbon mon-
oxide concentration 1s less than about 50 ppm and more
preferably, less than 10 ppm.

[0046] The present apparatus can be modified or con-
structed 1n a variety of ways. For example, the zeolite
membrane may be supported on an 1norganic porous sup-
port, such as for example alumina or other similar porous
ceramic support. Moreover, the average pore diameter of the
gas-permeable fine pores 1s preferably between about 0.3 nm
and about 1.0 nm. Moreover, the substantially defect-free
zeolite membrane may have a thickness of between about
0.1 micron and about 50.0 microns. In particularly preferred
embodiments, the zeolite membrane comprises a Y-type
zeolite.
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[0047] Methods of making a zeolite membrane are also
taught herein. For example, a porous ceramic support sur-
face may be contacted or rubbed with zeolite particles. The
zeolite particles may be, e.g. X-type zeolite particles. After
rubbing the zeolite particle on the ceramic support surface,
the porous ceramic support surface may be contacted with a
solution of zeolite starting materials, which may preferably
include a source of silicon and a source of aluminum.
Thereafter, the porous ceramic support surface and the
zeolite starting materials may be heated and pressurized 1n

order to form a zeolite membrane on the porous support.
Preferably, the zeolite membrane 1s substantially defect-free
and forms a continuous layer on the porous support. Further,
at least one oxidation catalyst may be introducing (and/or
impregnated) into the zeolite membrane. For example, the
oxidation catalyst may be at least one metal that 1s capable
of oxidizing target molecules and more preferably may be a
noble transition metal.

[0048] Further, methods for selectively oxidizing carbon
monoxide 1n a source of gas containing carbon monoxide
and hydrogen are also taught. For example, such methods
may 1nclude feeding a gas containing carbon monoxide and
hydrogen into a membrane reactor capable of selectively
absorbing the carbon monoxide. That 1s, the membrane
reactor preferably has a longer retention time for carbon
monoxide than hydrogen. In particularly preferred embodi-
ments, the retention time for carbon monoxide 1s at least
about 8-10 times longer than for hydrogen. In other pre-
ferred embodiments, the reactor preferably includes a sub-
stantially defect-free zeolite membrane and the gas contain-
ing carbon monoxide and hydrogen 1s forcibly passed or
permeated through the zeolite membrane. More preferably,
the zeolite membrane includes at least one oxidation catalyst
that 1s capable of selectively catalyzing the oxidation of
carbon dioxide 1n the presence of hydrogen. The oxidation
catalyst may be, e.g. at one metal that acts as an oxidation
catalyst supported on an inorganic porous support, which at
least one metal selectively oxidizing the carbon monoxide.
More preferably, the oxidation catalyst 1s a noble transition
metal, such as platinum.

[0049] These methods may be modified in various ways.
For example, the gas containing carbon monoxide and
hydrogen gas may be forced through the zeolite membrane
at a temperature of about 200-300° C. In certain circum-
stances, the selective oxidation of carbon dioxide by the
oxidation catalyst 1s facilitated at higher temperatures. How-
ever, oxidation catalysts that selectively oxidize carbon
monoxide at higher or lower temperatures also may be
utilized with the present teachings.

[0050] The zeolite membrane is preferably supported on a
porous ceramic support, such as alumina, although other
porous supports, such as porous metal supports may be
utilized. It 1s preferably that the porous support imparts
mechanical strength to the zeolite membrane, thereby mak-
ing the zeolite membrane more durable, without reducing
the gas flux rate through the zeolite membrane. Thus, the
porous support may, for example, have pore sizes that are
larger, and preferably much larger, than the gas-permeable
fine pores of the zeolite membrane. In addition or in the
alternative, the porous support preferably does not substan-
tially absorb the gas components, although this feature is
optional.
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[0051] The zeolite membrane preferably has an average
pore diameter of between about 0.3 nm and about 1.0 nm
and Y-type zeolites may preferably utilized as the source of
zeolite material for the zeolite membrane. Moreover, the
zeolite membrane 1s preferably continuous and substantially
defect-free and the defect-free portion of the zeolite mem-
brane preferably has a thickness of between about 0.1
micron and about 50.0 microns.

[0052] Preferably, porous membranes are utilized that
provide relatively high heat resistance and maintain suitable
and stable gas separation capacity and oxidation catalyst
capacity 1n temperature ranges that are commonly utilized in
the preparation and use of mixed hydrogen gas sources. For
example, the present porous membranes are preferably reli-
able and stable in a temperature range of about 150° C.~300°
C. and more typically about 200° C.~300° C. Accordingly,
Inorganic porous membranes are preferred, such as porous
membranes comprising silica, silica-zirconia, or silicon
nitride. More preferably, such inorganic porous membranes
include gas-permeable fine pores and zeolite membranes are
particularly appropriate materials. Various synthetic zeolites
can be utilized to prepare the present zeolite membranes,
including but not limited to Y-type zeolites, X-type zeolites,
A-type zeolites, mordenite, ZSM-5, silicalite and other zeo-
lite materials.

[0053] Such zeolite membranes and apparatus for selec-
fively oxidizing carbon monoxide 1in a mixture of hydrogen
gas can be utilized to prepare hydrogen gas sources, which
are substantially free of carbon monoxide. One use of such
hydrogen gas sources 1s fuel cells. Various fuel cell systems
have been proposed and the present teachings are highly
uselul to provide the hydrogen gas source that 1s necessary
to operate such fuel cells. In fact, the present teachings can
be utilized for a variety for fuel cell designs, such as fuel cell
designs for electrically powered automobiles, electrically-
powered household appliances and any other electrically-
powered devices that can be powered by a fuel cell, which
operates on hydrogen gas.

[0054] Preferred zeolite membranes may be prepared as a
single-layer structure, which consists of only one-type of
zeolite material, or a multi-layer structure comprising two or
more different zeolite materials. If the zeolite membrane will
be utilized to selectively oxidize carbon monoxide in a
mixed hydrogen gas source, a Y-type zeolite or mordenite
zeolite are particularly preferred. The average pore size 1s
preferably between about 0.3 nm to 0.9 nm and more
preferably between about 0.7 nm to 0.8 nm. Therefore, such
fine pores will not restrict the permeation of non-polar
molecules having a relatively small size, e.g., hydrogen
(which has a kinetic molecular diameter of about 0.29 nm).
However, such zeolite membranes can restrict permeation
by larger polar molecules and also such zeolite membranes
can selectively absorb smaller polar molecules, e.g. carbon
monoxide (which has a kinetic molecular diameter of about

0.38 nm).

[0055] Y-type zeolite materials are particularly preferred,
because Y-type zeolites have a crystal structure that 1s
identical to “faujasite,” which 1s a natural zeolite. Thus,
Y-type zeolites provide a crystal structure 1n which the pore
diameter opening consists of a 12-membered ring structure
of oxygen. The average pore diameter 1s about 0.74 nm and
the supercage 1s about 1.3 nm. Consequently, the pores of a
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Y-type zeolite provide suflicient clearance for carbon mon-
oxide, which 1s to be oxidized and removed, and oxygen
molecules (kinetic molecule diameter of about 0.35 nm).

[0056] Various materials can be utilized as the oxidation
catalyst. In one embodiment of the present teachings, the
oxidation catalyst must be capable of catalyzing the oxida-
fion of one or more harmful components 1n a mixed hydro-
ogen gas source. For example, the oxidation catalyst must be
capable of catalyzing the oxidation of carbon monoxide in
the presence of oxygen and more preferably in the presence
of excess oxygen. For example, various metals are known to
act as oxidation catalysts and one or more such metals may
be i1ncorporated imto the zeolite membrane. In particular,
various noble metals, such as platinum (Pt), palladium (Pd),
ruthenium (Ru), gold (Au), rhodium (Rh), and iridium (Ir),
or alloys thereof may be utilized to catalyze the oxidation of
carbon monoxide. However, oxidation catalysts of the
present teachings are not limited to such noble metals. In
fact, any oxidation catalyst can be utilized that 1s capable of
selectively oxidizing carbon monoxide when disposed 1n a
zeolite membrane of the present teachings.

[0057] Various methods can be utilized to prepare appro-
priate zeolite membranes, and instructive methods have
been employed 1n the manufacture of known gas separation
membranes. For example, appropriate zeolite membrane can
be manufactured using a hydrothermal synthesis of various
materials. In one preferred method, a zeolite membrane can
be formed on the surface of a porous ceramic support.
Supports of various shapes can be utilized, such as tubular,
plate-like, and monolithic shape and various support mate-
rials may be utilized, such as alpha-alumina.

[0058] For example, the porous ceramic support may be
placed 1n a solution containing an alkali source, an alumina
source, and a silica source serving as zeolite source materials
and heat treated, for example, for 5 to 100 hours at a
temperature of 80~200° C. In preferred methods, the tem-
perature 1s increased at a rate of equal to or less than about
1° C. per minute and then the resulting zeolite membrane
and porous ceramic support are cooled at a rate of equal to
or less than about 1° C. per minute. As a result, a continuous
zeolite polycrystalline membrane without defects will reli-
ably form on the support surface and/or 1nside the pores of
the porous ceramic support.

[0059] Various starting materials can be utilized without
particular restriction. For example, the alkali source may be
hydroxides or various salts of alkali metals or alkaline earth
metals. The alumina source may be, e.g., aluminum chlo-
ride, aluminum nitrate, aluminum sulfate or another similar
material. The silica source may be, e.g., a colloidal silica,
sodium silicate or other similar silica source.

[0060] A defect-free polycrystalline zeolite membrane can
be formed using such techniques and such defect-free poly-
crystalline zeolite membranes are highly resistant to the
formation of pinholes or crystal gaps. Thus, a zeolite mem-
brane can be continuously formed on the porous ceramic
support surface. Naturally, the porous ceramic support prei-
erably has pores that are larger than the fine pores 1n the
zeolite membrane. That 1s, the porous ceramic support
preferably may be used merely to mechanically support the
zeolite membrane and it 1s preferred that the porous ceramic
support does not degrade the gas permeation characteristics
of the zeolite membrane. For example, various porous
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ceramic supports are known (e.g. alumina) that have sub-
micron sized pores (e.g., 0.1-1.0 microns) or pores on the
order of several microns (e.g., 1-10 microns). As a result,
such porous ceramic supports can be advantageously uti-
lized to mechanically support the present zeolite mem-
branes.

[0061] In one preferred method, the formation of zeolite
membrane 1s promoted by rubbing zeolite particles into the
porous support surface (e.g. the outer surface and inner wall
surface of pores) prior to performing the hydrothermal
reaction. Zeolite particles are generally more brittle than the
porous ceramic support, such as an alumina. Thus, fine
zeolite particles produced by grinding during such rubbing
can be forced to adhere to a wide area of the ceramic support
surface. By rubbing these fine zeolite particles mto the
ceramic support, 1t 1s believed that nucleation sites are
formed for the later crystallization of the zeolite membrane.
However, other techniques for forming crystallization nucle-
ation sites and for promoting the formation of the zeolite
membrane may naturally be utilized with the present teach-
ings. Preferably, X-type zeolite particles are rubbed 1nto the
porous support surface before the hydrothermal reaction.

[0062] After forming the polycrystalline zeolite mem-
brane on the porous ceramic support, the oxidation catalyst
may be 1ntroduced into the zeolite membrane. Naturally, the
oxidation catalyst can be introduced at any time, and 1n fact
can be imcorporated into the zeolite membrane when the
zeolite membrane 1s crystallizing on the porous ceramic
support. Various techniques for incorporating the oxidation
catalyst 1nto the zeolite membrane may be utilized.

[0063] In one embodiment of the present teachings, the
oxidation catalyst 1s a metal having the desired oxidation
catalyst capacity. No specific limitation 1s placed on the
method for incorporating the metal into the zeolite mem-
brane. For example, 1f the zeolite membrane 1s an alkali
metal 10n substitution type, such as a NaY-type zeolite, the
desired metal catalyst can be impregnated into the zeolite
membrane by an 10n exchange method using a noble metal
salt such as a platinum salt.

[0064] In one representative method, the zeolite mem-
brane 1s placed 1n an aqueous solution of a platinum amine
salt (for example, [Pt(NH,),]CL,) and subjected to heating
and shaking (typically, for no less than 2 hours at a tem-
perature of 70-80° C.). The platinum complex is introduced
into the Y-type zeolite via an 10n exchange with sodium 1ons.
Thereafter, a platinum Y-type zeolite membrane (hereinafter,
a “PtY-type zeolite membrane”) can be produced by firing
(i.e. calcinating), typically in air, in an electric furnace and
reducing the platinum, e.g., in a stream of hydrogen gas.
Although the preferred firing temperature is about 200~600°

C. (more preferably 200-300° C.) and the preferred heating
fime 1S about 3 hours, these conditions are not limiting.

[0065] In another aspect of the present teachings, zeolite
membranes preferably exhibit the properties of bemng a
selective gas permeation membrane (gas separation mem-
brane) and having a selective oxidation catalyzing capacity.
Therefore, i1t 1s preferable that target molecules within a
mixed gas substance can be oxidized and separated (or
removed) in order to prepare substances that are substan-
fially free of the target molecule. As a result, various
applications of the present zeolite membranes are possible.
For example, in one possible application, the present zeolite
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membranes can be utilized as gas separation membranes for
separation and purification of a target gas component (for
example, separation membrane for hydrogen gas purifica-
tion). Another possible utilization is a membrane for selec-
tive oxidation and removal of volatile organic compounds,
carbon monoxide or other oxides, including NO_ species.
Examples of other applications include membrane air clean-
ers for removal of harmful oxidizable gas molecules present
in 1ndoor air or membrane-like NO_ removing materials for
removal of harmful NO_ from exhaust gases of automobiles
or other internal (combustion engines.

[0066] The present zeolite membranes can be disposed
within reaction modules that are incorporated into containers
or other types of apparatus. For example, as noted above, the
zeolite membrane can be used to remove carbon monoxide
from a reformed gas for fuel cells (e.g. a mixed hydrogen gas
source) and purification of hydrogen gas. In this case, the
zeolite membrane may be formed as a coating on the surface
of a plate-like porous support or inner wall surface of a
tubular porous support. The combination of the zeolite
membrane coated on the porous support may be utilized as
a gas separation module. A plurality of such gas separation
modules may be separately constructed and utilized in
parallel in order to provide a relatively high flux rate for the
hydrogen gas. For example, a carbon monoxide removal
apparatus incorporating one or more such modules can be
installed in a hydrogen gas feed line of a fuel cell (that is,
between a reformer and the fuel cell module). Therefore, a
carbon monoxide removal apparatus (and a membrane reac-
tion module used therein) for a compact fuel cell system can
be prepared, which can efficiently remove carbon monoxide
from the mixed hydrogen gas source with a relatively high
oas flux rate.

[0067] In addition or in the alternative, the present zeolite
membranes and membrane reactors can be utilized 1n mod-
ules for the oxidation of unburned hydrocarbons (paraffins,
olefins, aldehydes and aromatic compounds) and/or separa-
tion and removal of oxidation products. Thus, membrane
reactors can be prepared to treat exhaust gases. Moreover,
membrane reactor module can be prepared for exhaust gas
treatment and the membrane reactor modules may incorpo-
rate such membrane reactors. Of course, exhaust gas treat-
ment apparatus may incorporate such modules.

[0068] Further, as noted above, the oxidation catalyst is
preferably incorporated mto the zeolite membrane. Because
the zeolite membrane can more efficiently and selectively
oxidize the target molecule, the amount of oxidation catalyst
(e.g. a noble metal) can be greatly reduced in comparison
with known reactors (bed reactors), such as bed reactors that
are filled with an oxidation catalyst (platinum or other noble
metal). Therefore, the present teachings provide purification
modules and apparatus that provide superior performance
with lower material costs.

[0069] Each of the additional features and method steps
disclosed above and below may be utilized separately or in
conjunction with other features and method steps to provide
improved zeolite membranes and methods for making and
using the same. Detalled representative examples of the
present teachings, which examples will be described below,
utilize many of these additional features and method steps 1n
conjunction. However, this detailed description is merely
intended to teach a person of skill 1n the art further details
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for practicing preferred aspects of the present teachings and
1s not 1ntended to limit the scope of the invention. Only the
claims define the scope of the claimed invention. Therefore,
combinations of features and steps disclosed 1n the follow-
ing detailed description may not be necessary to practice the
present teachings in the broadest sense, and are instead
taught merely to particularly describe representative and
preferred embodiments of the present teachings, which will
be explained below 1n further detail with reference to the
figures. Of course, features and steps described in this
specification may be combined 1n ways that are not specifi-
cally enumerated 1n order to obtain other usual and novel
embodiments of the present teachings and the present inven-
tors contemplate such additional combinations.

0070] 1. Fabrication of Platinum-Impregnated Y-Type
Zeolite Membrane and Tubular Gas Separation Module

[0071] A porous alpha-alumina tube (tube length=200
mm, 1nner diameter=1.7 mm, outer diameter=2.1 mm, void
capacity=0.40, pore size=120~150 nm) was used as a zeolite
membrane support (hereinafter “support tube 27). A repre-
sentative tubular gas separation module 1 was fabricated as
shown in FIG. 1. Specifically, the outer surface of the
support tube 2 was sealed with a glass sealing agent (Nippon
Electric Glass Corp., #GA-4), with the exception of a central
portion 2a (13 mm) in the longitudinal direction thereof, and
a glass-sealed portion 3 was formed. That 1s, the glass-sealed
portion 3 was made i1mpermeable to gases so that the
gas-permeable area of the support tube 2 was limited the
central portion 2a. In this example, the gas-permeable
surface area of the central portion 2a was 7.2x10™> m~.

[0072] The starting material solution for zeolite membrane
synthesis was prepared in the following manner. A sodium
silicate solution, sodium aluminate, sodium hydroxide, and
de-10nized water were mixed and further stirred for 12 hours
at room temperature. For example, Al,0,:510,:Na,0O:H,O
was utilized 1n a molar ratio of 1:12.8:17:975 1n order to
prepare the starting material solution.

[0073] In order to promote nucleation, NaX-type zeolite
particles (particle size=2 microns; ratio of Si:Al=1.25) were
rubbed 1nto the inner wall surface of support tube 2. Spe-
cifically, a thread impregnated with zeolite particles was
rubbed against the 1nside of the support tube 2 and moved
back and forth. A layer of polytetrafluorocarbon tape (trade
name Teflon) was also placed around the outer surface of
glass-sealed portion 3 1n order to further suppress the
permeation of gases from portions of the support tube 2,
other than the central portion 2a.

[0074] After rubbing NaX-type zeolite particles on the
support tube 2, the support tube 2 was placed 1n the zeolite
starting material solution and autoclaved for 24 hours at a
temperature of 90° C. in an oil bath. In the resulting
hydrothermal reaction, the autoclave was shaken at 2 hour
intervals to ensure that the starting material solution was
sufficiently circulated around the entire interior portion of
support tube 2. As a result, a NaY-type zeolite membrane 4
was formed 1nside the support tube 2, as shown schemati-
cally 1n FIG. 1. After completion of the membrane forma-
fion step, the support tube 2 and the NaY-type zeolite
membrane 4 were washed with de-1onized water and then
dried for 12 hours at a temperature of 35° C.

[0075] In order to introduce an oxidation catalyst into the
NaY-type zeolite membrane 4, the support tube 2 was placed
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in a [Pt(NH;),]Cl, aqueous solution having a concentration
of 2.5 mmol/L for 4 hours at a temperature of 80° C. As a
result, an 1on-exchange reaction was performed, 1n which
some of the sodium 1ons in the zeolite membrane were
exchanged for platinum 1ons. After sufficient platinum 10ns
are mtroduced into the zeolite membrane 4, the support tube
2 and the 1on-exchanged zeolite membrane 4 was washed
with de-1onized water and then air dried for 12 hours at a
temperature of 35° C. Thereafter, the support tube 2 and the
lon-exchanged zeolite membrane 4 was then placed 1n an
electric furnace and fired for 3 hours at a temperature of 250°
C. The platinum 1ons introduced mto the 1on-exchanged
zeolite membrane 4 were then reduced in a stream of
hydrogen gas for 3 hours at a temperature of 250° C. in order
to produce a PtY-type zeolite membrane 4.

[0076] FIG. 2 shows an electron microscope image of the
resulting PtY-type zeolite membrane 4 prepared according to
the present example. In particular, it 1s noted that two zones
are formed as viewed 1n cross section. As 1dentified in FIG.
2, zone I indicates a zeolite membrane formed on the 1nner
wall surface of porous support tube 2 and zone II indicates
a zeolite membrane formed 1n the voids of the support tube
2. Zone I has a thickness of 3-5 microns and contained
cracks and defects. However, zone II has a thickness of
about 10 microns and does not include cracks. Thus, zone 11
provides a substantially defect-free zeolite membrane
according to the present teachings. For purposes of refer-
ence, 1t 1s noted that the white particles observed 1n FIG. 2
are the fired alpha-alumina particles of support tube 2.

[0077] Thus, a tubular gas separation module 1 can be
formed to include a substantially defect-free layer of a
zeolite membrane 4 disposed on a porous ceramic support 2.
The zeolite membrane 4 also preferable includes an oxida-
tion catalyst, which 1n this example 1s platinum.

[0078] 2. Fabrication of an Apparatus for Selective Oxi-
dation of Carbon Monoxide

[0079] The tubular gas separation module 1, as prepared in
the above example, was 1ncorporated into the apparatus 10
shown 1n FIG. 3. More speciiically, the tubular gas separa-
tion module 1 was mncorporated 1nto a permeation tube 14,
which was disposed 1n a temperature-controllable enclosure
12. That 1s, the environment within enclosure 12 can be
adjusted to any desired temperature in order to test the
influence of temperature on the selective oxidation of carbon
monoxide 1 a mixed hydrogen gas source.

[0080] FIG. 4 shows the tubular gas separation module 1
disposed 1nside the permeation tube 14 in further detail. In
particular, the permeation tube 14 includes a double-tube
structure consisting of an inner tube 144, which 1s equivalent
to the inner portion of support tube 2 of the tubular gas
separation module 1, and an outer tube 14b, which is
equivalent to the outer side of module 1. As described above,
the central portion 2a of support tube 2 of tubular gas
separation module 1 was not sealed, as shown in FIG. 1.
Therefore, gas was fed mto the interior of the inner tube 14a
(inner portion of support tube 2) and a portion of the gas
permeates through the fine pores of PtY-type zeolite mem-
brane 4 and support tube 2. Any gas that permeates into the
outer tube 14b can be 1dentified and measured. For purpose
of later reference, inner tube 14a will be referred to as the
oas feed side of the zeolite membrane 4 and outer tube 145
will be referred to as the gas permeation side of the zeolite
membrane 4.
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[0081] As shown in FIG. 3 and FIG. 4, two gas feed

openings (first gas feed opening (a) and second gas feed
opening (b)) and two gas discharge openings (first gas
discharge opening (c) and second gas discharge opening (d))
are provided 1n the permeation tube 14. Thus, the inner tube
14a of permeation tube 14 directly couples the first gas feed
opening 134 to the first gas discharge opening 13c¢. On the
other hand, the outer tube 14b of permeation tube 14 couples
the second gas feed opening 13b to the second gas discharge
opening 13d. Therefore, gas can be supplied or fed ito
apparatus 10 independently from an external gas feed source
to the inner tube 14a (via first gas feed opening 13a) and to
the outer tube 14b (via second gas feed opening 13b).

[0082] As a result of the design shown in FIG. 4, gas
discharged from the inner tube 14a at first gas discharge
opening 13c can be recovered separately from the gas
discharged from the outer tube 14H at second gas discharge
opening 13d. As shown 1n FIG. 3, sampling points 15a, 155,
15¢ are provided at the gas feed side and gas discharge side
and the gas flowing therein can be directly sampled. In
addition, a gas chromatograph (Micro-GC) was installed in
the gas discharge channel of outer tube 14b. Thus, the
concentration of gas flowing therein was measured and the
measured data was analyzed 1in a computer system 20).

0083] 3. Evaluation of Defect-Free Zeolite Membrane

0084] Inorder to confirm that the zeolite membrane 4 was
substantially defect-free, the gas permeation capacity of the
NaY-type zeolite membrane formed on the mner wall sur-
face of alpha-alumina tube 2 was determined before the
introduction of the oxidation catalyst. That 1s, the NaY-type
zeolite membrane 4 was formed on tube 2 and, prior to
introducing Pt, the tube was utilized 1n the above-described
tubular gas separation module 1 of apparatus 10. At a
temperature of 35° C., a single-component hydrogen gas and
an equimolar mixture of carbon dioxide and nitrogen as a
feed gas were alternatively mtroduced into tube 2. Thus, the
feed gas was introduced inside (inner tube 14a) of the
support tube 2. Helium was used as a sweep gas and was
supplied to the outside (outer tube 14b) of the support tube.
The flow rate at the permeation side (that is, at the discharge
side of outer tube 14b) was measured using a soap-film
flowmeter (not shown). Gas analysis was conduced using a
gas chromatograph (TCD-GC: Shimadzu, GC-8A) having a
TCD detector. During these evaluation tests, the total pres-
sure was maintained at 101.3 kPa (about 0.1 MPa) on both
sides. Gas permeability was calculated using the following
equation:

Permeance=(number of moles of gas that passed

though central portion 24 per unit time)/(surface area

of central portion 2a)x(differential partial pressure)
[0085] Permeation selectivity was determined from the
permeation ratio. Based upon the results of these tests with
the NaY-type zeolite membrane at a temperature of 35° C.,
the permeance of carbon dioxide was 1.4x10™° mol m -Pa”
1-s~" and the permeance of nitrogen was 4.7x10™° mol
m~>-Pa~"-s~". Thus, carbon dioxide has a permeation selec-
fivity through the NaY-type zeolite membrane that 1s 30
fimes greater than nitrogen. When several single-component
gases (all of them having a molecule size smaller than the
pore size of the zeolite membrane) were supplied, the
NaY-type zeolite membrane demonstrated no significant
permselectivity between those feed gases. These results
conform to results of prior research on zeolite membranes
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and are consistent with the high selectivity of carbon dioxide
to nitrogen 1n known defect-free zeolite membranes. Thus,
these results indicate that no large defects were present in the
zeolite membrane. Such selective permeation 1s apparently

performed by the defect-free zeolite layer formed by zone I
and zone II shown in FIG. 2.

[0086] 4. Evaluation of Selective Oxidation of Carbon
Monoxide Using PtY-Type Zeolite Membrane

[0087] The capacity of the PtY-type zeolite membrane to
selectively oxidize carbon monoxide was evaluated by using
the apparatus 10 that was described above. That 1s, platinum
was 1mpregnated into the zeolite membrane 4 and the
tubular support 2 was disposed 1nside the enclosure 12, as
described above 1n Example 1. Experiments were then
performed to evaluate the characteristics of the PtY-type
zeolite membrane 4.

|0088] First, a mixed hydrogen gas source was prepared
by supplying hydrogen (H,), carbon monoxide (CO), and
carbon dioxide (CO,) from an outside gas feed source at
respective flow rates of 49.5, 0.50, and 0.62 mI/min. These
three gases were mixed at a stage prior to mtroduction into
the first gas feed opening 13a. Further, oxygen (O,) was
separately supplied from an external gas feed source into the
first gas feed opening 134 at variable flow rates of 0 to 0.6
mlL/min. The resulting mixed hydrogen gas sources were
supplied to the inner tube 14a (i.e., inside the tubular gas
separation module 1) of permeation tube 14 (see FIG. 3).
Nitrogen (N,) or helium (He) were utilized as sweep gases
and were supplied to the outer tube 14b at a tlow rate of 40
mL./min.

[0089] In order to study the effect of temperature on gas
permeability and selective oxidation of carbon monoxide in
the evaluation tests, 1dentical tests were conduced by vary-
ing the temperature within enclosure 12 between 150~250°
C. range. FIGS. 5-9 respectively show the output of hydro-
oen, carbon monoxide and oxygen from second gas dis-
charge port 13d (FIG. 4), which was coupled to gas sam-
pling pomnt 15b, when the tests were performed at the

temperatures of 150, 175, 200, 225, and 250° C., respec-
fively.

[0090] As noted above, a gas chromatograph TCD-GC:
Shimadzu, GC-8A) having a TCD detector was coupled to
sampling point 15b and hydrogen concentration at the
permeation side (discharge port 13d) was measured. The
hydrogen gas supplied for the measurements was directly
sampled from the sampling points 15b, 15¢ by using a
syringe. The concentration of carbon monoxide and oxygen
was measured by using a Micro-GC (Chrompack, CP2002).
The detection limit of carbon monoxide 1n this measurement
system was 8 ppm. The flow rate 1n the vicinity of the first
gas discharge opening 13c¢ (that 1s, the outlet opening at the
feed side) and in the vicinity of the second gas discharge
opening 13d (that is, the outlet opening at the permeation
side) was measured by using a soap-film flowmeter.

[0091] In order to determine the effect, if any, of steam
(water vapor) on the activity of the oxidation catalyst
(platinum), de-ionized water vapor was introduced via a
sampling pomnt 154, which was located close to the first gas
feed opening 13a. The concentration of steam (water vapor)
introduced 1nto the first gas feed opening 13a was about 2%.

[0092] Based upon the above-described experimental test
conditions, the relationship between the flux of hydrogen,
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carbon monoxide, and oxygen permeating through the PtY-
type zeolite membrane at various temperature conditions
between 150~250° C. and various oxygen flow rates (feed
rates) was studied. The flow rate (mL/min) of supplied
oxygen 1s plotted against the abscissa in the graphs shown 1n
FIGS. 5-9. Further, the flux (mol/m*-s) of each gas though
the PtY-type zeolite membrane 4 1s plotted against the
ordinate in the graphs of FIGS. 5-9. The detection lower
limit (1.e. 8 ppm) is shown by dotted lines i FIGS. 7-9. In
addition, 1t 1s noted that the open circles represent the flux
of hydrogen, the open triangles represent the flux of carbon
monoxide, and the open squares represent the flux of oxy-
ogen. A solid, dark square represents the flux of oxygen when
a mixture of oxygen and helium 1s fed. The shaded circles
and triangles in FI1G. 9 represent the flux of hydrogen and
carbon monoxide, respectively, in the case when steam
(water vapor) was admixed into the feed gas at sampling
point 15a4.

[0093] The results shown in FIGS. 5-9 clearly demonstrate
that the flux of hydrogen and carbon monoxide does not
depend on temperature when no oxygen 1s fed into the
system (i.e. oxygen feed rate of 0 mL/min). Thus, it is
assumed that a source of oxygen 1s necessary 1n order to
selectively oxidize the carbon monoxide 1n the mixed hydro-
ogen gas source. When no external oxygen 1s mtroduced, the
flux of hydrogen and carbon monoxide was (5.9~6.2)x107~
and (6.4~8.4)x10™> mol m*s™*, respectively. These fluxes

correspond to a permeability of hydrogen and carbon mon-
oxide of (6.3~6.5)x10" and (6.3~8.4)x10™° mol m~>-Pa~

1-s7", respectively. Thus, in the absence of an external
oxygen source, the PtY-type zeolite has selective permeabil-
ity for hydrogen that 1s about tenfold of the permeability of
carbon monoxide. This result confirms the expectation that
the zeolite membrane 1tself selectively absorbs polar gases
(¢.g. carbon monoxide) more than non-polar gases (e.g.

hydrogen).

0094| Although not wishing to be bound by theory, the
difference 1n permeability of hydrogen and carbon monoxide
is believed to be due to the relative molecule sizes (hydrogen
0.29 nm, carbon monoxide 0.38 nm). It is important to note
that, even without the introduction of an external oxygen
source, apparatus 10 decreases the concentration of carbon
monoxide in the feed gas mixture from about 10 ppm (i.e.,
10,200 ppm) to 1,000~1,500 ppm at the permeation Slde
(dlscharge port 13d) Thus, the permeation 1nhibiting effect
of the zeolite membrane 4 was confirmed, even if no
external oxygen 1s provided. Specifically, the flux of carbon
monoxide passing through the zeolite membrane was about
11000th less than the flux of hydrogen. This result was
determined based upon the facts that (1) the carbon mon-
oxide permeability 1s Y41oth of the hydrogen permeability and
(2) the carbon monoxide concentration is %1ooth of hydrogen
iIn the mixed hydrogen gas system of this experiment.
Furthermore, these results also demonstrate that hydrogen
molecules can freely permeate through the fine pores of the
zeolite membrane.

[0095] Based upon these results, the mean retention time
of the gas components introduced into the PtY-type zeolite
membrane of the present example can be calculated accord-
ing to the following equation:

Ti=d X;P,/(NRT),
[0096] wherein t. is the retention time of gas component 1,
d . 1s the thickness of the defect-free membrane, X. 1s the
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average molar fraction of component 1 1nside the fine pores,
P. 1s the total pressure, N. 1s the flux of component 1, R 1s the
gas constant, and T 1s an absolute temperature.

[0097] The thickness of the defect-free zeolite membrane
layer was assumed to be 3 microns based upon the electron
micrograph shown i F1G. 2. Therefore, the retention time
of hydrogen molecules 1n the defect-free zeolite membrane
at temperatures between 150~250° C. is about 1.2-1.5 mil-
liseconds. On the other hand, the retention time of carbon
monoxide is about-tenfold higher (12-15 milliseconds).
Therefore, the retention time of hydrogen in the PtY-type
zeolite membrane tested in this example was much lower
than carbon monoxide. As a result, 1t 1s believed that
hydrogen can quickly permeate through the zeolite layer
without significant oxidation of the hydrogen. However,
because carbon monoxide 1s absorbed and more readily
retained by the zeolite membrane, there are greater oppor-
tunities to catalyze the oxidation of carbon monoxide. As a
point of reference, 1t 1s noted that known bed reactors having
an oxidation catalyst filler permeate hydrogen and carbon
monoxide at the same speed. Thus, bed reactors are liable to
result 1 significant oxidation of the desired hydrogen gas.

[0098] Next, the effects of the introduction of oxygen from
the external source and changes 1n reaction temperature
were accessed. Generally speaking, at lower lemperatures,
the mtroduction of external oxygen had only a small effect
on carbon monoxide concentration levels 1n the gas that
permeated through the zeolite membrane. However, at
higher temperatures, carbon monoxide concentration levels
in the gas that permeated through the zeolite membrane were
quickly reduced to below detection levels (i.e. 8 ppm) by the
introduction of external oxygen.

[0099] FIG. 5 shows the results when the enclosure 12

was maintained at a temperature of 150° C. while varying
the amount of external oxygen admixed with the mixed
hydrogen gas source described above (i.e., a mixture of
hydrogen, carbon monoxide and carbon dioxide). As shown
in FIG. 5, the oxygen flux through the zeolite membrane
increased as the oxygen feed flow rate increased, thereby
indicating that a substantial amount of externally added
oxygen permeated the zeolite membrane without a reaction.
A similar result was noted 1n FIG. 6, 1n which the enclosure
was maintained at a temperature of at 175° C. Thus, these
results indicate that the platinum catalyst was not particu-
larly active at relatively lower temperatures. Furthermore, 1t
1s noted that the oxygen flux obtained when the mixture of
oxygen and helium was fed to the feed side at an oxygen
flow rate of 0.6 mL/min (STP) (as indicated by a solid, dark
square in FIGS. 5-6) was almost equal to the oxygen flux in
the above-mentioned feed system of hydrogen, carbon mon-
oxide, and carbon dioxide.

[0100] However, when the temperature of enclosure 12
was 1ncreased to 200-250° C., the concentration of carbon
monoxide 1n the gas permeating the zeolite membrane 4
significantly decreased with increases in the oxygen feed
rate. These results are shown respectively i FIGS. 7-9. In
fact, carbon monoxide could not be detected at an oxygen
feed rate of 0.6 mL/min at temperatures of 200 and 225° C.
and at an oxygen feed rate of 0.4 mL/min at a temperature
of 250° C. Thus, carbon monoxide was reduced to below 8
ppm in each of these examples (at 8 ppm, carbon monoxide
flux=5.0x10"" mol m~>-s™"). This result indicates that under
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such conditions carbon monoxide was substantially com-
pletely oxidized by the PtY-type zeolite membrane of the
present example. Further, 1t 1s very important to note that the
hydrogen flux 1n each of these examples remained remark-
ably unchanged, even when the amount of externally sup-
plied oxygen was increased. Thus, the PtY-type zeolite
membrane appears to have selectively oxidized the carbon
monoxide without any significant oxidation of the desired
hydrogen gas source.

[0101] As described above, FIG. 9 also shows a case in
which steam (water vapor) was fed at a concentration of
about 2% and a reaction temperature of 250° C. into
apparatus 10. As shown by shade circles in FIG. 9, the
hydrogen flux slightly increased in the presence of steam
(hydrogen permeability decreased from 6.5x1077 to 5.4x
107" mol m™=-Pa~"-s™"). However, the carbon monoxide flux
demonstrated substantially no changes regardless of the
presence of steam. Even in the presence of steam (water
vapor at a concentration of 2%), the concentration of carbon
monoxide became less than the detection limit when the
flow rate of the supplied oxygen was raised to 0.4 mL/min
(STP). Thus, it been demonstrated that the selective oxida-
fion property of the present PtY-type zeolite membrane 1is
not adversely affected (e.g. poisoned) by steam (water
vapor) at a concentration that is consistent with typical
mixed hydrogen gas sources produced by known methanol
reformation methods. That 1s, such mixed hydrogen as
sources are likely to include about at least about 2% water
vapor, although various desiccating methods can be utilized
to reduce the amount of water vapor 1n the mixed hydrogen
gas source before supplying the mixed hydrogen gas source
to the zeolite membrane.

10102] FIG. 10 shows a summary of the respective carbon
monoxide/hydrogen concentration ratios (taken at the per-
meation side) based upon the above-noted results. The
oxygen feed flow rate (mL/min) is again plotted as the
abscissa of this graph and the carbon monoxide/hydrogen
concentration ratio (CO/H.,,) is plotted as the ordinate. The
dotted line again shows the lower detection limit (8 ppm) of
the measurement system.

[0103] As shown more clearly in FIG. 10, the carbon
monoxide/hydrogen concentration ratio generally decreased
with 1ncreases of the reaction temperature and the oxygen
feed ratio. These results establish the unexpected result that
the PtY-type zeolite membrane of the present example can
oxidize carbon monoxide with high selectivity and efli-
ciency, even 1n the presence of an excess of hydrogen and an
excess of oxygen. In particular, substantially no hydrogen
appears to have been oxidized by the PtY-type zeolite
membrane under any of the reaction condition, even under
high-temperature conditions of more than 200° C. and an
excess of oxygen. Therefore, highly selective oxidation of
carbon monoxide can be performed even under high-tem-
perature conditions.

[0104] As described above, a representative PtY-type zeo-
lite membrane 4 and a carbon monoxide selective oxidation
apparatus 10 was constructed and evaluated. The operation
ciiects of the PtY-type zeolite membrane 4 and the carbon
monoxide selective oxidation apparatus 10 will be described
below.

[0105] When carbon monoxide is mixed with hydrogen at
a concentration of about 10" ppm, the flux of carbon mon-
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oxide passing through the PtY-type zeolite membrane is
about 10~* mol m~='s™" if no oxygen is introduced to the feed
side. This value is about ¥100™ of the hydrogen flux passing
through the membrane. This permselective property derives
from a combination of the following factors: (1) the mem-
brane is hydrogen selective (typically, the hydrogen/carbon
monoxide selectivity is more than 10) and (ii) the concen-
tration of carbon monoxide at the feed side is low (about
1%). The carbon monoxide concentration at the permeation
side is reduced to about Y10™, because of the former factor
and the carbon monoxide flux becomes about Yico ™ of the
hydrogen flux because of the latter factor. As a result, carbon
monoxide 1s selectively oxidized while the carbon monoxide
permeates through the membrane. When the flow rate of
oxygen 1s greater than carbon monoxide by a factor of 1.2,
the carbon monoxide concentration at the permeation side
decreases to below the detection limit (8 ppm) when reaction
temperature exceeds 200° C. In addition, the presence of
water vapor at a concentration of 2% does not change the
activity of platinum-supporting Y-type zeolite membrane.

[0106] In previously described systems for reforming
methanol into hydrogen and oxidizing the hydrogen 1n a fuel
cell to generate electric power, the typical reforming tem-
perature is 300° C. and the fuel cells are typically operated
at 100° C. Therefore, it i1s advantageous that the present
zeolite membranes, 1n particular PtY-type zeolite membrane
4, can selectively oxidize carbon monoxide 1 a temperature
range of about 200-300° C. Therefore, the above-described
PtY-type zeolite membrane 4 and carbon monoxide selective
oxidation apparatus 10 can be effectively used for removing
carbon monoxide from a reformed gas for fuel cells.

[0107] In the system constructed in the above-described
example, the following fluxes were measured when hydro-
oen and carbon monoxide were respectively fed at the
below-described fluxes (Q -, Q) 1nto the inner tube 14a
under the conditions of an oxygen feed molar flow rate of
4.1x10 mol/s and a reaction temperature of 250° C.

=3.4x107> mol/s
[0108] Q,;,=3.4x107> mol/
=>5.4x10" " mol/s
[0109] Q,=3.4x10"" mol/
=2.8x107> mol/s
[0110] Q.;;,=2.8x107> mol/
=1.9%10 " mol/s
[0111] Q,.o=1.9%107" mol/
=6.2x107° mol/s
[0112] Q,y,=6.2x107° mol/
[0113] Q,.o=below detection limit

[0114] Those fluxes were fluxes (Q, -, Q-~) of hydrogen
and carbon monoxide directly discharged from the inner
tube 14a and fluxes (Q4p-, Q1) Of hydrogen and carbon
that permeated the PtY-type zeolite membrane from the
inner tube 14a and were discharged from the outer tube 145
(that is, the permeation side) via the central portion 2a. The
spatial relationship between those fluxes and the measure-
ment positions 1s shown 1n FIG. 1.

[0115] Because the PtY-type zeolite was coated on the
entire mner surface of the tube over a length of 0.15 m,
oxidation of carbon monoxide and hydrogen is believed to
have originated on this surface. The carbon monoxide con-
centration in the outlet opening (first gas discharge opening
13c) at the feed side of the support tube 2 under the aforesaid
conditions was about 60 ppm, but the concentration in the
outlet opening (second gas discharge opening 13d) at the
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permeation side was less than 8 ppm. Using the present
conditions, the length of the PtY-type zeolite membrane 1n
the longitudinal direction of permeable support tube was set
at 13 mm (see Example 1) to minimize concentration
changes at the feed side. As a result, only 18% of hydrogen
was recovered at the permeation side.

[0116] Hydrogen permeability of Y-type zeolite mem-
branes is relatively high (at an order of 107° mol m™*s"
1-Pa™") compared to other inorganic membranes. Therefore,
hydrogen recovery efliciency can be further increased by
constructing a multi-tube module or single-sheet (mono-
lithic) module of desired shape by using the Y-type zeolite
membrane 1n accordance with the present teachings. Fur-
thermore, hydrogen can be recovered more efficiency by
applying an appropriate pressure (e.g. 0.1-0.5 MPa) to the
feed side. Naturally, the gas reaction module can be opti-
mized by further modeling or simulating the reaction con-
ditions 1n view of other factors, such as module compact-
ness, hydrogen cost, enthalpy balance, endurance of the
PtY-type zeolite membrane in the presence of steam and

other relevant conditions.

[0117] 5. Representative Examples of Practical Uses for
the Present Zeolite Membranes

|0118] The present zeolite membranes have a relatively
high flux rate. As shown in the following Table 1, by
applying a representative pressure of 0.1 MPa to the feed
side, the experimental zeolite membranes are capable of
passing (permeating) an amount of hydrogen that is capable
of generating 1 kW (1000 J/s) of electric power per each
0.0819 m* of membrane surface area. Thus, the amount of
surface area that 1s required to supply sutficient power for a
representative set of uses of the present teachings (e.g. for
automobile) 1s provided in the Table 1.

TABLE 1
Hydrogen Required Required
Energy Energy  Hydrogen

Power (per mole) Efficiency  Supply
Use kW Joule/s  kJ/mol %o Mol/s
Automobile 100 100000 237.3 83 0.51 0.062
[ndoor 1 1000 237.3 83 0.01 0.062
Outdoor 0.2 200 237.3 83 <0.01 0.062
Computer 0.03 30 237.3 83 <0.01 0.062

10119] FIG. 11 shows representative designs for reactor
housings 30, 32, 34, 36, 38, 40, 42 that are capable, for
example, of selectively oxidizing carbon monoxide 1n a
mixed hydrogen gas source. Naturally, such designs can be
utilized to oxidize other target oxidizable molecules and
such designs are not limited to selectively oxidizing carbon
monoxide 1n a mixed hydrogen gas source. For example,
representative single tubular type reactors 30, 32, 34 arc
shown respectively in FIGS. 11(a), (b) and (¢) and repre-
sentative multi tubular type reactors 36,38, 40, 42 are shown

respectively in FIGS. 11(d), (e), (f) and (g). Alternatively, a
representative multi-layer plate type reactor 60 1s shown 1n
FIG. 13 and also can be effectively utilized to generate
electric power from a mixed hydrogen gas source. Reactor
60 may, for example, include eight support plates 61, cach
having a size of approximately 100 mmx100 mmx1 mm),

H, Flux
(0.1 MPa) Surface Area

Mol/s/m?*
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which are disposed 1n parallel at about 1 mm 1ntervals. In the
tubular-type reactors 30, 32, 34, 36, 38, 40, 42, the zeolite
membrane can be supported either inside or outside the
support tube 31, 33, 35, 37, 39, 41, 43. In the plate-type
reactor 60, the zeolite membrane 62 can be supported on
cither side of the support plates 61.

[0120] Table 2 shows the membrane surface arca of each
of the representative elements shown 1n FIGS. 11 and 13.
Table 2 also shows the number of elements that would be
required to generate 1 kW of electric power from a source
of gas containing hydrogen.

TABLE 2

Type of Element  Membrane Area/Element Number of Elements

(size: mm) (m?/1 element) Required to Generate 1 kW
$25 x L1000 0.08 1

(1 tube)

¢10 x 1.1000 0.03 2.7
(1 tube)

$5 x L1000 0.02 4

(1 tube)

¢30 x 1.1000 0.24 0.4
(4 x 19 tubes)

¢330 x 1.1000 0.35 0.23
(3 x 37 tubes)

¢30 x 1.1000 0.42 0.20
(2.5 x 61 tubes)

¢30 x 11000 0.57 0.14
(2 x 91 tubes)

1000 x 1000 x 1 1 0.08
(1 plate)

[0121] For example, if a single tubular element has a
diameter of 25 mm and a length of 1000 mm, 0.08 m” of
membrane surface area 1s provided. Alternatively, the same

Required
Membrane

m2

8.19E+00
8.19E-02
1.64E-02
2.46E-03

amount of membrane surface area can be provided by using,
in parallel, 4 tubular elements each having a length of 250
mm. For example, as shown in FIG. 12, a cylindrical
module 50 can be constructed using such a multi-tubular
type element 52 that includes four tubes 53 (¢ 25 mmxL250
mm). Naturally, each tube 53 preferably comprises a zeolite
membrane having an oxidation catalyst, as described above.
The gas, which preferably comprises hydrogen and a target
oxidizable molecule, 1s feed mnto gas feed inlet 54 and the
permeated gas 1s discharged at outlet 55. Gas that did not
permeate the zeolite membrane may be discharged at outlet
56. This cylindrical module 50 has a highly compact design
and, for example, the length and the diameter may be less
than 300 mm and 100 mm, respectively. Further, the total
volume of the module 50 can be 2300 cm” or less.
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[0122] Moreover, it is possible to construct a more com-
pact module by mncluding additional multi-tubular elements,
such as the elements 36, 38, 40, 42 as shown in FIGS. 11(d)
to (g). For example, if additional multi-channel type ele-
ments 42 (e.g. @ 2 mmx91 channels) are utilized as showed
in FIG. 11(g), the total volume of the module will be less
(about 5™ of the above-mentioned cylindrical module 50).
Furthermore, 1f a relatively high feed side pressure (e.g. 0.5
MPa) 1s applied to such a module, it is possible to further
reduce the unit size of the module that 1s capable of
generating 1 kKW of electric power.

[0123] As mentioned above, the multi-layer plate type
configuration as shown in FIG. 13 1s also suitable for
commercial application of the present teachings. For
example, multi layer plate reactor 60 shown m FIG. 13
provides about 800 cm” of membrane face area if eight
support plates 61 (100 mmx100 mmx1 mm) are disposed in
parallel at 1 mm intervals. The gas, which preferably com-
prises hydrogen and a target oxidizable molecule, 1s feed
into gas feed inlet 64 and the permeated gas 1s discharged at
outlet 65. Gas that did not permeate the zeolite membrane
may be discharged at outlet 66. This reactor 60 can generate
suflicient hydrogen to produce 1 kW of energy and can be
constructed with a volume of less than 200 cm” (typically,
150-200 cm®). The plate-type reactor 60 may be particularly
suitable for use with a personal computer and other small
mobile electronic devices, because only several cubic cen-
timeters of the plate type element 60 would be sufficient to
ogenerate 0.03 KW of power, which 1s a common power
requirement for such mobile electronic devices.

10124] According to the present zeolite membranes and
the various reactors described herein, the oxidizable gases
are oxidized at the surface of the zeolite membrane, because
the oxidation catalyst 1s supported on the membrane surface
(on the outer surface and/or inside the fine pores or both).
Thus, the target oxidizable gas molecules can be oxidized
and converted into other substances while permeating the
membrane without an excessive decrease 1n the size of fine
pores of the membrane. As a result, the target oxidizable gas
molecules do not readily permeate through the zeolite mem-
brane, even though a high permeation flow rate may be
utilized. Thus, because relatively high flux rates are possible
without a reduction of oxidation selectivity, these zeolite
membranes are suitable for practical applications. Moreover,
because the zeolite membrane 1s quite thin, the amount of
materials used to form the zeolite membrane, 1.. the porous
starting materials and noble metals, are relatively small as
compared to known bed reactors. Thus, the present zeolite
membranes are much more cost effective and more efficient
than known bed reactor systems.

1. An apparatus (10, 50, 60) for selectively oxidizing a
target oxidizable substance in the presence of another oxi-
dizable material, comprising;

an enclosure (12, 50, 60), such as a reactor housing,

having a gas feed inlet (13a, 54, 64) and a gas discharge
port (13c, 55, 65) and

a substantially defect-free zeolite membrane (4) disposed
between and separating the gas feed inlet (13a, 54, 64)
from the gas discharge port (13c, 55, 65), the zeolite
membrane (4) having gas-permeable fine pores and
having a retention time for a polar gas, such as carbon
monoxide, that 1s longer than a non-polar gas, such as
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hydrogen, the zeolite membrane (4) comprising at least
onec metal that acts as an oxidation catalyst, wherein a
mixture of an oxidizable material, such as hydrogen,
and a target oxidizable substance, such as carbon
monoxide, 1s supplied to the gas feed inlet (13a) and
forced to permeate through the substantially defect-free
zeolite membrane (4) and the target oxidizable sub-
stance, such as carbon monoxide, 1s selectively oxi-
dized without significant oxidation of the other oxidiz-
able material, such as hydrogen.

2. An apparatus according to claim 1, wherein the zeolite
membrane (4) is mechanically supported by an inorganic
porous support (2, 52, 61).

3 An apparatus according to claims 1 or 2, wherein the
gas-permeable fine pores of the zeolite membrane (4) have
an average diameter between about 0.3 nm and about 1.0
nm.

4. An apparatus according to claims 1, 2 or 3, wherein the
substantially defect-free zeolite membrane (4) has a thick-
ness of between about 0.1 micron and about 50.0 microns.

5. An apparatus according to claims 1, 2, 3 or 4, wherein
the zeolite membrane (4) comprises a Y-type zeolite.

6. A method of making a zeolite membrane comprising:

contacting a porous ceramic support surface (2, 52, 61)
with zeolite particles;

disposing the porous ceramic support surface 1n a solution
of zeolite starting materials,

heating and pressurizing the porous ceramic support sur-
face (2, 52, 61) and the zeolite starting materials,
thereby forming a zeolite membrane (4) on the porous
ceramic support (2, 52, 61); and

introducing at least one metal into the zeolite membrane
(4), wherein the at least one metal is capable of
oxidizing target molecules.
7. A method according to claim 6, wherein the zeolite
particles comprise a X-type zeolite.

8. A method of selectively oxidizing a target oxidizable
material, such as carbon monoxide, in a source of gas
containing the target oxidizable material and another oxi-
dizable material, such as hydrogen, comprising:

forcing the gas containing the target oxidizable material,
such as carbon monoxide, and the other oxidizable
material, such as hydrogen, through a substantially
defect-free zeolite membrane (4) capable of selectively
retaining the target oxidizable material, the substan-
tially defect-free zeolite membrane (4) comprising at
one metal that acts as an oxidation catalyst, the at least
onc metal selectively oxidizing the target oxidizable
material.

9. A method according to claim 8, wherein the gas 1s fed

through the zeolite membrane (4) at a temperature of about
200-300° C.

10. A method according to claims 8 or 9, wherein the
gas-permeable fine pores of the zeolite membrane (4) have
an average diameter between about 0.3 nm and about 1.0
nm.

11. A method according to claim, 8, 9 or 10, wherein
substantially defect-free zeolite membrane (4) has a thick-
ness of between about 0.1 micron and about 50.0 microns.

12. Amethod according to any of claims 8-11, wherein the
zeolite membrane (4) comprises a Y-type zeolite.
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13. Amethod according to any of claims 8-12, wherein the 15. A method according to claim 14, wherein the porous
at least one metal 1s platinum. support (2, 52, 61) is a porous ceramic support, such as
14. Amethod according to any of claims 8-13, wherein the alumina.

substantially defect-free zeolite membrane (4) is supported
on a porous support (2, 52, 61). £ % ok k%
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