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NOTICE

This report was prepared as an account of work sponsored by
an agency of the United States Government. Neither the United
States nor any agency thereof, nor any of its employees, nor any
of its contractors, subcontractors, or their employees, make any
warranty, expressed or implied, or assumes any legal liability or
responsibility for any third party's use or the results of such
use of any information, apparatus, product or process disclosed
in this report or represents that its use by such third party
would not infringe privately owned rights.

DISCLAIMERS

The citation of tradenames and names of manufacturers in
this report is not to be construed as official Government
endorsement or approval of commercial products or services
referenced herein.

DISPOSITION

Destroy this report when it is no longer needed. Do not
return it to originator.
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SIGNIFICANCE OF THE PROBLEM

The Army is interested in developing hydrogen-powered
phosphoric acid fuel cells as mobile power sources. These cells

*l require hydrogen gas of relatively high purity as a fuel.(1, 2)
Hydrogen streams obtained from fuel processors such as methane
steam reformers, oil and coal gasifiers, or catalytic crackers of
hydrocarbon fuels, usually contain less than 80% hydrogen.(3)
The other gases in these streams, H2 S, SO2 , NOx, CO, C02, CH4 ,
etc., must be removed since they can reduce the efficiency of the

l fuel cell. The goal of this program is to develop a continuous
process able to produce hydrogen containing less than 1%
impurities from this type of feed stream.

BACKGROUND

FUEL CELLS

A fuel cell is a device that continuously converts chemical
energy into electrical energy. The simplest fuel cells run on
hydrogen and oxygen, and their operation is the converse of the

* electrolysis of water. A simple hydrogen/oxygen cell is shown in
Figure 1. The anode is supplied with hydrogen and the cathode
with oxygen. Both electrodes are electrically conductive and
porous, so that gases can diffuse through them. An electrolyte,
usually a strong acid or alkali, is held between the two
electrodes, and prevents mixing of the anode and cathode feed,

* while permitting ions to pass from one electrode to the other
carrying an electrical current. An external resistance is
connected across the electrodes and the work done by the cell is
measured by the current through the resistance. The highest
exchange current densities are obtained with platinum electrodes.

* The overall chemical reaction in the cell can be written:

2H2 + 02 - 2H20 .

In an acid electrolyte cell, the hydrogen and oxygen reactions
. are:

are 2H2 - 4H + 4e- at the anode,

. 02 + 4H + 4e - 2H20 at the cathode.

A mobile fuel cell can operate with hydrogen produced from
hydrocarbon fuels and air. Operation with air requires the use
of an acid electrolyte to avoid carbonation problems from
atmospheric carbon dioxide. Hydrogen obtained from hydrocarbon
fuels contains other gases which reduce the efficiency of the
fuel cell. In particular, carbon monoxide can poison the platinum

l electrodes. The impurities in the hydrogen feed stream must
therefore be reduced to a small percentage. Thus, a prerequisite

-, %
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electrode to the other.
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of an efficient mobile fuel cell system is a method of purifying
the hydrogen feed stream. It should also be taken into consider-
ation that these fuel cells operate much more efficiently at
temperatures around 2000C.

* HYDROGEN PURIFICATION WITH SYNTHETIC MEMBRANES

Conventional techniques used to purify hydrogen streams
include adsorption or absorption processes and cryogenic
techniques. However, these techniques are not suitable for a
mobile fuel cell application. For this application, the process

*D must be able to recover most of the hydrogen contained in the
feed stream and lose only a small fraction with the impurity
gases; i.e., the system should operate at high hydrogen recovery
rates. The process must also be able to operate at fuel cell
temperatures of 200 0C. In addition, the process should be adapt-
able to a small, compact, rugged unit capable of operating under

• field conditions with minimal maintenance and supervision.

In recent years, synthetic semipermeable membrane processes
have been developed which could be used for this separation.
More than 60 membrane hydrogen separation plants are now in
operation worldwide.(4,5) The polymer membranes used in these

0 plants are asymmetric structures consisting of an extremely thin
permselective layer (0.2 to 1 micron thick) supported on a
microporous, non-selective support layer. A scanning electron
micrograph of this type of membrane is shown in Figure 2.
Because the permselective layer is very thin, the membrane fluxes
are high and the plants are quite compact. Apart from a gas

* compressor, these membrane processes have no moving parts and can
be adapted to either very small or large scale operation. A
membrane process could thus be made sufficiently rugged and
compact for the fuel cell application. Membrane processes are
also relatively energy efficient. However, the polymer membranes
currently available are insufficiently selective or thermally

*I stable to produce hydrogen of the required purity for fuel cell
operation. These polymer membranes typically have a selectivity
to hydrogen over the other gases contained in fuel cell hydrogen
feed streams of between 10 and 20.(6) This selectivity is
insufficient to produce hydrogen in a single step with less than
1% of impurities from a stream containing less than 80% hydrogen.

*0 A more hydrogen selective membrane is therefore required.

Palladium and palladium alloy metal membranes have the
required selectivity and thermal stability. These membranes were
extensively studied during the 1950's and 60's, and this work led
to the installation by Union Carbide of a plant to separate
hydrogen from a refining off-gas stream containing CH4 , C2H4 , CO,
and H2 S.( 7 - 1 1 ) The plant was able to produce >99.9% pure
hydrogen in a single pass through the membrane. Twenty-five
micron thick palladium-silver membranes were used at 3700C and at
a feed pressure of 450 psi. However, because the fluxes through
the 25 micron thick membranes were low, the process was not
sufficiently economically attractive to encourage wide use.

30-
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This problem could be overcome by making thinner membranes.

If the membrane thickness could be reduced to 0.5 to 2.5 microns,
the membrane flux would increase ten to fifty-fold, making the
flux comparable to that of current composite polymer membranes.

PHASE I APPROACH

The objective of this program was to develop ultrathin and
ultraselective palladium metal membranes for the purification of
hydrogen gas streams. However, pure palladium membranes have

4been found to undergo severe deformations after thermal and
hydrogen pressure cycling. Palladium-silver alloys have a much
better mechanical stability and an alloy containing 76% by weight
palladium and 24% silver was used in this program. Thin metal
films were deposited on a suitable support material. The support
material was chosen both for its high gas permeability and the

*ability to provide a surface suited for the deposition of a very
thin -etal layer. The metal film used consists of 76% by weight
palladium and 24% silver. This palladium-silver alloy combines
an optimum hydrogen permeability with a high mechanical
stability.

* The methods used for the metal deposition are discussed
under the heading "METHODS OF METAL DEPOSITION".

Different structures were envisioned for the composite
palladium-silver membranes. Figure 3 shows two structures, both
of which were made during this program. In Figure 3(a), the

* palladium-silver (Pd/Ag) permselective layer is deposited
directly onto the microporous support. A problem with this
structure is that the layer is too thin to bridge the pores of
the microporous support. In this case the Pd/Ag layer will not
affect the selectivity of the membrane. Even if the Pd/Ag layer
bridges the pores, it probably will contain pinholes and defects.

0 A silicone rubber sealing layer is therefore applied on top of
the Pd/Ag layer to prevent convective bulk flow of gases through
the defects.

Figure 3(b) shows an alternative approach; a silicone rubber
sealing layer is used to coat the pores in the microporous

6 support, with the Pd/Ag layer deposited on top. Again, due to
its thinness, the Pd/Ag layer may contain pinholes and defects.
However, bulk flow of gases through the defects is prevented by
the silicone rubber layer.

If required, the membrane structure of Figure 3(b) can be
recoated with silicone rubber to protect the Pd/Ag layer and thus
enhance the mechanical stability of the composite. Furthermore,
the sealing layer may be made from materials other than silicone
rubber. In this Phase I feasibility program, only small membrane
samples 2-3 inches in diameter were produced.

5
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Figure 3. Palladium-silver membrane structures.
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The membranes are characterized by measuring their
permeabilities to H2 , N2 and CO2. Using these data one can
predict by interpolation the permeability of other gases. The
permeability of dense membranes to gases invariably adheres to
the following rank order: permeability H2>CO2>02>CO>>CH 4>>N 2.

METHODS OF METAL DEPOSITION

There are two methods of depositing thin Pd/Ag alloys:
vacuum evaporation and vacuum sputtering. Descriptions of these

* follow.

VACUUM EVAPORATION

Vacuum evaporation is performed in a chamber which is
evacuated to a high vacuum. The chamber contains the substrate

* to be coated, and, in the present case, the palladium/silver
source. The partial pressure of the metal in the chamber is set
by heating the metal sample. The metal atoms leave the source
and are deposited on the substrate. The palladium to silver
deposition ratio is determined mainly by the surface of each

6 metal source that is available for the evaporation step.

Vacuum evaporation equipment is available both in laboratory
size and in large-scale production units capable of continuously
coating films several feet wide. One objective of the Phase I
program was to have a limited number of vacuum evaporation
membranes prepared by Dr. H. Strathmann at the Fraunhofer
Gesellschaft in West Germany. Dr. Strathmann's laboratory is
equipped with vacuum deposition equipment. However, due to
problems with the equipment, no significant results were
obtained.

0VACUUM SPUTTERING

In general, the quality and reproducibility of metal layers
obtained by vacuum sputter coating are superior to those obtained
through evaporative means. Vacuum sputtering is a microscopic
process involving clouds of metal atoms as opposed to the "spray"
of relatively large macroscopic clumps of evaporated metal used
in vacuum evaporation. In sputtering, there are no restrictions
with respect to gravitational forces in electrode or specimen
arrangement.

Sputtering is an atom-by-atom process by which one can
obtain nonporous films with surfaces which reproduce the surface
finish of the specimen. The atoms disperse throughout the
process chamber in such a way as to provide adequate coating of
irregularly shaped specimens without having to tilt or rotate
them. The metal atoms are cool, therefore no thermally induced
damage results. Finally, sputtering usually leads to fewer
pinhole defects, since shadowing effects from dust particles

"* become less pronounced.

7



Vacuum sputtering is the technique used in this program and
is discussed in detail below. A Hummer VI Sputtering System
(Anatech, Ltd.) was used. Figure 4 shows a schematic of this
system. In a low pressure (20 - 60 millitorr) argon atmosphere,
a cold plasma is formed by applying a negative potential of 3,000
volts to the top plate. This voltage ionizes the argon gas and
produces a plasma consisting of argon ions and the liberated
electrons.

The ionized gas atoms are heavy but have relatively little
kinetic energy unless accelerated through an electric field.
When this is done, they bombard the negatively charged target and
dislodge metal atoms which randomly diffuse and eventually adhere
to the substrate.

A problem associated with the ion movement toward the target
is the movement of energetic electrons in the opposite direction,
i.e., towards the substrate. These electrons transfer their
energy to the substrate and the substrate's temperature
increases substantially. To avoid the damaging effects of
electron bombardment, a planar magnet is used to deflect the
electrons present in the plasma into a spiral path away from the
substrate. In addition to the magnet, an electrically charged
dark space shield surrounds the pedestal. This biased ring
attracts electrons which may have escaped through the magnetic
field. The result is a cool pedestal and substrate.

* ~MATERIAL SELECTION

The membranes developed consist of a selective
palladium/silver alloy layer deposited on a polymer support.
Ideally, the support membrane does not influence the composite
membrane's selectivity. This will only be achieved if the

0 resistance of the support membrane to gas flow is much lower than
the resistance of the metal layer. Furthermore, the structure of
the sputtered metal layer is very dependent on the surface
structure of the support membrane. The ideal support, therefore,
would combine a high gas flux with an essentially nonporous (or
pinhole and defect free) surface on which the palladium/silver

* layer can be deposited. The support must also be strong enough
to withstand the operating conditions of the system.
Unfortunately, high permeability is usually associated with high
porosity, and low permeability with low porosity.

Several supports were considered, ranging from very
V permeable microporous films (PTFE and PEI-2), to moderately

permeable (PSf/SR), to relatively impermeable dense films (PEI-
~1).

The following were evaluated:

1. PSf: A microporous membrane made from polysulfone (PSf)
40 cast on a polyester fabric. Polysulfone is a high flux

membrane that is selective for H2. Source: MTR.

8
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2. PSf/SR: A microporous polysulfone membrane coated with
a thin layer of silicone rubber (SR). Coating thickness
varies from 0.1 to 5.0 microns. The silicone rubber
coats the pores in the polysulfone and leaves a smooth

* surface for deposition. The silicone rubber layer
determines the gas permeability properties and this
support is selective for CO2. Source: MTR.

3. PSf/SR/TPX: A silicone-rubber-coated polysulfone mem-
brane (PSf/SR), coated with polymethylpentene (TPX)

*0 layers varying from 0.3 to 20.6 microns in thickness.
TPX is the least permeable layer and is H2 selective.
Source: MTR.

4. PSf/SR/EC: A silicone-rubber-coated polysulfone mem-
brane (PSf/SR) coated with ethylcellulose (EC). The

* 0.9 micron thick ethylcellulose layer is the selective
layer and is selective for CO2. Source: MTR.

5. PEI-1: An asymmetric, dense membrane made from a poly-
etherimide (PEI). PEI-1 is a low flux membrane and is
selective for H2 . The surface of the PEI-1 support

* is very finely porous. Source: GKSS, Germany.

6. PEI-1/SR: PEI-1 coated with silicone rubber. The selec-
tivity of this support is determined by the PEI-1. The
silicone rubber layer coats the pores on the surface of
the PEI-1. Source: MTR.

7. PEI-1/TPX: PEI-1 coated with TPX. The TPX, like sili-
cone rubber, coats the pores of the PEI-1. Source:
MTR.

8. PEI-2: A microporous membrane made from a poly-
* etherimide. PEI-2 is a high flux membrane with a

porous surface and is selective for H2. Source: MTR.

9. PTFE: A microporous membrane made from pure polytetra-
fluoroethylene (PTFE). It is H2 selective and the pore
diameters are 0.02 and 0.2 micron, which result in high

* fluxes. Source: Gore & Associates.

The surfaces of the nine support materials listed above

differ in porosity and in chemical nature. The latter may deter-
mine the degree of adherence of the palladium/silver layer to the
support. The materials are capable of withstanding temperatures

fup to 150oC with the exception of PTFE which is stable up to
2500C.

10



METHODS OF MEMBRANE PREPARATION AND EVALUATION

SUPPORT MEMBRANE PREPARATION

All support materials, except the polytetrafluoroethylene
(PTFE) membranes and the finely porous polyetherimide membrane
(PEI-1), were made by MTR. A description of the preparation
methods follows.

Preparation of the Microporous Polysulfone (PSf) and Polyetheri-
mide (PEI-2) Membranes

These membranes are prepared using the casting machine shown
in Figure 5. The casting solution, consisting of polysulfone or
polyetherimide dissolved in a water miscible solvent, is doctored
onto a moving belt of polyester fabric. The belt then passes
into a water bath which precipitates the polymer to form the
microporous membrane. The belt is then collected on a take-up
roll, after which the membrane is washed overnight to remove any
remaining solvent and dried to form the support membrane. The
resulting support is 50 to 60 microns thick.

Application of the Coating and Sealing Layers

The apparatus used to make the coating and sealing layers is
shown in Figure 6. The support membrane from a feed roll passes
through the dip coating tank and a drying oven, and is then wound
up on a product roll. The dip coating tank contains a dilute
solution of the coating polymer and coats the moving membrane
support with a liquid layer 50 to 100 microns thick. After
evaporation of the solvent, a polymer film 0.5 to 10 microns
thick is left on the membrane. In an alternative method, a wick
box is used instead of the dip coating tank. The wick box
contains the polymer solution that is drawn up by sponge wick
extruding from the box. This sponge wick is in contact with the
support membrane and a thin liquid layer is coated on the
support.

Multilayer coatings are achieved by running the support
membrane more than once through the coating apparatus. Different
coating solutions may be used for each run.

DEPOSITION OF THE PALLADIUM/SILVER LAYER

The mechanism of vacuum sputtering is described under the
heading "METHODS OF METAL DEPOSITION". The sputtering procedure
is as follows:

ri
p.
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Figure 5. Schematic diagram of a support
film casting machine.
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Figure 6. Thin film coating apparatus.
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A membrane stamp with a diameter of 4.75 cm is cut from the
support membrane material. To remove as much of the dust as
possible from the surface, a chlorofluorocarbon under pressure is
used to blow off the dust. This substance leaves no residue, nor
does it contain water vapor, which could condense on the support
surface. This method does not scratch, damage or contaminate the
surface as some mechanical cleaning methods might, e.g., a soft
brush or a finger tip.

After removing all the dust possible, the membrane stamp is
placed in the sputter chamber. The system is pumped down to 50

*P millitorr before the chamber is flushed three times with argon
gas. After the flushing, the system is pumped down to at least
30 millitorr. Subsequently, an argon inlet flow rate is
maintained such that the pressure stays at 55 to 60 millitorr.

A high voltage is then applied to the top plate to produce
* the plasma. The high voltage control and the plasma discharge

current (10 milliamps) are held constant during the sputter runs.
These parameters control the Pd/Ag sputter rate. The sputter
time ranges from 16 seconds to 1 hour; with 2, 5 and 10 minutes
as the standard times. The thickness of the sputtered layer
increases linearly with sputter time. A graph correlating the

* thickness of the palladium-silver layer vs. the sputter time is
provided by the manufacturer of the sputter unit, see Figure 7.
Weighing a number of samples before and after the sputter run
proved this graph is fairly dependable.

After sputtering, the membranes are dip coated in silicone
rubber which acts as a defect sealing layer. Silicone rubber is
extremely permeable to hydrogen and will prevent the bulk flow of
gases through any membrane defects, thereby effectively reducing
the flow of gas through these defects by 100 to 1000 times. The
silicone rubber layer also protects the fragile Pd/Ag layer from
being scratched or rubbed off during handling or testing. The
silicone rubber layer is allowed to dry overnight before the
multilayer composite Pd/Ag membrane is ready for testing.

MEMBRANE EVALUATION

Permeability Measurements

The composite membranes were tested in the gas
permeation apparatus shown in Figure 8. The membranes have an
effective area of 12.5 cm2 through which gases may permeate. Up
to three membranes can be tested at one time. The membranes were
tested initially at both 10 and 50 psig feed pressure, but,
because the membranes' permeability was constant in this range
all subsequent tests were made at 50 psig. Each membrane was
tested with C02 , N2 and H2 , at room temperature and at 800C.

13
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Figure 7. Thickness of palladium-silver layer
vs. sputter time. Valid for standard

*- sputter conditions.
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Figure 8. Permeation apparatus.
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Both the high pressure line and the permeate lines were purged
with the succeeding gas in order to remove all traces of the
prior gas. This reduced the time required for the gas to come to
equilibrium with the membrane and yield consistent readings. Gas
flow measurements were made with bubble meters.

The normalized permeation rate of the membrane to various
gases is determined by the equation:

P = V (i)
Ap ''

where P = permeation rate cm3 (STP)/(cm 2 sec cmHg)
V = volume flow, cm(STP)/sec
A = area, cm2

p = pressure difference over membrane, cmHg

The selectivity, o, which is used to evaluate the effective
separation of a membrane for gas 1 over gas 2, is described by

(1,2 =  P1 /P 2
•  (2)

Equation (1) assumes that the permeation rate is proportional to
the difference in pressure across the membrane. This is true for
the permeation of gases through polymeric membranes, but not for
the permeation of hydrogen through palladium/silver films. In
the latter case, the permeation rate is proportional to the
difference in the square roots of the upstream and downstream
pressure. Therefore, equation (1) cannot be used to predict the
hydrogen permeation rates for pressures that differ substantially
from the pressure used in the experiments (10 and 50 psig).

Scanning Electron Microscopy

Membrane surfaces and membrane cross-sections were examined
using a Cambridge 5600 Electron Microscope. Cross-sections were
obtained by soaking the membrane in ethanol and subsequently
breaking the membrane at liquid nitrogen temperature. A cross-
section consists mainly of nonconducting polymeric material and
has to be coated with a thin gold layer prior to the SEM examina-
tion. Palladium-silver surfaces can be examined without further
treatment.

16



RESULTS AND ANALYSIS OF MEMBRANE PERFORMANCE

The different support membranes can be classified in order
• of decreasing pore size and porosity of top layer as follows:

Polytetrafluoroethylene filter membranes -- PTFE

Microporous polyetherimide membranes -- PEI-2

Polysulfone support membranes -- PSf

Polyetherimide gas separation membranes -- PEI-1

Coated PSf and PEI-1 membranes: PSf/SR
PSF/SR/TPX
PEI-1/SR
PEI-I/TPX
PSf/SR/EC

All these support materials were coated with palladium/
silver for varying sputter times. Most Pd/Ag composites were

• subsequently hand-dipped in silicone rubber to protect the Pd/Ag
layer. In the following sections, the most interesting results
will be presented and discussed. Additional results, comprising
the remainder of the membranes prepared and tested, can be found
in Appendices A and B.

0 As shown in the detailed discussion that follows, some
extremely good membranes were produced in this program. Our best
membranes had high fluxes and much higher selectivities than any
available polymer membranes. On the other hand, reproducibility
was a continuing problem. As the program progressed and we
became more experienced, the results became more consistent; but
experimental scatter made the effect of changes in preparation
parameters difficult to discern.

PTFE AND PEI-2 SUPPORTS

Two teflon supports were used: one with a 0.02 micron pore
diameter and one with a 0.2 micron pore diameter. Table 1 lists
the permeation rates for these membranes and for the microporous
PEI-2 support. These three supports have large pores that do not
seem to have been bridged by the Pd or Pd/Ag layer. Since the Pd
and Pd/Ag layers had little effect on the flux, we can conclude
that these supports are too porous to serve as an effective
support for Pd/Ag composite membranes.

17



Table 1. Permeation Rates for PTFE-Pd/Ag and PEI-2-Pd

Sputter Permeation Rate
Time [cm 3 (STP)/cm 2sec.cmHgl

Membrane (min) CO2  N2  H2

PEI-2-Pd 0 11x10 -2  8.1x10-2  14x10 -2

PEI-2-Pd 4 6.9x10-2  5.4x10 -2  9.3x10 -2

PEI-2-Pd 8 6.5x10 -2  5.1x10 -2  9.2x19 -2

PEI-2-Pd 14 4.0x10 2  3.3xi0 -2  6.4x10-2

PTFE-Pd/Ag 0.02 im 0 4.7xi0 -2  4.6x10-2  11xi0 -2

* PTFE-Pd/Ag 0.02 um 10 4.7xi0 -2  4.4x10 -2  11x10 -2

PTFE-Pd/Ag 0.02 um 20 4.7x10 -2  4.4x10 -2  11x10 -2

PTFE-Pd/Ag 0.2 um 0 75x10-2  55x10 -2  81x10 "2

PTFE-Pd/Ag 0.2 wm 10 75x10 -2  55x10-2  81x10 -2

PTFE-Pd/Ag 0.2 um 20 89x10-2  63xi0 -2  100x10-2

PSf SUPPORT

The microporous polysulfone (PSf) support was coated with
pure palladium. Three different sputter times were used, with
all other parameters held constant. The permeability of these

/palladium coated membranes and of the original uncoated support
to five test gases (CH4 , C02 , 02, N2 and H2 ) was then measured.
The results are presented in Figure 9 and Table 2.

Table 2. Selectivity of PSf-Pd Membranes

Membrane Sputter Time (min) Theoretical
Selectivity Knudsen

a 1,2 0 1 5 10 Selectivity

aH2/CH4  1.9 2.2 2.8 2.7 2.8
aH2 /CO2  3.1 3.8 4.2 4.2 4.7
O H2/O 2  3.2 3.6 3.6 3.8 4.0
aH2/N2  2.9 3.1 3.1 3.4 3.7

1
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Figure 9 shows that the sputter coating drastically reduces
the permeability of all gases through the membrane and that a
longer sputter time produces a less permeable membrane. However,
as shown in Table II, the membrane selectivity toward hydrogen
was not markedly changed. The selectivityc 1 2 is defined as the

* ratio of the permeation rate of gas 1 to gas 2. A macroporous
membrane will be nonselective, i.e., all a's are equal to 1. A
finely porous membrane with pores smaller than the mean free path
of the test gas will be partially selective, with a selectivity
given by:

0,1,2 = (M2 /MI) 1 / 2  (3)

where M1 and M2 are the molecular weights of gases 1 and 2,
respectively. This is known as the Knudsen selectivity.

The untreated PSf support (sputter time = 0 in Table 2) has
selectivities larger than one but smaller than the Knudsen
selectivities. This indicates a wide distribution in pore
diameters within the support. The Pd coating increases the
selectivity of the membrane very slightly, but the selectivity

OP still remains lower than the Knudsen selectivity and much lower
than the selectivity expected for a nonporous Pd membrane. This
indicates that the Pd layer does not bridge the pores, but merely
coats the pore walls as is schematically shown in Figure 10. We
conclude that the PSf support is too porous to serve as the
backing for a highly selective Pd or Pd/Ag membrane, which
requires an essentially nonporous Pd or Pd/Ag layer.

PSf/SR SUPPORT

PSf/SR was sputtered with Pd and Pd/Ag. These membranes

were tested and found to have low permeation rates and low selec-
* tivities. More details of the results obtained with these

membranes can be found in Appendix A. We believe the
disappointing results are due to the brittleness of the Pd and
Pd/Ag layers. Handling the composite membranes between prepara-
tion and evaluation damages the metal layer. To overcome this
problem, membranes were dipped in a silicone rubber solution
immediately after the vacuum sputtering run. The surface SR

* layer serves to protect the underlying Pd/Ag layer.

Two of the membranes were tested at 200C and 800C. The
resulting permeation rates and selectivities are given in Table
3.

V
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* Figure 9. Permeation rate of gases through sputter coated
(Pd) membranes as a function of sputter time.
Support: Microporous polysulfone (PSf).
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(a) PSf (b)

Figure 10. Pd/Ag coating (a) bridging and (b) not
bridging the pore in the PSI' support.
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Table 3. Permeation Rates and Selectivities for
PSf/SR-Pd/Ag-SR Membranes

Sputter Permeation Rate
Time Temp. [cm 3 (STP)/cm 2sec.cmHgl Selectivity
(min) (OC) CO2  N2  H2  aH2/C02 rLH2 /N2

0 20 2.5x10"3  2.5x10-4  8.0x10 -4  0.3 3.2

1 20 1.6x10"6  1.Ox1O 7  3.0x10 "5  19 300
80 2.8xi0 "6  5.8x10-7  1.4x10 -4  50 241

2 20 1.7x10 "6  4.2x10 "7  1.3x10 "5  7.6 31
* 80 9.3x10 "6  5.8x10-7  9.3x10"5  10 160

3 20 1.1x10 -6  4.5x10 "7  6.7x10 "6  6.1 15

5 20 1.3x10"6  2.2xi0 "7  4.1x10 -6  3.2 19

*The membranes formed after sputtering with Pd/Ag for one and
two minutes have relatively high H2 permeation rates. The Pd/Ag
layer reduced the permeation rate by at least 260 times for CO2 ,
400 times for N2 and only 6 to 9 times for H2. The H2 flux

40 decreased less than the N2 and CO2 fluxes, thereby resulting in
higher selectivities. The gas fluxes and selectivities can be
seen to increase with increasing temperature. This was expected
since Pd/Ag is more permeable to H2 at higher temperatures. The
selectivities also seem to be highest at the lower sputtering
times, i.e., at one and two minutes.

The high H2/N2 selectivity of these membranes suggests that
the Pd/Ag layer contributes to the selectivity. Polysulfone and
silicone rubber alone have H2/N2 selectivities lower than 10.
However, the higher permeation rate of CO2 compared to N2 is
difficult to explain. In this context it is interesting that a

*0 recent paper by Mercea et al.(12 ) also shows surprisingly high
CO2 fluxes for Pd-polyethyleneterephthalate-Pd sandwich mem-
branes.

Comparing the results in Table 3 with those for the
membranes with unprotected Pd and Pd/Ag layers, it is apparent

0 that protecting the Pd/Ag layer with a silicone rubber coating
is beneficial, and this was done for all membranes prepared
subsequently.
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PSf/SR/TPX SUPPORT

A PSf/SR support was either wick or dip coated with TPX to
give varying TPX thicknesses. TPX was used because it was
expected that the Pd/Ag layer would adhere better to it than to
silicone rubber. The results obtained are presented in Table
4. In general, the selectivity of H2 to CO2 and N2 increased
with the addition of the Pd/Ag layer, with the exception of the
0.74 micron TPX membrane. Although the H2/CO2 selectivity
increases at room temperature, the H2/N2 selectivity decreases.
However, at 800C, the selectivity increases. This behavior is
unexpected, as both TPX and Pd/Ag are H2 selective.

Another anomolous result is that the H2 /N2 selectivity
increases with increasing temperature for wick-coated membranes,
but decreases substantially for dip-coated membranes, even though
the permeation rates for the two types are about the same.

0 Normally the selectivity of polymer membranes decreases with
increasing temperature, while the selectivity of metal layers
increases with increasing temperature. The decrease in selec-
tivity in response to an increase in temperature observed in our
dip coated membranes indicates that we are not obtaining the full
effect of the Pd/Ag layer, even after long sputtering times which
would presumably form thick Pd/Ag layers. It seems that for TPX
membranes, wick coating produces better results than dip coating.

Table 4. Permeation Rates and Selectivities for
PSF/SR/TPX-Pd/Ag-SR Membranes

Thickness Sputter SR Temp. Permeation rate Selectivity
(micron) time coating (°C) [cm3 (STP)/cm sec'cmHgl

(min) method CO2  N2  H2  xH2 ICO2 OH2 /N2

20 1.5x10- 4  1.2x10"5  1.2x10" 4  0.8 100.74 0 0 80 3.2x10-4  5.5x10- 5  3.2x10-4  1.0 5.8

20 8.6x10 -6  6.7x10" 6  3,8x10" 5  4.4 5.780 1.8x10 5  5.2x10 "6  1.0x10 4  5.6 19

20 2.8x10- 7  1.8x10 "7  1.3x10" 5  46 72

1.8 80 1.2x10 -5  7.7x10 "7  6.7x10 5  5.6 87

3.8 20 1.2xi0 "6  1.6x10 7  7.0x10-6  5.8 4480 7.4x10"6  6.3x10 "7  4.9xI0 "5  6.6 78

20 7.9x10 6  3.2x10 .5xI0 5  1.9 473.2 2 D 80 2.3x10 " 5  
2.4x10"6  5.1x1O " 5  

2.2 21

0.74 10 D 20 2.3x10 "5  8.7x10 "7  3.5x,0 "5  1.5 4080 9.9x10 -5  1.1 x10 "5  1.3x10 -4  1.3 12

0.63 20 D 20 .ixj0 5  5.5x10 "7  2.7x10 "5  2.5 49

80 4.2xi0 "5  4.2x10 "6  1.0x10 "4  2.4 24

W = Wick coating
D = Dip coating
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PSf/SR/EC SUPPORT

A PSf/SR support dip coated with ethylcellulose (EC) was
sputtered for three different sputter times. The permeation
rates and selectivities are given in Table 5. As shown, both the
uncoated support and the two minute membrane are more sele:tive
for CO2 than H2 . But after the five and ten minute sputter
times, the Pd/Ag layer begins to take effect and H2 becomes more
permeable than CO2. Although the selectivity of these membranes
increased with increasing sputter time, the results were not good
enough to encourage further work, especially since the selec-
tivity decreases with temperature.

Table 5. Permeation Rates and Selectivities
for PSf/SR/EC-Pd/.Ag-SR Membranes

Sputter Permeation Rate
Time Temp. [cm 3 (STP)/cm 2sec.cmHgl Selectivity
(min) (oC) CO2  N2  H2  aH2/CO2 mH2/N2

0 20 8.1x10-5  5.5xi0 -6  5.5x10-5  0.68 10

2 20 1.5x10-5  8.8x10-7  1.2x10-5  0.80 14

5 20 9.4x10-6  6.0x10-7  1.1xi0 -5  1.2 18
80 1.9xi0 -5  2.2x10-6  2.7xi0 "5  1.4 12

10 20 9.7x10-6  6.0xi0 -7  1.3xi0 "5  1.3 22
80 2.1xi0 -5  2.2xI1 -6  3.3x10 -5  1.6 15

PEI-1 SUPPORT

Th PE!-1 support sputtered with Pd and Pd/Ag exhibited
lower seiectivities than the uncoated PEI-1. This could be due
to the formation of defects in the support caused by the sput-
tering process. The resulting permeation rates and selectivities
can be found in Appendix B. An explanation for the decrease in
selectivity is that the sputter plasma created pinholes in the
PEI-1 support. The PEI-1-Pd/Ag membranes were therefore coated
with silicone rubber and the results are presented in Table 6.
The silicone rubber sealing layer reduced the N2 permeation rate
by approximately 50 times as compared to the PEI-1-Pd membranes,
while the H2 permeation rate stayed relatively the same. As a
result, very high H2/N2 selectivities were obtained for sputter
times of 0.25, 1 and 2 minutes. Although the H2/N2 selectivities
increased dramatically, the H2 /CO2 selectivities showed only a
marginal increase.
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The effect of the Pd/Ag layer can be seen when the membranes
are tested at the higher temperature. The permeation rates and
selectivities increase with temperature, a behavior typical of
metal membranes.

Table 6. Permeation Rates and Selectivities
for PEI-1-Pd/Ag-SR Membranes

Sputter Permeation Rate
Time Temp. [cm 3(STP)/cm 2 sec.cmHg] Selectivity
(min) (OC) CO2  N2  H2  mH2/CO2 ciH2 /N2

0 20 3.4xj0 -5  1.9x10 "5  1.7xi0 "4  5.0 8.9

0.25 20 3.8xi0 -6  5.6xi0 7  2.9xi0 -5  7.6 52
80 1.1x10-5  4.5x10 7  1.2x10 4  11 267

1 20 1.3x10 6  4.5x10 8  2.4x10 5  19 533
80 7.0x10 6  1.1x10-7  6.1xi0 -5  8.7 555

2 20 1.0x10 6  2.6x10 7  9.1x10 -6  9.1 35
80 6.2x10 6  2.3x10 7  8.6xi0 5  14 374

3 20 2.1xi0 -6  -1.Ox1 -5  4.8 ---
80 4.7xi0 6  3.0x10-6  9.3x10 5  20 31

0 5 20 2.4x10-6  2.9xI0 "7  1.3xI0 "5  5.4 45

---N2 flux not measurable

PEI-1/SR SUPPORT

Previous results from single layer membranes indicated that
the PEI-1 supports were not as tight as we had originally
believed. Therefore, the PEI-1 supports were sealed with a thin
layer of silicone rubber before sputtering. The selectivities
for the PEI-I/SR-Pd/Ag as well as the PEI-1/SR-Pd/Ag-SR membranes
are presented in Table 7.

•

25

.0t



Table 7. PEI-1/SR-Pd/Ag and PEI-1/SR-Pd/Ag-SR
Multicomposite Membranes

Sputter Permeation rate
time Temp. rcm 3(STP)/cm 2sec'cmHg] Selectivity
(min) (OC) CO2  N2  H2  OH2/CO2 cLH2/N2

PEI-I./SR-Pd/Ag

0 20 2.4x10"5  5.3x10 -7  1.0xI0 -4  4.2 189
1 20 6.9x10- 6  1.0x10 -7  1.5x10 "5  2.2 150

80 9.3x10 -6  3.7xi0 "7  6.9x10 -5  7.4 186
2 20 3.3x10-6  4.6x10 -8  9.0x10 "6  2.7 196

80 5.9x10 -6  3.2x10 "7  6.0x10 "5  10 188
5 20 1.7x10 "6  2.0x10-8  5.3x10 "6  3.1 265

S 10 20 9.0x10 "7  1.5xi0 "8  4.6x10-6  5.1 307

PEI-1/SR-Pd/Ag-SR

1 20 4.4xi0 "6  1.8x10"7  1.3x10"5  3.0 72
80 1.0x10 "5  3.8xi0 -7  9.3x10"5  9.3 245

2 20 1.5xi0 -6  1.8x10-8  1.3x10- 5  8.7 722
80 4.2x10"6  1.3xi0 "7  5.3x10 "5  13 408

5 20 2.4x10"6  8.7x10-7  7.4x10"6  3.1 8.5
10 20 1.4x10-6  3.6x10 "8  9.2x10 "6  6.6 256

80 1.5x10 "5  5.0x10"7  7.0xi0 -5  4.7 140

The table shows that the H2/N2 selectivity is quite high for
the coated PEI-1/SR support itself. This suggests that it might
be the intrinsic selectivity of a tight PEI-1 membrane. Although
the H2/CO2 selectivity increases with temperature, the H2/N2
selectivity decreases. This indicates that the polymer membrane

, is affecting the separation, not the Pd/Ag layer. It is
interesting to note that the selectivities are increasing with
increased sputter time. The Pd/Ag layer shows some effect on the
H2/N2 selectivity for the PEI-1 supports, although not to the
extent it did for the PSf/SR supports. The PSf/SR-Pd/Ag-SR
membranes in Table 4 show a substantial increase in H2 /N 2
selectivity of the sputtered membranes over the unsputtered
support. This selectivity is not inherent in either the silicone
rubber or the PSf.
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PEI-1/TPX SUPPORT

PEI-1 supports were dip coated in TPX before sputtering.
Each PEI-1/TPX support was tested before and after sputtering in
order to provide a reference for each Pd/Ag membrane. The
permeation rates and selectivities are given in Table 8. The
results show that the PEI-1/TPX unsputtered supports have higher
selectivities and permeation rates than the sputtered supports.
It seems that the sputter plasma may be damaging the TPX layer.
The polymer layers are still controlling the permeation of gases
through the membrane.

Table 8. Permeation Rates and Selectivities
for PEI-1/TPX-Pd/Ag-SR Membranes

Sputter Permeation Rate
Time Temp. rcm 3(STP)/cm 2sec-cmHgl Selectivity
(min) (OC) CO2  N2  H2  aH2/CO2 ctH2 /N2

0 20 1.9x10 -5  7.4x10"7  7.2x10-5  3.8 97
2 20 8.6xi0 -6  2.8x10"7  2.3x10"5  2.7 82

0 20 1.7x10-5  6.7x10"7  5.1x10 -5  3.0 76
5 20 4.4x10"6  2.2x10"7  1.1x10 -5  2.5 50

0 20 1.6x10"5  7.8xi0 "7  4.2x10"5  2.6 54
-- 10 20 5.2x10"6  2.9x0 "7  l.3xi0 "5  2.5 45

80 1.4xi0 "5  1.4x10"6  4.4x10-5  3.1 31

SCANNING ELECTRON MICROSCOPY

The structure of a number of membranes was examined using a
Scanning Electron Microscope (SEM). The electron micrographs
were taken after the membranes had been tested for their gas
permeability. Figures 11 to 15 are a selection of the pictures
taken and show some typical membrane surface structures including

S defects.

% Figure 11 is a micrograph of a palladium layer covering a
*6 dust particle. The crack, formed along the edge of the particle,

is due to the pressure of the test gases molding the palladium
0Q layer over the dust particles. The crack is significant in that

gases can easily flow through the opening in the selective layer.
Figure 12 is an example of a defect found on the surface of many
membranes. The cracks in the hole, which are approximately 0.2
to 0.4 microns in diameter, are large enough to allow bulk flow
of gases through the membranes. The hole is the result of high
pressure pushing the thin layer of palladium into a defect in the

0 support.
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4 m

Figure 11. PSf/SR-Pd: 6 minute sputter time;
* 5,000x magnification.

20 im

Figure 12. PEI-2-Pd: 2 minute sputter time;
1,000x magnification.
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Figures 13 and 14 are pictures of the surface of PSf/SR and
PEI-1 membranes. The PSf/SR membranes have many grooves and
indentations on the surface. The PEI-l surface, on the other

,* hand, is very smooth and continuous; a good surface onto which
the Pd/Ag layer is deposited. Figure 15 is a cross-section of a
silicone rubber coated PEI-1 support with a very thin layer of
Pd/Ag.

The composition of the palladium-silver layer of one mem-
brane was determined using an Electron Spectroscopy (ESCA)
method. The analysis showed the composition to be 78 wt% palla-
dium and 22 wt% silver. This result agrees very well with the
composition of the palladium-silver source (76 wt% palladium and
24 wt% silver).

COMPARISON OF THE BEST PALLADIUM/SILVER MEMBRANES WITH
POLYMERIC MEMBRANES

In this section we will compare the performance of the Pd/Ag
composite membranes with the best commercially available membrane
reported in the literature, the Monsanto Prism membrane(13), and
the best membranes that might be made from polymers of known
permeability( 14 ).

As the basis of our comparison we first assume that it is
possible to formulate known membrane materials into membranes
with an effective thickness of one micron. This has been

achieved and even surpassed with a few materials, but would be
difficult with others. The flux of membranes made from each
polymer is then plotted vs. membrane selectivity for the gas
mixture H2/N2. The graph is shown in Figure 16. The performance
of the Monsanto Prism membrane and the best Pd/Ag membranes made
in this feasibility program are also plotted on these graphs.

From these plots it is clear that the best Pd/Ag membranes
are significantly better than other membranes for the separation
of H2 /N2 , with selectivities almost 10-fold higher than
conventional polymer membranes with the same flux. The membranes
also have higher fluxes, by 50 to 100%, and higher selectivities,
by 10- to 20-fold, than the Monsanto Prism membranes, the current

5leader in hydrogen gas separation membranes.

Since CH4 and CO permeate through membranes at approximately
the same rate as N2 , the Pd/Ag composite membranes will be

*equally superior for H2 /CH 4 and H2 /CO separations, with
selectivities well over 100. The H2/CO2 selectivity of the Pd/Ag
membranes is low compared to their H2/N2 selectivity. However,
an H2 /CO2 selectivity larger than 20 is very exceptional for
membranes. In fact, only three polymer materials are known to
have an H2/CO2 selectivity larger than 10(14). These materials

2
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Figure 13. PSf/SR-Pd: 10 minute sputter time;
200x magnification.

-% r--

Figure 14. PEI-1/SR-Pd/Ag: 30 minute sputter time;
5,000x magnification.
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Figure 15. PEI 1/SR-Pd/Ag: 30 minute sputter time;
1,000x magnification.
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Figure 16. Normalized H2 flux vs. H2/N2 selectivity
for polymeric membranes, Monsanto's
commercially available Prism®membrane,
and the best Pd/Ag membranes produced in
this program.
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are barrier materials with very low fluxes: their H2 permeation
rate through a one-micron-thick layer is on the order of
10-6 cm3 (STP)/cm 2.sec.cmHg. The best Pd/Ag membranes prepared
combine a higher H2 permeation rate with H2 /CO2 selectivities
larger than 20.

CONCLUSIONS

This feasibility program has clearly demonstrated that
superior membranes can be made by the thin film composite
technique. Our best membranes had selectivities higher by an
order of magnitude than comparable polymer membranes. On the
other hand, membrane reproducibility is a problem that remains to
be solved.
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APPENDIX A

PSf/SR SUPPORT MEMBRANES

* PSf/SR Support Coated with Pd and Pd/Ag.

The PSf/SR support was sputtered at eight different sputter
times with Pd and three with Pd/Ag. PSf/SR was also sputtered at
four sputter times using the pulse mode. The results are
presented in Table A-i and Figures A-1 and A-2. The pulse mode

* allows for the intermittent pulsing of the plasma in order to
provide finer layers of metal on the surface of the membrane. We
had hoped that the intermittent deposition of the Pd would
provide for a more even distribution of the Pd in a continuous
layer across the surface of the membrane.

Table A-I. Selectivities of PSf/SR Support Membranes

M Membrane Sputter Time (min)
Selectivity 2 4 6 8 10 14'0

PSf/SR-Pd
oLH2 /CH4  1.0 3.4 7.6 17.1 2.6 3.2 2.8
ctH 2 /CO2  0.3 3.4 7.2 17.9 2.6 1.0 3.3
OH2/O 2  1.4 4.7 4.3 24.1 3.4 3.9 3.7
O LH2 /N2  3.2 6.5 3.9 22.6 3.7 5.9 3.7

PSF/SR-Pd with pulse
aH2/CH4  1.0 --- 2.9 2.9 2.8 2.4 ---
c H2/CO2  0.3 --- 3.2 3.0 2.9 2.7 ---

LH2/O 2  1.4 --- 3.9 4.1 3.7 3.4 ---
3 H2/N2  3.2 --- 4.7 4.2 4.7 3.5 ---

*' PSf/SR-Pd/Ag
* H2/N2  3.2 5.6 4.9 --- --- 4.4

It can be seen from Table A-1 that the selectivity increased
slightly due to the deposition of a metal layer on top, but the
increase is insignificant compared to the results expected from a
palladium layer. The table also shows that the sputtered metal
is not very selective for hydrogen over the other gases. We

op seemed to attain a slightly better selectivity at the 6 minute
sputter time, but not enough to give a H2 separation of 99% or
better. Neither the pulse mode nor the Pd/Ag layer seemed to
improve the selectivity. The selectivity is essentially the same
for all three membranes with the exception of the 6 minute
PSf/SR-Pd membrane.0
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Figures A-I and A-2 are graphs of the permeation rate versus
sputter time for the PSf/SR-Pd membrane. Contrary to our
expectations that the flux, and therefore the permeation rate,
would decrease with increasing sputter time, the values seemed to
rise and fall randomly as the sputter time (thickness of the Pd
layer) increased. The selectivity of H2 to the other gases
showed the same behavior. We would expect that the flux would
decrease with increasing thick:ness of the palladium coating and
that, as a result, the selectivity for H2 would increase over
that of any of the other gases. We found our results difficult

* to explain since the fluxes are lowered by a factor of 100, but
the selectivity increases only moderately.

PSf/SR-Pd/Ag-SR-Pd/Ag Multicomposite Membranes

A 1+1 membrane is composed of a PSf/SR support sputtered for
one minute, wick coated with SR and sputtered again for one
minute. The permeation rates and selectivities for these mem-
branes are presented in Table A-2. These membranes seem to have
slightly higher selectivities than the single layer membranes.

The selectivities are higher at the lower sputtering times,
but still not as high as would be expected from the sealing of
the defects. Although the selectivities were lower than
anticipated, especially at the longer sputtering times, the
results were encouraging. We decided to try to reproduce the
results of the 1+1 minute membrane, but this time dip coated it
with silicone rubber for both SR layers.

Table A-2. Permeation Rates and Selectivities for
PSf/SR-Pd/Ag-SR-Pd/Ag Membranes

Sputter Permeation Rate
Time [cm 3 (STP)/cm 2sec.cmHgl Selectivity
(min) C 2  N2  H2  aH2/CO2 cH2/N2

PSf/SR-Pd/Ag-SR-Pd/Ag

1+1 2.4x10"6  3.9x10-7  7.8x10 "6  3.3 20
3+3 3.3xi0 "6  2.3x10 "6  1.2x10-5  3.6 5.2
5+5 1.8x10 -6  9.Ox10"7  8.0xi0 -6  4.4 8.9

PSf/SR-Pd/Ag-SR-Pd/Ag (dipped)

1+1 9.3xi0 "7  1.4xi0'8  3.4x10 -6  3.7 243

The N2 permeation rate decreased almost 30 times when the
dip coating method was used. We speculate that the reason for
this is that the initial Pd/Ag layer was scratched by the action
of the sponge passing over the surface. In dipping, there is no

* abrasive contact with the Pd/Ag layer and therefore the layer is
left relatively intact and continuous. Dip coating should there-
fore be the preferred method for membrane preparation.
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Figure A-1. PSf/SR coated with Pd.
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Figure A-2. PSf/SR coated with Pd.
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APPENDIX B

PEI-1 SUPPORT MEMBRANES

PEI-l support coated with Pd and Pd/Ag

PEI-l is a tight membrane, i.e., theoretically it has no
pores and should allow only diffusion of gases rather than
convection of gases. In this case, one would expect the smallest
molecules to diffuse faster than the larger or bulkier molecules.
Figure B-i is a graph of the results obtained from testing the
PEI-1-Pd membranes. Since there were few differences between the
Pd and Pd/Ag coated PEI-1, the data for the PEI-1-Pd membranes is
used to describe both.

The uncoated PEI-1 support had slightly lower gas permeation
rates than the uncoated PSf/SR support. The addition of the Pd
layer did not lower the permeation rates by much and the PEI-1-Pd
membranes seemed to exhibit the same behavior as the PSf/SR-Pd
membranes, in that the permeation rate fluctuates as the sputter
time increases. One would expect that since the PEI-1 support
has no pores, the palladium layer would be continuous and there-
fore lower the flux of all gases as sputter time increases. But
Figure B-1 shows that this is not so.

The selectivity of this membrane did not increase with the
deposition of the palladium on the surface; on the contrary, it
actually decreases. Part of the problem is that the PEI-l
material seems to have a slight static charge that attracts dust
particles. The dust particles on the surface of the support give
rise to a discontinuous layer of palladium which in turn lowers
the selectivity. Another problem is the support itself.
Different stamps of the same membrane material, from the same

* source, may vary in permeation rates and selectivities. This
could be the explanation of the inconsistent results.

PEI-I-Pd/Ag-SR-Pd/Ag membranes

These PEI-1 multicomposite membranes consist of a silicone
rubber layer sandwiched between two Pd/Ag layers. Table B-1
lists the results obtained from wick and dip coating the silicone
rubber layer on the multicomposite membranes.
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Figure B-1. PEI-1 coated with Pd.
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Table B-i. PEI-1-Pd/Ag-SR-Pd/Ag Multilayer Composite Membranes

Sputter Permeation Rate
Time [cm 3 (STP)/cm2sec-cmHgl Selectivity
(min) CO2  N2  H2  cH2/C02  cH2/N2

PEI-1-Pd/Ag-SR-Pd/Ag

1+1 ].Ox10 -6  1.5x10"7  6.3x10 "6  6.3 42
3+3 1.0x10 -6  2.0x10 -7  5.6x10 -6  5.6 28
5+5 3.4x10 -6  4.0x10-6  1.6x10 -5  4.7 4.0

PEI-1-Pd/Ag-SR-Pd/Ag (dipped)
1+1 9.3x10 -7  2.3x10"8  4.1x10 "6  4.4 178

The addition of the second Pd/Ag layer lowered the permea-
tion rates 10-fold compared to the permeation rates through the
PEI-1-Pd membranes. Although the H2/CO2 selectivity remained the
same, the H2/N2 selectivity increased about 10 times. This would
put the H2 /N2 selectivity within the range of the intrinsic
selectivity of the PEI-1 support. This indicates that the Pd/Ag-
SR-Pd/Ag layer served only to coat the pores in the PEI-1
support.

However, as with the PSf/SR-Pd/Ag-SR-Pd/Ag membrane, the
dipped silicone rubber layer was instrumental in lowering the N2
permeability and therefore increasing the H2 /N2 selectivity.
Again, the H2/CO2 selectivity remained unchanged.
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