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Development and Demonstration Plan and the technical
targets indicated in Table 1:

(K) Durability

(L) Tolerance to Impurities

(M) Membrane defects

(N) Hydrogen selectivity

(O) Operating temperature

(P) Flux

(Q) Testing and analysis

(R) Cost

TABLE 1. Applicable Technical Targets for Dense Metallic Membranes
and Current Project Status

Contract Number: DE-FG36-05G015093 Performance Criteria 2010 2015 Pall Status
Target Target 2009
Subcontractors: d L
2 H %
+ Colorado School of Mines, Golden, CO Flux SCFH/ft" @ 20 psi AP 250 300 270
» Oak Ridge National Laboratory (ORNL), H_z partial pressure and 15
Oak Ridge, TN psig permeate side pressure
. Membrane Cost, $/ft? $1,000 <$500 <$1,000
Pl’O]eCt Stal’t Date: ]uly 1, 2005 (inc|uding all module COStS)
Project End Date: September 30, 2011 AP Operating Capability, 400 | 400600 | 400 psi
system pressure, psi
Hydrogen Recovery (% of >80 >90 >60"
total gas)
Objectives Hydrogen Permeate Quality | 99.99% | >99.99% | 99.999%%**
«  The overall project objective is the development, Stability/Durability 2 years | >5 years to be
demonstration and economic analysis of a Pd-alloy determined

membrane that enables the production of 99.99%
pure H, from reformed natural gas as well as
reformed bio-derived liquid fuels such as ethanol at
a cost of $2-3/gge by 2011.

*  The objectives for the past year were to improve
the membrane fabrication process to retain high
flux and purity in water-gas shift (WGS) reaction
environment and gas streams.

*  An objective for last year was to extend the testing
of Pd-Au alloy membranes to include H,S-
containing WGS streams.

«  Another objective was to incorporate a potential
end user on the program that will provide the
system economic and energy analysis/assessment of
the membrane technology and compare it to current
state-of-the art hydrogen production processes.

Technical Barriers

This project addresses the following technical
barriers from the Hydrogen Production section of the
Fuel Cell Technologies Program Multi-Year Research,
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*Maximum observed flux. Average flux over more than 20 samples

~190 scfh/ft’. Economic analysis indicates separation factor rather than
flux to be stronger determinant of cost of hydrogen production.

** Measured on a 50%H,/21%H,0/up to 3.5% CO/balance CO, mixed gas
stream. Hydrogen flux and recovery measurements are planned with other
impurities starting in mid-2009. The experimentally observed recovery is
determined by chosen operating conditions and is not necessarily a limit of
the membrane performance.

*** Projected purity based on H,/N, ideal selectivity.

Accomplishments To-Date with Specific Barriers
Addressed

+ Increased operating capabilities to 400 psi at
550°C through use of 310SC stainless steel tubular
substrate.

+  Optimized and scaled up the diffusion barrier
coating process to 12-inch lengths with the
manufacturing capability of producing up to 1 m
length substrate tubes. A commercial welding
process has been developed for welding non-porous
fittings to porous tube (N, R).

«  Developed additional sequential steps in the
membrane synthesis process (air oxidation
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and layering sequences) to improve membrane
performance as well as for repairing defects (M, N
and P).

+  Addressed durability through alloy and composite
membrane structure (K).

+  Characterized membrane performance using
synthesis gas (WGS) mixtures (L, Q).

+  Conducted tests with low concentration H,S
exposure (K, L, N, P, Q).

+  Observed reversible H, flux decline with H,S
exposure (K, L, N, P, Q).

«  Fabricated, installed, and started up two larger
mixed gas test stands to perform sensitivity analyses
to WGS reaction environment impurities and long
term durability testing, respectively (K, L, N, P, Q).

+  Demonstrated long-term (500 hr) stable
performance in syngas environment (K).

+  Tested membranes at high-pressure WGS reaction
environment conditions for up to 120 hours. High
mixed gas hydrogen flux rate (145 scfh/ft>-atm®?)
and high hydrogen purity (<99.95%) were observed
at an operating feed side pressure of >200 psig (K,
L,N, P, Q).

+  Demonstrated membrane performance stability with
thermal cycling (50°-400°C) (K, Q).

*  Evaluated effect of CO and H,O on membrane
performance (K, L).

*  Determined acceptable H,0:CO ratio for stable
performance (K,L).

«  Conducted a preliminary evaluation of the module
design, fabrication techniques and materials for
a stand-alone membrane separator device that
showed that a cost of less than $1,000 per ft* of area
to the end user is achievable (R).

+  Preliminary H2A modeling analyses by Directed
Technologies, Inc. (DTI) determined that the
hydrogen flux rate of a membrane and its capital
cost exhibited much smaller impact on the cost
of hydrogen production when compared to the
hydrogen recovery by the membrane (N, P, R).

*  Membrane-based process can enable cost reduction
through process intensification and cost analysis by
DTI indicated that the hydrogen production cost
target of $3/kg is achievable. The capital equipment
cost estimate is based on sale price to end user for
membrane in a module (R).

+  Demonstrated membrane performance meeting
the goals of several milestones set for the Phase II
completion and secured a go decision to move to
Phase III.

*  An end user will participate with Pall on the project
to provide the system economic and energy analysis

R).
S
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Introduction

This project is focused on optimizing the overall
composition of the Pd alloy, intermediate layers and
tubular support, as well as on the manufacturing
methods required to produce a very thin, high-flux, cost
effective membrane for H, separation and purification
on a robust, porous, inorganic substrate. The substrate
used is Pall’s AccuSep® inorganic media which is readily
scalable to high-volume production as it is manufactured
in long lengths. Robust high-area modules can be
made by welding multiple tubes into a pressure vessel,
eliminating low-temperature seal materials.

Approach

The approach is to further develop and optimize
the performance of Pd-alloy membranes that have
been shown to have both high flux rate and high
separation factor for H, from reformate. This is being
accomplished by design of a composite membrane based
on robust, tubular, porous metal media as a substrate.
The substrate is modified by the addition of a uniform,
fine pore size diffusion barrier layer. The deposition
methods are modified to produce a thin, uniform,
functional gas separation Pd-alloy membrane layer. The
project plan includes commercial scale up of the high
quality porous metal substrate and diffusion barrier
layer that enables the development of a technically and
economically viable composite membrane. Membrane
alloy composition and thickness will be optimized for
assuring high hydrogen flux and selectivity as well as
long-term durability with tolerance to contaminants.
The membrane performance will be determined under
operating conditions in a typical reformed natural gas
or bio-derived liquid fuels stream. The H2A model,
modified to incorporate a membrane reactor design,
will be used to verify economic viability. Our plan is
to confirm an increase in the overall energy efficiency
of a H, reforming system through the use of membrane
technology for process intensification. Economic
modeling will be conducted to determine the cost benefit
of an integrated membrane reactor that results from
fewer pressure vessels and reduced catalyst volumes. An
end-user will be conducting system economic and energy
analyses and comparing the results to pressure swing
adsorption (PSA) and amine-based systems.

Results

1. Membrane Development and Testing

Optimization and characterization continued on
the membrane formation process with emphasis being
placed on developing a technique with a sequence
of multiple thin layers and treatments to maximize
performance over extended time periods in WGS
streams. Some mechanical issues have been observed

FY 2010 Annual Progress Report



Damle — Pall Corporation

II.C Hydrogen Production / Separations

with regard to bonding between the membrane layers.
Positive results were obtained with membrane #286
fabricated using the multi-layer process as shown in
Figure 1. The hydrogen flux remained constant at

70 scth/ft? and the hydrogen permeate purity varied
between 99.98 and 99.99% with methane as the

only detected impurity until ~175 hours of test time.
Membrane #286 is 8.4 micron thick and has the
following alloy composition Pd,Au . Additionally,
there was no observed downward trend in the permeate
hydrogen purity over the duration of the test that
included shutdown cycles.

Scale up of the membrane process to deposit 10-
inch long Pd-Au alloy membrane on a 12-inch long
diffusion barrier coated AccuSep substrate tube has been
initiated.

2. Membrane Durability in Pure Gas Streams

In order to test the AP capability of the membrane,
ORNL determined the maximum operating pressure
of the Pd-alloy membrane at room temperature. The
membrane tube didn’t collapse even with external
pressure of up to 4,000 psia.

The membrane housing is rated for 1,596 psi at
537°C exceeding the 400 psi and 400°C DOE target goal.

3. Membrane Durability in WGS Streams

Effect of WGS Environment on the Hydrogen Flux of
Pd and Pd-Alloy Membranes

A primary goal of this project is to determine
the performance trends as a function of Au level and
membrane thickness in WGS streams. One test series
was completed. As shown in Figure 2, Pd-Au alloy
membranes exhibited a 10% flux reduction, whereas a

o 800
Flux.
i MMWJW 700
00
50 | CSM 286, Third testin high CO i
condition E
_ 400°C, 60 psi 500
E 40 | 1314 scem H2 )
o
& 186 scom €O i §
b 314 s5com CO2 o
Z [ 186sccm H20 =]
L CH4 300 8.
ok ey x
) I"-“"'“"- A A A A A A st <]
200
i
10 | 100
coz co
° e °
] 10 20 n 40 50 a0 ] 80

Tame (hr)

FIGURE 1. Permeation Data for the Last 70 Hours of the 175-Hour Test
after Two Shutdown Procedures
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pure Pd membrane exhibited a 30% flux reduction in a
WGS atmosphere. The pure Pd membrane showed a
sharp decrease in H, purity indicating leaks. Additional
tests are in progress.

Effect of WGS Environment on Stability of Membrane
Hydrogen Flux with Time

A Pd-Au alloy membrane was tested in WGS
environment to determine the stability of H, flux with
time up to 500 hours. As shown in Figure 3, flux
remained constant at 65 scth/ft*for 460 hours after an
initial decline (consistent with the acclimatization of the
membrane to the syngas composition) from 73 scfh/ft
in the first 40 hours. H, flux remained constant at
65 scfh/ft* through 500 hrs H,. The H, recovery was
56% and the purity was 99.8%.

At a high feed pressure of 170 psig and 6 I/min WGS
feed flow rate in a 2” single membrane tube module, the
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FIGURE 2. Effect of WGS Environment on the Hydrogen Flux of Pd and
Pd-Au Alloy Membrane
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FIGURE 3. Stability of Membrane Hydrogen Flux with Time in WGS
Streams
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H, flux was 285 scfh/ft? for >100 hours tested and the
H, purity was 99.997% with a H, recovery of 78%.

Effect of WGS Environment on Membrane
Performance as a Function of Feed Flow Rate

H, flux increased by 20% as the feed flow rate
was increased from 2 to 6 1/min. This was attributed
to a reduction in the concentration polarization effect.
Hydrogen purity remained high.

Effect of WGS on the Performance of Pd-Au Alloy
Membranes as a Function of Steam/CO Ratio

The membrane performed well at steam/CO ratios
above 1.5.

Effect of Various Concentrations of H,S in WGS on
Membrane Hydrogen Flux

As shown in the Figure 4, the H, flux decreased
with increasing H,S content, however, the flux was
almost fully recovered when the H,S was removed from
the feed stream. The membrane was a Pdy Au,, alloy,
2.8 microns thick with a 2-inch active length. The WGS
composition was 51% H,, 26% CO,, 2% CO, 21% H,O
plus up to 25 ppm H,S. The feed flow rate was 2 1/min,
feed pressure was 50 psig and the temperature was
450°C.

4. System Economic and Energy Analysis

Agreement was reached with an end-user to work
with Pall on this project. The end-user will carry out
system economic and energy analyses at no cost to the
project but with certain restrictions on confidentiality.
The end-user will provide the results of a confidential
report that they will prepare on a cost comparison
between Pall’s membrane system, an amine-based
solvent system and a PSA system. They will compare
the cost of producing H, and the cost of carbon capture
for all three processes. The cost for the membrane
system capital equipment will be based on performance
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FIGURE 4. Effect of Various Concentrations of H,S on Membrane
Hydrogen Flux
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and cost figures provided by Pall Corporation to the
end-user, based on our test performance results in WGS
atmospheres.

Conclusions

+  Improvements were made in membrane synthesis
process and membranes were evaluated for their
performance in a synthesis gas environment in the
presence of contaminants.

»  High hydrogen purity was demonstrated in high
pressure WGS environments.

+  The membrane cost and economic analysis indicated
hydrogen recovery to be more influential than
hydrogen flux with a slightly favorable tradeoff for
a little thicker membrane. The membrane synthesis
process is capable of producing membranes in the
appropriate thickness range.

*  An end-user has agreed to work with Pall
Corporation to provide information on the system
economic and energy analysis task.

Future plans

«  Improvements in the membrane synthesis process
will be verified and scaled up for manufacturability.

+  The optimum alloy composition and membrane
thickness with respect to performance and durability
in WGS streams will be determined.

+  Mixed gas testing of the membranes will be
conducted using the two test stands to determine
long term membrane performance at various
operating conditions of feed pressure, permeate
pressure, gas composition, contaminant composition
(especially H,S) and hydrogen recovery. The
membrane performance data collected from these
tests will be used for system economic and energy
modeling analysis.

«  System analysis and energy analyses will be
conducted by an end user. It will include the cost
of producing H, and the cost of carbon capture for
Pall’s membrane system, an amine-based solvent
system and a PSA system.
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