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I. OBJECTIVE

The objective of this work is to develop dense ceramic membranes for separating
hydrogen from other gaseous components in a nongalvanic mode, i.e., without using an
external power supply or electrical circuitry.

II. HIGHLIGHTS

1. Our program was reviewed at the 2009 Fuels Peer Review on February 23-27,
2009 in Pittsburgh, PA, and we responded to comments from the reviewers.

2. Milestone 1 was achieved. ANL-3e membranes were found to withstand cycling
of temperature and hydrogen concentration in the feed gas without exhibiting significant
changes in microstructure or performance.

3. Milestone 2 was achieved. Thin ANL-3e membranes were tested at 400-600°C
according to the test protocol established at a contractors’ review meeting on April 29,
2008 at Morgantown, WV.

4. Thin ANL-3e membranes are being tested according to the established protocol.

5. With the help of sintering aids, the sintering temperature of ANL-3e thin-film
membranes was reduced from =1400-1450°C to 1160-1210°C. Reducing the sintering
temperature helps to prevent evaporation of Pd during sintering.

6. The Pd/Pd4S phase boundary was determined at temperatures of 500-600°C in
feed gas with various concentrations of H,S in 10% H,/balance He.

7. Various ANL-3e membranes (sintered and hot-pressed disks made without
sintering aids and thin films made with and without sintering aids) gave consistent results
regarding the Pd/Pd4S phase boundary but exhibited different kinetics of Pd4S formation.



I11. INTRODUCTION

The goal of this project is to develop dense hydrogen transport membranes (HTMs)
that nongalvanically (i.e., without electrodes or external power supply) separate hydrogen
from gas mixtures at commercially significant fluxes under industrially relevant operating
conditions. HTMs will be used to separate hydrogen from gas mixtures such as the
product streams from coal gasification, methane partial oxidation, and water-gas shift
reactions. Potential ancillary uses of HTMs include dehydrogenation and olefin
production, as well as hydrogen recovery in petroleum refineries and ammonia synthesis
plants, the largest current users of deliberately produced hydrogen. This report describes
the results from the development and testing of HTM materials during FY 2009.

Materials development for the HTM has followed a three-pronged approach at
Argonne. In one approach, we utilized principles of solid-state defect chemistry to
properly dope selected monolithic electronic/protonic conductors (perovskites doped on
both A- and B-sites) and to obtain materials that are chemically stable and have suitable
protonic and electronic conductivities. The second approach used cermet (i.e.,
ceramic/metal composite) membranes that are prepared by homogeneously mixing
electronic/protonic conductors with a metallic component. The metal phase in the cermets
enhanced the hydrogen permeability of the ceramic phase by increasing the electronic
conductivity and by providing an additional transport path for the hydrogen if the metal
has high hydrogen permeability. In our third approach, we dispersed a metal with high
hydrogen permeability (called a “hydrogen transport metal”) in a support matrix
composed of either a ceramic or a metal. In these composites, hydrogen is transported
almost exclusively through the hydrogen transport metal, and the matrix serves primarily
as a chemically stable structural support. We focused during FY 2009 on the development
of HTMs in which a ceramic phase provided structural support for a hydrogen transport
metal. In particular, we focused on “ANL-3e membranes” (composed of Pd mixed with
Y,0s-stabilized ZrO,), which have given the highest hydrogen flux to date for membranes
made at Argonne (=26 and ~50 cm’/min-cm” at 400 and 900°C, respectively). Various
membranes developed at Argonne are summarized elsewhere [1].

In addition to providing high hydrogen flux, HTMs must have sufficient mechanical
strength to withstand stresses caused by changes in temperature and feed gas composition.
Changes in temperature produce stress in ANL-3e membranes, because they consist of
two materials with different coefficients of thermal expansion. Changes in feed gas
composition produce stress, because the lattice parameter of Pd depends on the hydrogen
concentration in the feed gas. Because HTMs will inevitably encounter changes in
temperature and feed gas composition during operation, we have begun evaluating the
“cyclability” of ANL-3e membranes, i.e., their ability to withstand the effects of cyclical
changes in temperature and feed gas.

Good chemical stability is also a critical requirement for HTMs due to the
corrosiveness of product streams from coal gasification and/or methane reforming.
Hydrogen sulfide (H,S) is a particularly corrosive contaminant that HTMs are expected to



encounter. When H,S reacts with an ANL-3e membrane, palladium sulfide (Pd4S) forms
on the HTM’s surface and greatly impedes hydrogen permeation; therefore, the conditions
for PdsS-formation largely determine a membrane’s tolerance for H,S. We previously
used sintered ANL-3e disks to determine the temperatures at which PdsS forms in feed
gases that contained 10-73% H; and =8-400 ppm H,S [2]. We also used Pd foil and hot-
pressed ANL-3e disks to locate the Pd/PdsS phase boundary at 500-600°C in feed gas with
10% Hy/balance He [2, 3]. To correlate the phase boundary data with the effects of H,S on
the performance of Pd-containing HTMs, we measured the hydrogen flux for commercial
Pd foils and ANL-3e membranes during their exposure to feed gas whose H,S
concentration was gradually increased. We report here our study of the Pd/Pd4S phase
boundary at low temperatures (500-550°C) using ANL-3e thin-film membranes made with
sintering aids, because preliminary results suggested that such membranes might be more
resistant to attack from H,S.

Hydrogen transport membranes must also have good mechanical integrity at high
temperature (=<900°C) and high pressure (=350 psi). Argonne HTMs have been tested in
high-pressure tests at the National Energy Technology Laboratory (NETL) [1] and at
Argonne. In tests using Argonne’s high-pressure reactor, the hydrogen flux of disk-
shaped, self-supported ANL-3e samples was measured in feed gas that contained either
4% H, or 90% H; at temperatures up to 900°C and pressures up to =300 psig [2]. The
reactor has since been modified to allow thin-film HTMs (thickness =25-50 pum) on
porous supports to be tested according to criteria established at NETL. To aid the
development of HTMs that satisfy the requirements described above, the following
milestones were established in our Field Work Proposal for FY 2009:

1. Test cyclability of membrane vs. temperature and H, concentration in feed gas.
2. Measure flux of thin film membrane according to NETL test protocol.

Both milestones for FY 2009 were met in studies using membranes that were
developed at Argonne. In addition to meeting these milestones, we identified sintering
aids that improve densification of ANL-3e thin-film membranes at lower sintering
temperatures, and we continued investigating the Pd/Pd4sS phase boundary at low
temperatures (<600°C) and low H; concentrations (<10% Hb).

IVv. RESULTS

Results obtained during FY 2009 are presented below in relation to the pertinent
milestone. Work that was done outside the scope of the milestones is also described.

Milestone 1. Test cyclability of membrane vs. temperature and H, concentration in
feed gas.

The cyclability of ANL-3e membranes was tested with hot-pressed and thin-film
samples. To prepare hot-pressed samples, Pd powder (60 vol.%) from Technic, Inc., was
mixed with TZ-3Y (ZrO, partially stabilized with Y,03 ) powder from Tosoh Corp. Disks
were made by hot-pressing (25 min at 1125-1150°C) the powder mixture under a roughing



pump vacuum. Both sides of the disk were polished with 600-grit SiC polishing paper.
After polishing, the disk (thickness of =150-175 um) was cleaned with acetone and de-
ionized water in an ultrasonic bath.

We prepared ANL-3e thin-films from a powder mixture of Pd (50-60 vol. %) and
TZ-3Y (Sigma-Aldrich Co., partially stabilized ZrO,, submicron particle size) with either
manganese oxide or cobalt nitrate added as a sintering aid. Blending the powder mixture
with an organic binder and solvent produced an ink that was used to paint a thin film onto
a pre-sintered substrate. After the substrate was painted with the ink, it was dried in air
and then sintered for 4-6 h at 1160-1230°C in air. Substrates were prepared by mixing
alumina hydrate powder (Sasol) or TZ-3Y powder (Sigma-Aldrich) with 5-10 mol. % of a
sintering aid (relative to alumina or TZ-3Y) and an organic binder. Either carbon black
(Fisher Scientific Inc.) or poly(methyl methacrylate-co-ethylene glycol dimethacrylate),
PMMA-CE (Sigma-Aldrich, 8 pm) were added (20 wt. %) as pore formers, and the
powder mixture was uniaxially pressed (5-7 kpsi) into a disk. The pore formers were
eliminated by pre-sintering (6-8 h at 900-950°C in air) the disk.

During cycling tests, samples were held in either an open tray or a spring-loaded test
fixture used for measuring hydrogen permeation. During thermal cycling tests, a sample
was heated to 300°C at a rate of 3-4°C/min and held for 30 min at 300°C, then the
temperature was cycled between “end temperatures” of 300°C and 800°C at a ramp rate of
3°C/min with 30-min dwell periods at each end temperature. After a certain number of
cycles, the reactor was cooled to room temperature at a rate of 3-4°C/min. High purity He
flowed through the furnace at a rate of 120 ml/min during the entire test.

In “hydrogen cycling” experiments on a permeation fixture, a sample was slowly
heated (3-4°C/min) to 400°C or 500°C and held at that temperature for at least 30 min
(sometimes overnight). During this period, high purity He flowed (2150 ml/min) over one
face of the disk while high purity N, flowed (50 ml/min) over the other side. After the
temperature stabilized at 400°C or 500°C, the feed gas composition was cycled between
4% Ha/balance He and 90% H,/balance He. The feed gas flow rate (2150-175 ml/min) was
checked during the tests and adjusted, if necessary, with calibrated flow meters (Agilent
Optiflow 630 and 570).

The feed gas in hydrogen cycling tests was varied between “end compositions” of
4% Ha/balance He and 90% Ha/balance He. A gas flowed for 45-55 min before the feed
was switched to the other gas. With a feed gas flow rate of 150 ml/min and furnace
volume of 22600 ml, a feed gas had to flow =15-20 min just to purge the furnace tube.
During the transition from one feed gas to the other, we were not certain how much time
was required to reach the new composition, but we expected that the new composition
would be reached before the end of the dwell. At the end of each day, the feed gas was
switched to high purity He overnight as a safety precaution. After a certain number of
hydrogen cycles had been completed over several days, the feed gas was switched to high
purity He, and the sample was cooled to room temperature.



To determine if cycling caused an increase in leakage, helium leakage through a
sample was measured at room temperature before and after cycling tests. The sample was
sealed to a permeation fixture with a rubber “O”-ring and placed into a furnace at room
temperature. Helium was flowed over the “feed side” of the sample, and N, was flowed
over the “sweep side,” while a gas chromatograph (GC) measured the He concentration in
the sweep gas. The microstructure of samples was studied before and after cycling with
scanning electron microscopy (SEM, JEOL 5400) and energy dispersive spectroscopy
(EDS) with a Voyager system from Thermo Electron Scientific Instruments Corp.

In some tests with thin-film membranes, the hydrogen flux and helium leakage were
measured during hydrogen cycling, in which case the sample was held by a spring-loaded
test fixture using a gold ring to form a gas-tight seal between the sample and fixture. The
sample was slowly heated (2-3°C/min) to 920°C overnight to improve the seal. High
purity helium was flowed on one side of the sample while it was heated, and high purity
nitrogen was flowed on the other side.

After a gas seal was made at 920°C, the temperature was reduced to 400°C, and the
hydrogen flux and helium leakage were measured while the feed gas was cycled between
compositions. Each cycle began in the morning by flowing 4% Hj/balance He at a rate of
150 ml/min for 30-50 min. The feed gas composition was then switched by flowing “coal
gas” (50% Hy/31% CO,/1% CO/16.25% He) at a rate of 160 ml/min. Ultra high purity
nitrogen flowing at 150 ml/min was used as the sweep gas. After the sample permeation
was measured under these conditions for 5-7 h, the reactor was purged for 25-30 min with
4% Hay/balance He flowing at 150 ml/min. The feed gas was switched overnight to He
flowing at 80 ml/min. This cycle was repeated eight times at 400°C, then the temperature
was raised to 500°C, and the cycle was repeated five times.

The sweep gas was analyzed two or three times each day with a GC to determine the
hydrogen flux and helium leakage. To maintain steady gas flow conditions, gas flow rates
were measured with a gas flow rate meter (Agilent 630) and adjusted accordingly after
each analysis of the sweep gas. Mass flow controllers (MKS 1179A) were used to blend
“coal gas” (61.68% H,/37.12% CO,/1.2% CO) and ultra purity helium (99.998%), from
Airgas Inc. The reactor had an interior volume of %2600 cm3; therefore, =15 min was
considered sufficient time to switch from one gas composition to another.

Figure 1 shows polished hot-pressed samples before and after annealing at 500°C.
These samples did not undergo either thermal or hydrogen cycling and serve as a reference
for samples that were cycled. The reference samples shown in Fig. 1 were polished like
hot-pressed samples that were either cycled or annealed without cycling. Figure 2 shows a
sample after thermal cycling twelve times (Fig. 2a) or twenty-four times (Fig. 2b) between
300°C and 800°C in flowing He. Figure 3 shows samples after cycling at 400°C either five
(Fig. 3a) or fifteen (Fig. 3b) times between 4% Ha/balance He and 90% H»/balance He,
while the sample in Fig. 4 underwent five hydrogen cycles between 4% H/balance He and
90% Hy/balance He at 500°C. Table 1 summarizes changes in microstructure that were
seen after various anneals and cycling tests with hot-pressed samples.



Fig. 1. Scanning electron images of hot-pressed ANL-3e disks a) after
polishing and before annealing, b) after annealing for 12 h in
flowing He at 500°C, and c) after annealing for 120 h in flowing
He at 850°C. Particles on surface are Pd.

A polished, hot-pressed sample exhibited scratches, but particles were not evident
(Fig. 1a), whereas particles with diameter of <2-3 pum were dispersed over the entire
surface of a sample that was annealed for 12 h at 500°C (Fig. 1b). Particles were also seen
on a sample that was annealed for a longer period (120 h) at higher temperature (850°C),
but the particles were larger and more numerous (Fig. 1¢). Similar-looking particles were
also dispersed over the entire surface of samples that underwent thermal cycling (Fig. 2)
or hydrogen cycling (Fig. 3), but the size and abundance of the particles varied with
details of the cycling tests. When the number of thermal cycles was doubled, the size and
concentration of particles increased (Fig. 2). Likewise, the particles grew in size and
number when the number of hydrogen cycles at 400°C was tripled (Fig. 3) and when the
same number of hydrogen cycles was done at 500°C (Fig. 4) rather than 400°C (Fig. 3a).
The EDS results showed that the particles on these various samples contained essentially
pure Pd. The growth of such particles was the only discernible change in microstructure
after a hot-pressed sample underwent thermal or hydrogen cycling, or it was annealed
without cycling.



Fig. 2. Scanning electron images of hot-pressed ANL-3e disk after
a) twelve and b) twenty-four thermal cycles between 300°C
and 800°C in flowing He. Particles on surface are Pd.

Fig. 3. Scanning electron images of hot-pressed ANL-3e disk after
a) five and b) fifteen cycles between 4% H,/balance He and
90% H/balance He at 400°C. Particles on surface are Pd.

Fig. 4. Scanning electron image of hot-pressed ANL-3e disk after five
cycles between 4% Hj/balance He and 90% H./balance He at
500°C. Particles on surface are Pd.



Table 1. Effect of initial thermal and hydrogen cycling tests with hot-pressed
ANL-3e membranes [4].

Type of Cycling Conditions Results Microstructure
Anneal 12 h @ 500°C Pd particles on Fie. 1b
No cycling He surface 18-
Anneal 120 h @ 850°C Pd particles larger, Fio lc
No cycling He more abundant &
12 cycles .
Thermal 300 - }éOO°C Pd particles on Fig. 2a
surface
He
24 cycles Pd particles larger,
Thermal 300 - 800°C more abundant than Fig. 2b
He after 12 cycles
> cycles Small Pd particles .
Hydrogen 4% H, - 90% H, on surface Fig. 3a
400°C
15 cycles .
fdogen | ot ovhm, | Ppee | g,
400°C Y
5 cycles Pd particles larger
Hydrogen 4% H, - 90% H, than after 5 cycles Fig. 4
500°C at 400°C

Figure 5 shows secondary electron images of as-sintered thin films, i.e., without any
type of cycling or anneal (Fig. 5a), after twenty cycles between 4% Hj/balance He and
90% Hy/balance He (Fig. 5b) at 500°C, and after sixteen cycles between 350°C and 800°C
in flowing He (Fig. 5c). Although Fig. 5 shows features with size of 82-10 um that might
look like the particles on hot-pressed samples (Figs. 1-4), the particle-like features on thin-
film samples are fundamentally different from those on hot-pressed samples. The features
in Fig. 5 appear less rounded, and smaller features are evident on the particles. A
backscattered electron image from a thermally cycled thin film (Fig. 6) revealed both light
and dark areas in the apparent particles, indicating a variation in chemical composition.
Unlike the nearly pure Pd particles on hot-pressed samples, these features contain a
mixture of Pd and TZ-3Y. Most important, the particle-like features on thin-film samples
do not change their appearance during cycling tests, looking nearly identical to the
features on the as-sintered film.
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Fig. 5. Secondary electron images of thin-film samples after a) sintering
4-6 h at 1160-1230°C in air, b) twenty cycles at 500°C between
4% Hy/balance He and 90% H./balance He, and c) sixteen
cycles between 350 and 800 °C in flowing He.
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Fig. 6. a) Secondary electron and b) backscattered electron image of
thin-film sample after sixteen cycles between 350 and 800 °C
in flowing He.



The fact that the size and abundance of Pd particles on hot-pressed samples
increased with the number of thermal and hydrogen cycles suggests that cycling
contributed to growth of the particles, but Pd particles also appeared on samples that were
not cycled (Figs. 1b and 1c¢). Considering that the particles were comparable in size and
abundance whether a sample was cycled or annealed without cycling, it seems
unreasonable to attribute the growth of Pd particles to effects from cycling. The fact that
all samples had been polished before the particles grew suggests that the particles are an
artifact from polishing, and the absence of pure Pd particles on thin-film samples, which
were not polished, supports this idea. During polishing, TZ-3Y is removed from the
surface due to its brittleness (relative to Pd), but Pd tends to smear across the sample’s
surface. When a polished sample is subsequently heated during annealing or cycling tests,
the Pd left on the surface can reduce its surface energy by coalescing into particles.
Coalescence of the Pd was evidently incomplete after briefer tests at lower temperature,
because the size and number of particles increased with the number of cycles (Fig. 2a vs.
Fig. 2b), the cycling temperature (Fig. 3a vs. Fig. 4), and the duration and temperature of
annealing without cycling (Fig. 1b vs. Fig. 1c¢).

Helium leakage measurements support the idea that polishing, and not cycling, led to
the formation of Pd particles on the surface of hot-pressed samples. Helium leakage at
room temperature was not detectible before or after the tests. The fact that the helium
leakage did not increase during the tests indicates that the amount of interconnected
porosity did not increase, because interconnected porosity is necessary for helium leakage,
and helium leakage increases with interconnected porosity. If the interconnected porosity
did not increase, the particles probably grew from Pd left on the surface after polishing,
because Pd transport from the interior would have increased the interconnected porosity.

In summary, neither thermal nor hydrogen cycling caused significant changes in
hot-pressed or thin-film ANL-3e samples. The presence of Pd particles on the surface of
polished hot-pressed samples was attributed to coalescence of Pd left behind by polishing.
Growth of the particles did not noticeably affect helium leakage through the samples.
Likewise, in situ measurements made during hydrogen cycling (Table 2) of a thin-film
sample showed that its hydrogen flux did not change during cycling at 400°C and 500°C.
Helium leakage through the sample did not change during cycling at 500°C, and the slight
change during cycling at 400°C is within the range of experimental uncertainty.

Table 2 Hydrogen flux (ml/min) and He leakage (ml/min) during cycling of ANL-3e
thin-films between ““syngas™ (50% H,/31% CO,/1% CO/16.25% He) and He.

Test 1% cycle Last cycle

400 °C, eight cycles between He | Flux: 9.76-10.15 Flux: 9.60-10.43
and “syngas” Leakage: 0.034-0.047 Leakage: 0.054-0.056

500 °C,* five cycles between | Flux: 11.89-12.15 Flux:11.67-12.02
He and “syngas” Leakage: 0.065-0.070 Leakage: 0.065-0.070

*The 500°C test was carried out right after 400°C test.
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Milestone 2. Measure flux of thin film membrane according to NETL test protocol.

A protocol for testing hydrogen separation membranes was developed at a
contractors’ review meeting on April 29, 2008, at Morgantown, WV. A high-pressure
permeation reactor at Argonne was modified for the purpose of testing hydrogen
separation membranes according to the established protocol. Results are presented here
from a “shake-down” experiment of Argonne’s reactor that lasted =5 h, and a second
experiment that lasted 600 h. Although the second test lasted =600 h, the sample was
exposed to the protocol test conditions for only =120 h, because the reactor was not
approved for unattended operation, and the feed gas had to be switched to helium at the
end of each day. After the second test was completed, the reactor was approved for
unattended operation. Further tests according to the protocol are underway.

A thin ANL-3e cermet membrane was prepared by hot-pressing a powder mixture of
60 vol.% Pd/40 vol.% TZ-3Y for 25 min at 1125°C. After hot-pressing, the disk was
polished to a thickness of 125-150 um. It was sealed for testing by squeezing it between
two Haynes HR-160 alloy tubes using graphite washers to obtain gas-tight seals between
the membrane and the HR-160 tubes. The sample was heated to 400°C at a rate of 50°C/h
while Ar was flowed on the sweep side of the sample and He on the feed side.

After the temperature reached 400°C, the feed gas composition was switched to
50.3% Ha,, 1.0% CO, 30.2% CO,, and 18.5% H,0. The feed gas composition changed to
47.4% H;, 0.9% CO, 28.4% CO,, 17.4% H,0, and 5.9% He when He was added for
measuring leakage. To compare the performance of samples tested according to the
protocol to that of samples tested previously, the flux was measured over the temperature
range 400-600°C with feed gas of ¥90% Hy/balance He (feed pressure =3-7 psig) at the
end of the second test. The hydrogen and helium concentrations in the sweep gas were
measured with a GC four times every hour to calculate the hydrogen flux. According to
the test protocol, the feed gas should be fully analyzed as it exits the reactor, which is
possible in principle but requires the GC and the GC operator to be dedicated solely to this
experiment. Under the present circumstances, this arrangement is not possible; therefore,
the H,, He, CO, and CO; concentrations were measured only at the beginning of the day
and at the end of the day. During the day, only the H, and He concentrations were
measured. Unless personnel and a new GC can be added, a similar procedure will be
followed during typical future runs.

Table 3 shows the hydrogen and helium concentrations that were measured in the
sweep stream during the shake-down experiment that lasted five hours, and Table 4 shows
the hydrogen flux and purity that were calculated from the measured hydrogen and helium
concentrations. Figure 7 plots the values of hydrogen flux and purity that were measured
in the second experiment. The Excel spreadsheet that was used to calculate the hydrogen
flux and purity is available upon request. Figures 8 and 9 compare the hydrogen flux
values measured in the second experiment to values that were measured previously with
other samples. To compare values from samples with various thicknesses, we normalized
all values in Figs. 8 and 9 to a thickness of 20 pum.
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Table 3. Experimental

conditions and helium and hydrogen concentrations
measured at 400°C during shake-down experiment of reactor for

conducting permeation measurements according to established protocol.

Time (h) Sweep Flowrate (mI/min)  Preed (PSIG) Pswesp (PSIQ) He Leakage (%) H, Conc. (%)
40.988 216.50 206.41 2276 0.0052 1.7880
41.050 216.50 206.41 22.76 0.0042 1.7855
41.140 216.50 206.41 22.76 0.0069 1.7935
41.281 216.50 206.41 22.76 0.0055 1.8029
41.941 217.00 206.10 23.10 0.0042 1.7888
42.049 217.00 206.10 23.10 0.0039 1.8049
42.126 217.00 206.10 23.10 0.0000 1.8373
42.215 217.00 206.10 23.10 0.0042 1.7988
42.868 216.25 202.89 23.09 0.0034 1.8144
42.950 216.25 202.89 23.09 0.0040 1.8052
43.027 216.25 202.89 23.09 0.0042 1.8159
43.096 216.25 202.89 23.09 0.0040 1.7684
43.782 215.75 202.94 22.89 0.0029 1.6544
43.852 215.75 202.94 22.89 0.0029 1.6525
43.936 215.75 202.94 22.89 0.0031 1.6764
44,007 215.75 202.94 22.89 0.0033 1.6473
44,859 214.25 205.44 22.82 0.0046 1.7907
44.931 214.25 205.44 22.82 0.0043 1.7062
45.005 214.25 205.44 22.82 0.0031 1.7109
45.074 214.25 205.44 22.82 0.0037 1.7055

Table 4. Hydrogen flux and purity measured at 400°C during shake-down experiment

of reactor for conducting permeation measurements by established protocol.

Time (h) He Leakage (%) H, Conc. (%) H, Flux (cm*min-cm?) "Purity"
40.988 0.0052 1.7880 4.467 99.709
41.050 0.0042 1.7855 4.497 99.765
41.140 0.0069 1.7935 4428 99.615
41.281 0.0055 1.8029 4.496 95.695
41941 0.0042 1.7888 4511 99.765
42.049 0.0038 1.8049 4.562 99.784
42.126 0.0000 1.8373 4.768 100.000
42.215 0.0042 1.7988 4.537 99.767
42.868 0.0034 1.8144 4.586 99.813
42.950 0.0040 1.8052 4.544 99.778
43.027 0.0042 1.8159 4.565 99.769
43.096 0.0040 1.7684 4.449 99.774
43.782 0.0029 1.6544 4178 99.825
43.852 0.0029 1.6525 4173 99.825
43936 0.0031 1.6764 4229 99.815
44.007 0.0033 1.6473 4.148 99.800
44.859 0.0046 1.7907 4.446 99.743
44931 0.0043 1.7062 4239 99.748
45.005 0.0031 1.7109 4.288 99.819
45.074 0.0037 1.7055 4.256 99.783
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Figures 8 and 9 plot the hydrogen flux over a range in temperatures versus Aszm,
which is defined in terms of the partial pressures of hydrogen on the feed and sweep sides
of the membrane:

ApH, = \/sz(feed) — \/sz(sweep) (6)

Figure 8 shows data collected previously [2] at NETL and Argonne and values that were
measured in the protocol tests. Flux was measured at Aszl <1 atm" by varying the feed
composition while maintaining a total pressure of 1 atm. Values were measured at ApH,
> atm'” by varying total pressure with the feed composition fixed at 90% Ha/balance He.
Values measured previously at Argonne were extrapolated to 400°C, the temperature of
the protocol tests assuming thermally activated permeation through palladium. The two
points in red (Fig. 8) were measured with the protocol-test sample. The value at sz
=2.4 atm'~ was measured under the protocol conditions, and the value at Aszl =1 atm
was measured using a feed gas of =90% Hj/balance He (pressure =3-7 psig) after
completion of the protocol test.

172

Figure 9 plots hydrogen flux values measured previously at Argonne at 590°C by
varying the total pressure while fixing the feed composition at 90% Hs/balance He, and at
600°C by varying the feed composition while maintaining a total pressure of 1 atm. Also
shown are values measured with the protocol-test sample using 90% Hj/balance He
(pressure =3-7 psig) as the feed gas. Six values are reported for the protocol-test sample,
for which the flux was measured at sweep gas flow rates from =200 to 81000 ml/min. As
the sweep flow rate increased, pHa(sweep) decreased and pH, "% increased.
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Hydrogen flux values measured with the protocol-test sample were slightly higher
than values that were measured previously with similar samples, as seen by comparing the
protocol-test values to the extrapolated values at 400°C (Fig. 8) and by comparing values
measured at 600°C (Fig. 9). The difference is not significant and is attributed to
experimental uncertainties in the measurement of flux and sample thickness. Thickness
measurements are a factor because they were used to normalize flux measurements to the
same thickness in order to compare flux values for the different samples.

The membranes were examined by SEM after the protocol tests at 400°C. The
thickness of the samples was measured to be 125-150 pum. After the shake-down
experiment, the sweep side of the sample appeared similar to the as-polished surface, with
Pd somewhat smeared across the surface from the polishing process, whereas Pd appeared
more like discrete particles on the feed surface. After the longer (2120 h) experiment at
400°C, Pd particles were found on both feed and sweep surfaces. The particles appear to
be similar to those found after the cycling and annealing experiments and are likely an
artifact from polishing.

The results from the first two “protocol tests” show that Argonne’s reactor is suitable
for making measurements according to the established protocol. The method for obtaining
gas-tight seals (mechanically loading graphite gaskets between the membrane sample and
the tubes that carry the feed and sweep gases) appears satisfactory, as seen by the low He
leakage values (Table 3) and high purities (Fig. 7). The quality of the gas seal depends
critically on proper positioning of the sample and good alignment between its sealing
surface and that of the gas-bearing tubes. As more experience is gained with this sealing
method, the quality of the seal seems to be improving; therefore, we believe that lower
leakage and higher purity can be achieved in future runs.

Additional Effort: Improve density of thin-film membranes.

Reducing a membrane’s thickness is expected to increase its hydrogen flux;
however, reducing its thickness also increases the possibility that it contains pinholes that
degrade its selectivity. To avoid formation of pinholes, membranes must have high
density. High-density ANL-3e membranes can be made by sintering them at high
temperatures (=1400°C), but evaporation of Pd can reduce the Pd content on their surface
if the sintering temperature is too high. A Pd-deficient layer can be removed simply by
polishing the membrane if it is a self-supporting disk, but polishing can easily damage a
thin-film membrane, especially if the film is not flat. To produce high density thin-film
membranes while reducing their loss of Pd during sintering, we tested several sintering
aids during FY 2009 that allow densification at sintering temperatures <1300°C. ANL-3e
thin films made with nitrates of cobalt, copper, and bismuth were found to densify in the
temperature range 1180-1225°C, but they tended to crack or delaminate from Al,O;
substrates due to their higher sintering temperature [5]. Thin films made with sintering
aids did not delaminate from TZ-3Y substrates, however, due to the lower sintering
temperature of TZ-3Y [5].
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Nitrates of cobalt, copper, and bismuth have been reported to be effective sintering
aids for ZrO, [6-8]; therefore, we tested them as sintering aids for ANL-3e thin films on
porous substrates made from Al,O3 or TZ-3Y. Substrates were prepared by mixing either
alumina hydrate powder (Sasol) or TZ-3Y powder (Tosoh) with carbon black powder
(Fisher Scientific, 20 wt. %), uniaxially pressing the powder mixture (5-7 kpsi) into a disk,
and pre-sintering the disk for 6-8 h at 900-950°C in air. Pre-sintering eliminated the
carbon pore former and gave the substrate mechanical integrity for subsequent handling.

A powder mixture for making ANL-3e thin-film membranes was prepared by
mixing 50-60 vol. % Pd powder (Technic) with TZ-3Y powder (Tosoh) and one of the
additives being tested as a sintering aid (1.3-4.4 mol. %, relative to TZ-3Y). The amount
of additive in the mixture was chosen based on the literature [6-8]. Blending the mixture
with an organic binder and solvent gave an ink that was used to paint a thin film onto a
pre-sintered substrate. Additives were incorporated in the form of nitrates, rather than
oxides, because nitrates readily disperse in the ink and form finely divided oxides when
they decompose during sintering of the film. After the substrate was painted with a film, it
was dried in air and sintered for 4-6 h at 1225-1380°C in air. Sintered films were tested for
pinholes and/or microcracks by checking for penetration of the film by isopropyl alcohol
(IPA). Penetration of the film by IPA was visible as darkening of the film and indicated
cracks or interconnected porosity in film. Microstructures of the films were examined by
SEM, and EDS was used to estimate the Pd content on the surface of sintered films.

Table 5 summarizes the findings from tests of ANL-3e films made with sintering
aids on alumina substrates. Microstructure examinations and IPA-penetration tests showed
that dense films were made at sintering temperatures of 1280-1300°C by using cobalt
nitrate, bismuth nitrate, or copper nitrate as a sintering aid. In contrast, samples sintered at
1225-1250°C remained porous. Figure 10 shows micrographs taken from an ANL-3e thin
film made with 4.4 mol. % cobalt nitrate and sintered for 4 h at 1300°C in air. The film
appeared dense, and EDS showed no noticeable loss of Pd from its surface. In fact, EDS
showed no appreciable loss of Pd from samples sintered at temperatures below 1350°C.
Films that contained bismuth nitrate or copper nitrate, however, tended to crack or
delaminate from the substrate, probably due to a mismatch in shrinkage during sintering.

Table 5.  Effect of various additives on sintering behavior of ANL-3e
thin-film membranes on porous alumina substrate sintered

in air.
Sintering Aid 1225-1250°C 1280-1300°C 1335-1350°C
Cobalt Nitrate Porous Dense Dense
(4.4 mol. %) Crack free Crack free
Bismuth Nitrate Dense
(2 mol. %) Porous Cracks Not tested
Copper Nitrate Dense
(1.3 mol. %) Porous Cracks Not tested
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Fig. 10. ANL-3e thin-film membrane made with cobalt nitrate on alumina
substrate and sintered in air for 4 h at 1300°C: (a) cross-section,
secondary electron image; (b) top view, secondary electron image;
(c) same view as (b) but backscattered electron image. Bright area is
Pd, and grey area is TZ-3Y phase.

The densification of ANL-3e thin films is strongly affected by the densification of its
substrate. When a thin film and its substrate are heated to the sintering temperature, tensile
stresses develop in the thin film if it densifies at a lower temperature than does the
substrate. If the onset of densification for the substrate differs too greatly from that of the
thin film, the tensile stresses can retard densification of the film or cause it to crack or
delaminate from the substrate. For these reasons, the sintering behavior of a thin film and
its substrate must be compatible. The fact that films made with bismuth nitrate or copper
nitrate crack during sintering suggests that these films densify at a lower temperature than
does the alumina substrate, and that the sintering temperature of ANL-3e thin films might
be reduced below 1280°C by using a substrate that densifies at a lower temperature. Tests
indicate that dense ANL-3e thin films can be made at sintering temperatures of 1180-
1225°C by using porous TZ-3Y as the substrate and cobalt nitrate as the sintering aid.
Figure 11 shows micrographs from an ANL-3e film made with cobalt nitrate on a TZ-3Y
substrate and sintered for 4 h at 1225°C in air.
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Fig. 11. ANL-3e thin film made with cobalt nitrate on porous TZ-3Y substrate
and sintered in air for 4 h at 1225°C: (a) top view, secondary
electron image and (b) cross section, backscattered electron image.

To develop a thin film and substrate combination with compatible sintering
behavior, we investigated the effect of sintering aids on densification of TZ-3Y substrates.
Our experience with ANL-3e thin films showed that the substrates undergo ~25% lateral
shrinkage in samples that achieve full densification; therefore, we tested various potential
sintering aids to determine materials and sintering conditions that would yield this level of
shrinkage in TZ-3Y substrates. Table 6 shows the materials we tested and the results from

the tests.

Table 6.  Effect of various sintering aids on densification behavior of porous
TZ-3Y substrate during sintering in air.

Amount

Sintering Aid (Mol. %) Results
Cobalt Nitrate 5-6 Sufficient shrinkage above 1210 °C.
Sufficient shrinkage above 1050°C.
Bismuth Nitrate 8 Bismuth oxide is volatile and reacts with
materials in thin film membrane.
. . Insufficient substrate shrinkage at <1180°C.
Bismuth Nitrate 4-5 Bismuth oxide is volatile and reacts with
materials in thin film membrane.
Manganese Oxide 6 Sufficient shrinkage above 1150 °C.
Copper Nitrate 8-10 Sufficient shrinkage above 1210°C.

Substrate tends to crack during pre-sintering.
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All the materials tested produced sufficient (i.e., >25%) lateral shrinkage in TZ-3Y
substrates sintered at temperatures >1210°C, but other problems made some materials
unsatisfactory. Bismuth nitrate was volatile and reacted with palladium in the ANL-3e thin
film, whereas substrates tended to crack during pre-sintering when copper nitrate was used
as a sintering aid. In substrates sintered at 1210°C, cobalt nitrate and manganese oxide
both yielded shrinkage that is adequate to densify ANL-3e thin films, but the substrates
made with manganese oxide densified at a slightly lower temperature (1150 vs. 1210°C).
With a lower sintering temperature, the substrate is less likely to exert tensile forces on the
thin film during sintering, and might even assist densification of the thin film by placing it
under compression. To further compare cobalt nitrate and manganese oxide as sintering
aids, they were used to fabricate thin-film samples in which sintering aids were tested in
both the thin film and the substrate.

Table 7 summarizes the results from IPA-penetration tests and SEM examination of
samples that were made with cobalt nitrate or manganese oxide as a sintering aid in both
the TZ-3Y substrate and the ANL-3e thin film. The results show that ANL-3e thin films
with cobalt nitrate on TZ-3Y substrates with manganese oxide were dense when sintered
at temperatures >1160°C. Figure 12 shows an example of such a thin film. Slightly higher
sintering temperatures (>1210°C) were required to produce dense thin films when cobalt
nitrate was used as a sintering aid for both the substrate and thin film. Likewise, a slightly
higher sintering temperature (=1180°C) was needed to achieve dense thin films when
manganese oxide was used as a sintering aid for both the substrate and thin film. Although
a lower sintering temperature should reduce evaporation of Pd from the thin film, the
difference in sintering temperatures is probably insignificant. Future tests will compare
the hydrogen flux and helium leakage through thin-film membranes made with cobalt
nitrate and manganese oxide as the sintering aid.

Table 7. Results from fabricating ANL-3e thin films on porous TZ-3Y
substrates with sintering aid (6 mol.%) added to both
substrate and thin film.

Thin-Film Substrate

Additive Additive Results
) ) Porous membrane below 1150°C
Cobalt Nitrate Manganese Oxide Dense membrane above 1160°C
Cobalt Nitrate Cobalt Nitrate Porous membrane below 1190°C

Dense membrane above 1210°C

Porous membrane below 1160°C

Manganese Oxide | Manganese Oxide Dense membrane above 1180°C
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Fig. 12. Cross-sectional view of ANL-3e thin film with cobalt nitrate
sintered at 1160°C on porous TZ-3Y substrate with
manganese oxide.

Additional Effort: Determine the Pd/Pd4S phase boundary at low temperatures
(<600°C) and low H; concentrations (<10% H>).

Due to the corrosive nature of gases that HTMs will contact (e.g., product streams
from coal gasification and/or methane reforming), good chemical stability is a critical
requirement for HTMs. Hydrogen sulfide (H,S) is a particularly corrosive contaminant
that HTMs are expected to encounter. When H,S reacts with an ANL-3e membrane,
palladium sulfide (Pd4S) forms on the membrane’s surface and greatly impedes hydrogen
permeation through the membrane; therefore, a membrane’s tolerance for H,S can be
judged by the conditions under which PdsS forms. An earlier study [2] determined
temperatures at which Pd4S forms in feed gases with 10-73% H, and ~8-400 ppm H,S.
Other studies [5, 9] determined H,S concentrations at which Pd4S forms on Pd foil and
hot-pressed ANL-3e disks in feed gas with 10% Hj/balance He at temperatures in the
range 500-600°C. Later tests were done with ANL-3e thin-film membranes made with
sintering aids, because preliminary results suggested that such membranes might be more
resistant to attack from H,S. This report summarizes our investigation during FY 2009 of
the Pd/Pd4S phase boundary at temperatures in the range 400-600°C.

Samples of Pd foil (Alfa Aesar, thickness = 100 um) and hot-pressed ANL-3e disks
were exposed to gas with 10% Ha/balance He and 20, 30, or 40 ppm H,S to determine the
H,S concentration for the Pd/PdsS phase boundary at 500, 550, and 600°C. The ANL-3e
disks for the tests were made by uniaxially hot-pressing (25 min at 1150°C under a
mechanical pump vacuum) a powder mixture of 60 vol. % Pd (Technic) and TZ-3Y
powder (Tosoh). To determine whether TZ-3Y affects the chemical stability of Pd in
ANL-3e membranes, palladium foil samples were used as a control.

The ANL-3e thin-film membranes were prepared from a mixture of 50-60 vol. % Pd
(Technic), TZ-3Y (Sigma Aldrich, submicron particle size), and either manganese oxide
or cobalt nitrate as a sintering aid. Blending the powder mixture with an organic binder
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and solvent produced an ink that was used to paint a thin film onto a pre-sintered
substrate. Substrates were prepared by mixing TZ-3Y powder (Sigma Aldrich submicron
powder) with an organic binder and 5-10 mol. % sintering aid (relative to TZ-3Y). Carbon
black from Fisher Scientific (20 wt. %) and PMMA-CE (Sigma Aldrich, 8 pm) were
added as pore formers, and the powder mixture was uniaxially pressed (5-7 kpsi) into a
disk. The pore formers were eliminated by pre-sintering the disk for 6-8 h at 900-950°C in
air. After the pre-sintered substrate was painted with ink made from membrane
components, it was dried in air and then sintered for 4-6 h at 1160-1230°C in air.

Samples were placed inside an open alumina tray at the center of the test reactor,
where a thermocouple monitored the temperature. Samples were slowly (2-3°C/min)
heated to the test temperature under flowing high purity helium. When the test
temperature was reached, the feed gas was switched to the selected composition. After
samples were exposed to a test condition for 20-96 h, the feed gas was switched to high
purity helium, which flowed (150 ml/min) for 1 h before the samples were quenched to
room temperature by quickly (=5-10 s) pulling them to the end of the reactor tube.
Samples were then examined by SEM and EDS to determine if Pd4S had formed.

The total feed-gas flow rate was kept constant (120-125 ml/min) during the tests. It
was quantified once or twice each day using a calibrated flow meter (Agilent Optiflow
630 or 570). The feed gas composition was adjusted by using the MKS 1179A mass flow
controllers to blend high purity hydrogen (99.995%), ultra purity helium (99.998%), and
100 or 463 ppm H,S/balance helium. All gases were supplied by Airgas Inc.

Figure 13 shows Pd foil and ANL-3e membrane samples after they were exposed to
feed gas with 20-30 ppm H,S. The surface roughness of the Pd foil increased as lumpy
patches of Pd4S formed on the originally smooth surface. A thin (=10 um) dense film
formed on the exposed surface of the ANL-3e sample. The EDS results showed that the
coating’s composition was ~PdsS. Examining the ANL-3e membrane’s top surface
showed small TZ-3Y particles engulfed by a growing layer of Pd4S. Short (20-24 h)
exposures of Pd foil and ANL-3e samples to 30-40 ppm H,S gave similar results.

Fig. 13. Secondary electron images of samples after their exposure at 500°C to
feed gas with 10% H,: (a) Pd foil after 72 h in feed with 20 ppm H,S and
(b) ANL-3e disk after 96 h in feed with 30 ppm HS.
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Figure 14 shows the cross section of an ANL-3e membrane after exposure for 72 h
to feed gas with 20 ppm H,S. The cross section is typical for an ANL-3e membrane that
has decomposed to form Pd4S on its surface. Three distinct bands are evident: a light-
shaded layer of Pd4S at the bottom (near the exposed surface), a =10-um-thick darker
layer closer to the middle, and a layer with both light and dark areas at the top. The EDS
results confirmed that the light-shaded areas are Pd and the dark-shaded areas are TZ-3Y.
Thus, the darker layer near the middle was largely depleted of Pd, which had diffused to
the surface during the formation of Pd4S. In contrast, the Pd content of the top layer was
similar to that for an unexposed ANL-3e membrane. Based on SEM images such as those
in Figs. 13 and 14, the Pd/Pd4S phase boundary was approximated experimentally at
specific temperatures and H,/H,S concentrations using Pd foil, ANL-3e samples, and
ANL-3e thin films made with sintering aids.

“1epm 111111

Fig. 14. Backscattered electron image from cross section of ANL-3e disk
after its exposure to feed with 10% H, and 20 ppm H,S for 72 h at
500°C showing zone depleted by Pd that diffused to surface (at
bottom) to form Pd,S layer. Bright area is Pd, grey area is TZ-3Y.

Figure 15 shows the FY 2009 results determined previously by experiment and by
calculation using thermodynamic parameters derived from the experimental data [2]. The
lines are calculated and give the temperatures at which Pd and Pd4S are in equilibrium for
given H, and H,S concentrations; at higher temperature, Pd is stable and Pd4S unstable,
whereas Pd4S is stable and Pd unstable at lower temperature. Lines were calculated for
gas with 73% H, and with 10% H, to illustrate the effect of hydrogen concentration
(through the H,/S,/H,S equilibrium) on the phase boundary. Points with horizontal bars
were determined by examining Pd foil and ANL-3e samples after they were equilibrated
in Hy/H,S mixtures at specific temperatures. The low-temperature end of the bar gives the
highest temperature at which Pd4S was found, and the high-temperature end shows the
lowest temperature at which PdsS was not found; the Pd/PdsS phase boundary lies
between these two temperatures. For example, the phase boundary for samples exposed to
10% H,/8 ppm H,S/balance He lies in the range 450-475°C. The results obtained during

22



FY 2009 are shown by points for thin-film samples and points with vertical bars at 500,
550, and 600°C for hot-pressed disks and Pd foil samples. The vertical bars define ranges
of HaS concentrations, within which the stable phase is unknown without performing
additional experiments but above which PdsS is stable and below which Pd is stable.
Points for thin-film samples show the lowest H,S concentration at which Pd4S was found.

As seen in Fig. 15, PdsS formed on the surface of Pd foil and ANL-3e samples
during their exposure to 10 ppm H,S at 500°C, but PdsS was not found after their
exposure to 5 ppm H;,S for 150 h. Figure 16 shows an ANL-3e sample that was exposed to
10 ppm H»S for 96 h at 500°C, and (as a reference) one that was not exposed to H,S-
containing feed gas. The lighter-shaded phase is Pd in Fig. 16a and PdsS in Fig. 16b,
whereas the darker-shaded phase in both figures is TZ-3Y. Nearly the entire surface of the
ANL-3e sample was covered with Pd4S after exposure to 10 ppm H,S at 500°C, leaving
only isolated “islands” where TZ-3Y grains were visible. At 550°C, the phase boundary
shifted to higher H,S concentration, with Pd4S forming under 20 ppm H,S but not under
10 ppm H,S. At 600°C, PdsS formed when the feed gas contained 20 ppm H,S but not
when the feed gas had 15 ppm H,S.

Temperature (°C)
, 450 500 550 600 650 700

1D:IIIIIEIIIIIEIIIIIIIIIIEIIIIIIII_L.#I:
- ; i
B P
i PI:IAS Stable E £ I
i e ) Pt
I .,-"I-F-.-'
o ‘---} --
10° | N ’
£ [ b=
o - =
L - . :
“ B ’*"’I i
" i Pd Stable
=% !,f E I e
10" | A2 .
- ,lf" ; I A 73%H/He
I 4 10%H_ He
& Thin films with sintering aids
1|:|':' T T Hrran | | |

700 750 800 850 Q00 950 1000

Temperature (K)
Fig. 15. Partial pressure of H,S versus temperature showing Pd/Pd,;S phase
boundary determined using Pd foil, ANL-3e disks, and ANL-3e thin

films made with sintering aids. Curves calculated using
thermodynamic parameters derived from the experimental data [2].
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Fig. 16. Plan views of hot-pressed ANL-3e disks: a) after preparation,
without any exposure to H,S-containing atmosphere and b) after
96 h at 500°C under 10 ppm H,S in 10% H,/balance He.

The results obtained during FY 2009 with Pd foil and ANL-3e samples (Fig. 15)
seem to differ slightly from our previous results [2]. The FY 2009 results indicate that
PdsS forms at 10 ppm H,S and 500°C, but the phase boundary calculated previously
indicates that Pd remains stable to slightly higher H,S concentration (=15 ppm). Likewise,
the FY 2009 results show that Pd4S forms at 20 ppm H,S and 550°C, but the calculated
phase boundary suggests that Pd is stable up to =25 ppm H,S. Although the differences
are small at the lower temperatures, they are larger at 600°C. The FY 2009 results indicate
that Pd4S forms at 20 ppm H,S, but the calculated boundary suggests that Pd is stable at
concentrations up to =40 ppm H,S. These apparent differences might be related to kinetic
factors, however, because results were obtained during FY 2009 from exposures that
lasted from 96-166 h, whereas the previous results were obtained from exposures that
lasted only 48 h. Formation of Pd4S might not have been evident in shorter tests if the
formation kinetics were sluggish.

Tests with thin-film samples (Table 8) also suggest that kinetics might have
influenced the Pd4S/Pd phase boundary results. After exposure to 20 ppm H,S at 500°C
for 96 h, Pd4S was not detected on the surface of thin-film samples made with sintering
aid. The absence of Pd4S suggested that the Pd-Pd4S phase boundary might be at a slightly
higher H,S concentration for thin films made with sintering aid. After a thin film made
with sintering aid was held in feed with 15 ppm H,S at 500°C for 192 h, however, PdsS
was detected. The latter result agrees with our previous results [2, 9] and illustrates the
importance of kinetics in determining the phase boundary. Also in agreement with our
previous results, PdsS formed on the surface of thin-film samples with sintering aid after
exposure to feed with 30 ppm H,S at 550°C.
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Table 8. Summary of Pd/Pd,S phase boundary study with ANL-3e thin films.

Test Conditions Samples Tested Observations
o Thin film with Mn oxide .
20 ppm H,S/500°C/96 h Thin film with Co nitrate Pd4S not evident
Thin film with Mn oxide Pd4S 1isolated on thin
15 ppm H,S/500°C/192 h | Thin film with Co nitrate films, nearly continuous
Hot-pressed without sintering aid | on hot-pressed sample
Thin film with Mn oxide Larger Pd4S particles on
30 ppm H,S/550°C/96 h | Thin film with Co nitrate film made  without
Thin film without sintering aid sintering aid

The kinetics of PdsS formation for various types of ANL-3e samples (sintered and
hot-pressed disks made without sintering aids and thin films made with and without
sintering aids) appears to depend on the preparation conditions for the samples. Figure 17
compares reaction products for ANL-3e thin films made with a sintering aid (Fig. 17a) and
without a sintering aid (Fig. 17b) after their exposure to 30 ppm H,S for 96 h at 550°C.
The Pd4S formation seems more advanced on the film made without a sintering aid, as the
Pd,S particles are noticeably larger. The growth of Pd4S requires diffusion of Pd from the
membrane’s interior, indicating faster Pd diffusion in the sample made without sintering
aid. Faster Pd diffusion in a film made without a sintering aid seems reasonable, because
such a film should have more porosity, which should assist Pd diffusion. Differences are
also evident in the Pd4S reaction products on a hot-pressed ANL-3e disk made without a
sintering aid (Fig. 18a), a thin film made with manganese oxide (Fig. 18b), and a thin film
made with cobalt nitrate (Fig. 18c) after their exposure to feed with 15 ppm H,S for 192 h
at 500°C. Whereas a continuous layer of PdsS covered the hot-pressed sample, only
isolated Pd4S particles were seen on the thin-film samples.

Fig. 17. Secondary electron images showing Pd;S growth on ANL-3e thin films
after 96 h in 10% H,/30 ppm H,S at 500°C: a) thin film made with
cobalt nitrate sintering aid on TZ-3Y substrate and b) thin film made
without sintering aid on porous Al,O3 substrate.
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Fig. 18. Secondary electron images showing Pd;S growth on various types of
ANL-3e samples: a) hot-pressed disk without sintering aid, b) ANL-3e
thin film with manganese oxide sintering aid and ¢) ANL-3e thin film
made with cobalt nitrate sintering aid.

Various types of ANL-3e membranes and Pd foil give similar results regarding the
position of the Pd/Pd4S phase boundary, but they exhibit differences in behavior during
the formation of Pd4S. The Pd4S formation reaction seems considerably more sluggish on
thin films made with sintering aids than on samples made without sintering aids, probably
due to differences in density. Because the extent to which Pd4S covers a membrane’s
surface determines how quickly and how badly its flux is degraded, different types of
ANL-3e membranes might exhibit significantly different responses to the formation of
Pd4S. Previous measurements at 725°C [3] suggested that the flux of ANL-3e membranes
decreased at =150 ppm H,S (due to Pd4S formation), but the flux of Pd foil showed a
decrease at only =100 ppm H,S. To determine whether various types of membrane exhibit
practical differences in PdsS-formation kinetics that might affect their resistance to attack
by H,S, we will monitor the flux of various membranes during the formation of Pd,S.
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V. FUTURE WORK

Development of Tubular HTMs. We will work to improve the properties of tubular
HTMs. Although HTM tubes can be fabricated as either self-supporting tubes composed
entirely of HTM components or as thin films on porous tubular supports, we will focus on
improving HTM thin films on porous supports, because they have produced the most
promising results. Paste painting is an effective method for depositing HTM thin films, but
the incidence of pinholes increases as the membrane area increases. We will try to
eliminate pinholes either by adding a sintering aid to increase the density of the thin film
or by using a modified electroless plating technique to seal the pinholes. Tests will
compare the hydrogen flux and helium leakage through thin-film membranes made with
cobalt nitrate and manganese oxide as the sintering aid. We will continue testing the
performance of tubular HTMs in gases that simulate the atmosphere in '"real-life"
gasifiers. This might include testing HTM tubes in Argonne’s high pressure reactor
according to the test protocol developed at the 2008 contractor’s review meeting at NETL.
The hydrogen flux and permeability of tubular membranes will be measured as a function
of sweep and feed gas flow rates to determine whether concentration polarization is a
factor.

Membrane Stability. To determine whether various types of membrane exhibit
practical differences in PdsS-formation kinetics that might effectively improve their
resistance to attack by H,S, we will monitor the flux of various membranes during the
formation of Pd4S. We will correlate hydrogen flux measurements with Pd/Pd4S phase
boundary data in order to better understand the effect of H,S-containing atmospheres on
the performance of HTMs. Correlations will be made between flux and phase boundary
data collected at low temperatures (<700°C). In particular, we will compare the hydrogen
flux when Pd4S is stable to that when Pd is stable. To compare the behavior of Argonne's
cermet membranes to metallic membranes, we will measure the hydrogen flux for both
cermet and metallic membranes on both sides of the phase boundary.

High-Pressure Testing. We will continue using Argonne's high-pressure reactor to
test Argonne’s membranes according to the established HTM test protocol. Because
previous high-pressure measurements indicated that the flow rates of feed and sweep
gases influence the flux under some conditions, we will investigate the effects of sweep
and feed gas flow rates during our high-pressure flux measurements. Tests according to
Test Phase 1 will be completed, and tests according to Test Phase 2 will begin. Tests of
tubular HTMs will begin after testing of thin disk-type membranes has been completed.

System Analyses. A third party will be identified by DOE and will evaluate the
economics of an integrated gasification and combined cycle (IGCC) system for hydrogen
production that employs HTMs for hydrogen purification. In the evaluation, the
economics of an IGCC system operating at 900°C will be compared to one operating at
400°C. In addition to identifying novel equipment, estimating its cost, and considering
challenges with interfacing the equipment with the overall system, opportunities to
improve the overall process will be explored. In particular, heat source temperature,
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pressure and duty requirements, heat carrier medium, and conditions and purity of the
process streams will be considered. While most of the plant will be based on well-
understood equipment, user modules for the HTM units will need to be developed,
because HTMs represent a departure from commonly used equipment.

Evaluation of process issues and economics will continue as technical progress
warrants. As directed though consultations with NETL’s program managers, contacts will
be made and discussions will be held with potential collaborators. We will work with
NETL’s in-house R&D team and their Systems Engineering Group to validate the process
concept and conduct techno-economic evaluation of proton-conducting membrane
technology for separating hydrogen in the power and petrochemical industries. We will
provide technical input and engineering data to the NETL team to develop models for
process viability and for thermal management studies.
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