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Executive Summary

Coal is the most abundant domestically available fossil fuel in the U.S., and Wyoming has a
large fraction of the U.S. coal reserves and derives a significant portion of its state revenue from
its export. Therefore, it would be beneficial for the state economy to use this coal to generate
higher value added products such as hydrogen, liquid fuels, and electricity for export to other
states. The state of Wyoming has enough coal reserves to supply the U.S. for many decades,
and more efficient and environmentally sustainable methods for generating power and making
useful chemicals from coal are needed to ensure that Wyoming’s coal resources can be used to
their fullest extent.

One of the most efficient options for electrical power generation is to incorporate a high-
temperature water-gas shift palladium (Pd) membrane reactor (HT-WGS PMR) into the
Integrated Gasification Combined Cycle (IGCC) process, especially when pre-combustion CO,
capture is required, as shown in Figure 1 [1-8]. As illustrated in Figure 2, a PMR can

simultaneously generate and separate hydrogen for greater overall IGCC process efficiency by

Synthesis Gas Warm-Gas
<+ Water Scrubber co.com o | Contaminant
Clean Syngas (<100 ppm
P - -— ~ st)
/7 N\
Coal - Pd-alloy 7/ \

Coall Gasifier Membrane wes |V _
biomass l\ HT " CO, Sequestration
N I HT-WGS Palladium
o, ~ Pure by Membrane Reactor

~‘ -—
ASU N, Diluent Gas Turbine SOFC H, Storage

Figure 1. Process schematic for an IGCC system with an integrated palladium membrane
reactor for the high-temperature water-gas shift reaction to improve the overall efficiency.
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Figure 2. Schematic of a WGS membrane reactor (on our
membranes, the palladium alloy membrane film was
located on the outside of the tubular support).

removed down to low to moderate
ppm levels using a sorbent-based
warm-gas (250-400 °C) contaminant control system (e.g., ZnO-based for desulfurization) [21-
23]. This hot, pressurized gas can then be fed to a one-step reactor/purifier to efficiently
produce >99.995% pure hydrogen that can be burned in a turbine, used cleanly in a fuel cell, or
sold as a commodity. The membrane reactor also produces a concentrated and pressurized
carbon dioxide stream that can significantly reduce the cost associated with carbon capture and
sequestration.

In this project, TDA Research collaborated with the Western Research Institute (WRI) in
Laramie, Wyoming, the Colorado School of Mines (CSM) in Golden, Colorado and the
Commonwealth Scientific and Industrial Research Organisation (CSIRO) in Pullenvale,
Australia, to fabricate and test hydrogen separating membranes that could be used in a HT-
WGS PMR. CSM’s supported thin film (<10 ym) hydrogen separating membranes of new
palladium alloys were synthesized on Pall Corporation’s porous membrane supports (ZrOD
AccuSep®) using electroless plating techniques. CSIRO provided samples of a candidate HT-
WGS catalysts for characterization and also developed a catalytic reactor model to simulate the

HT-WGS reaction at the conditions of interest in a PMR.
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Long-term  thermal stability and
chemical tolerance are therefore essential
for the hydrogen separating palladium
membranes. Thermal stability is important
because higher temperatures increase the
process efficiency, and chemical stability is
important because in addition to H,, CO,
CO, and CH,4 coal syngas contains
multiple contaminants that can impact
membrane performance, including sulfur
(H2S and COS), ammonia (NH;),
phosphorous (PH3), halides (NaCl and
KCI), arsenic (AsH3), and cyanide (CN), as
well as traces of metals such as mercury
(Hg).

Membranes and catalysts therefore

need to be developed that can tolerate
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Figure 3. Top: WRI's pilot-scale fluidized-bed coal

them can still pass through the sorbent-based hot- and warm-gas cleanup systems that are

being developed. Even after warm-gas desulfurization, low ppm levels (~20 ppm) of H,S are

expected to be present in the coal syngas feed, so catalysts and membranes must be H.,S

tolerant. Long-term tests were carried out on the membranes in this project to determine the

hydrogen flux and chemical stability (as evidenced by increases in the leak rate of inert gases or

impurities) of these membranes in pure hydrogen, synthetic WGS mixtures, and real coal

syngas containing up to 100 ppm H,S.
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The project culminated in a week-
long testing campaign on Western
Research Institute’s (WRI, Laramie,
Wyoming) coal gasifier to determine
the impact of real coal syngas
(containing up to 100 ppm H,S) on
overall membrane performance (both
during and after testing), including
hydrogen flux inhibition and long-term
stability and hydrogen purity. Tests in
clean (purified) and sour (contained up
to 100 ppm H,S) coal syngas were
carried using WRI's pilot-scale
fluidized-bed gasifier at its Advanced

Technology Center in Laramie,

Wyoming. Near the completion of the

Figure 4. Bench-scale membrane testing apparatus at
TDA Research (top photo). The system was connected
to the slipstream from WRI's pilot-scale fluidized-bed
coal gasifier for coal syngas tests (bottom photo).

project, our membrane testing rig was
transported to WRI and connected to
the gasifier slipstream with stainless steel tubing, as pictured in Figure 3. A schematic of the
stainless steel module used to test the membranes is shown in Figure 6 while Figure 4 shows

the membrane testing rig in the laboratory at TDA and connected to the gasifier at WRI.
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Figure 5. Fluxes (H> and N,) and impurity contents (CO and CO) in the hydrogen permeate for

a 4.4 ym thick Pd-27Pt membrane during pure gas tests and tests in coal syngas that contained

0 ppm (clean), 20 ppm, or 100 ppm H,S at 450 °C and 200 psig (0O psig permeate pressure).

The impurity concentrations remained constant and the nitrogen flux (leak rate) actually
decreased slightly by the end of the test.

-
o
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400-450 °C, as evidenced by stable hydrogen flux after an initial annealing period of several
hundred hours, during which the hydrogen flux increased. However, at temperatures =500 °C,
the nitrogen or helium flux (leak rate) increased to higher levels (except for the Pd-27Pt
membrane, which was stable up to 600 °C), suggesting that an improved membrane annealing
protocol needs to be developed to promote both alloy formation and mechanical stability.

In the case of PdRu binary alloy membranes with low Ru compositions (~1 wt.%), CSM has
observed that the hydrogen permeance of these membranes was similar to pure palladium, but
the PdRu membranes had almost twice the hardness of similar pure palladium films [24]. The
implication of increased hardness, with a corresponding increase in tensile strength, is that
membranes can be fabricated that are much thinner than pure palladium membranes, yet they
have better selectivity and higher flux [24].

In this project, we hoped to combine the sulfur tolerant properties of the PdAu alloy with the
high-temperature strength of the PdRu alloy to
obtain a membrane that performed well in long-
term  mixed-gas tests. Membranes were
synthesized by either sequential plating; that is

plating alternating layers of palladium and another

alloying element such as gold or platinum, or co-

Figure 7. Supported thin film Pd-alloy
deposition through simultaneous deposition of both  membrane preparation sequence. A 6’-

long, porous AccuSep ZrO,-coated
from Pall Corporation (top), activated
temperature annealing was required to promote \ith Pd acetate and then reduced for
electroless plating (2" and 3™ from top),
the formation of a homogenous alloy [25, 26]. The coated with a thin film of Pd (2™ from

bottom) and then coated with Au on top
surface activation and electroless plating sequence of the Pd film (bottom). The active

membrane surface area is ~2.3 in? (15
is illustrated in Figure 7. Ternary alloy Pd-1Ru- c¢m?).
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Table 1. Fabrication parameters for the membranes tested during this study.

Designator Fabrication Layers Thickness Composition by mass
method (um) change (wt.%)

Pd-7Au sequential Pd/Au 9.5 7% Au

Pd-1Ru-11Au sequential PdRu/Au/PdRu 3.0 11% Au & 1% Ru

Pd-1Ru-10Au sequential PdRu/Au/PdRu/Au | 5.3 10% Au & 1% Ru

Pd-1Pt co-bath PdPt 4.5 unknown

Pd-27Pt sequential Pd/Pt/Pd 4.4 27% Pt

10Au and Pd-1Ru-11Au membranes were therefore fabricated for the first time by electroless
deposition. Electroless plating methods for simultaneously co-depositing PdRu alloys were used
in combination with sequential gold electroless plating to create <6 um thick PdRuAu films on
porous ZrO,/PSS substrates (ZrOD AccuSep membranes, Pall Corp.) [24, 25].

By subsequently annealing these multilayered thin films, 3.0 ym thick Pd-1Ru-11Au and 5.3
pum thick Pd-1Ru-10Au ternary alloy membranes were formed. Electroless co-deposition and
sequential deposition methods were also used to fabricate 9.5 ym thick Pd-7Au, 4.5 pm thick
Pd-1Pt, and 4.4 um thick Pd-27Pt binary alloy membranes for evaluation. The compositions and
thicknesses of the membranes used in this study are listed in Table 1. These membranes were
tested for >4,500 h (cumulative) at 400-600 °C in pure hydrogen and helium, and for >500 h in
simulated water-gas shift mixtures (DOE1 and DOE2a conditions: 50% hydrogen, 19% H,0, 1%
CO and 30% CO,, without or with 20 ppm H,S) at 400-450 °C. A high hydrogen flux of 715
SCFH/ft? was measured through the Pd-1Pt membrane with a pure hydrogen feed at 100 psia
and 550 °C.

All of the membranes were very thermally and chemically stable and produced high purity
hydrogen (99.98% to 99.995%) in clean conditions (no H,S), as demonstrated during >4500 h of
cumulative laboratory testing in pure gases (H2, N2, and He), synthetic WGS gas mixtures
(DOE1: Hy, Ho0O, CO, and CO,), and purified coal syngas with added steam at 400 and 450 °C.
However, the hydrogen flux through the Pd-1Ru-10Au membrane was significantly inhibited by

20 ppm H,S in the synthetic WGS mixture (DOE2a) and the membrane was not structurally
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Figure 8. Hydrogen flux and purity (based on the pure hydrogen and helium fluxes) for a 3.0 ym
thick Pd-1Ru-11Au (wt.%) membrane at 400-500 °C and 200 psig. The hydrogen purity
decreased at an accelerated (but linear) rate with each 50 °C increase in temperature. The
arrows indicate where >120 h tests were carried out in a synthetic WGS gas mixture at 400 or
450 °C (DOE1 conditions).

stable in the presence of H,S, as evidenced by the increase in impurities (e.g., CO and CO,) in
the permeate hydrogen during this sour WGS test. However, the Pd-1Ru-10Au membrane
tested in the WGS mixture that contained H,S did not have a final gold layer deposited onto its
surface and energy dispersive X-ray spectroscopy (EDS) showed that the composition was not
completely homogenous throughout its cross-section; both of these factors probably contributed
to the poor resistance of the Pd-1Ru-10Au membrane to H,S.

The H; flux and selectivity data for >3000 hours of testing on a 3.0 ym thick Pd-1Ru-11Au
membrane are shown in Figure 8. The hydrogen purity was essentially constant at 400 °C. An
initial hydrogen purity of 99.995% (Ju2/Jne) Was obtained; helium was used at a feed pressure of

200 psig because the nitrogen leak rate could not be detected with our soap film flow meter. In

10
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fact, very high Hy/He pure gas flux ratios  Table 2. Rates of decline in the hydrogen purity
for a Pd-1Ru-11Au membrane showing excellent

(<500 ppm helium in hydrogen based on thermal stability at 400 °C, but increasing rates
decline in hydrogen purity at 450 & 500 °C.

the pure gas values) were measured for

>1500 hours of testing, corresponding to __
a hydrogen purity of 99.95%. The helium 400°C 0.19

flux did increase slowly throughout the 400°C (during DOE1)  0.51

test at 400 °C, but after 1400 h the

450°C 4.7

hydrogen purity was still 99.97%, as
450°C (during DOE1) 2.7

shown in Figure 8.

Once the synthetic WGS gas mixture 200°C 428
tests on the Pd-1Ru-11Au membrane were completed at 400 °C, subsequent pure and mixed-
gas tests were conducted to assess the long-term thermal and chemical stability of the
membrane at higher temperatures. The rates of decline in the hydrogen purity for the Pd-1Ru-
11Au membrane at different temperatures are given in Table 2. At 400 °C the rate of helium
leak increase due to pinhole development was very slow (0.19 ppm/h of purity loss), but the rate
increased by about a factor of 10 for each 50 °C increase in temperature. The leak rate of
helium through the membrane increased linearly at each temperature.

The Pd-27Pt membrane was not permanently affected by tests in either clean (e.g., no H,S)
or sour (20 or 100 ppm H,S) coal syngas at WRI. However, the hydrogen flux through this Pd-
27Pt membrane and other Pd-1Pt, and Pd-7Au membranes was inhibited by both the clean and
sour syngas, and defects formed in the Pd-1Pt and Pd-7Au membranes. When either of these
two membranes were exposed to either synthetic WGS gas mixtures or real coal syngas which
contained 20 or 100 ppm H,S, the purity of the hydrogen permeate decreased over a period of

hours in the order (from least to most stable): Pd-1Pt > Pd-1Ru-10Au > Pd-7Au. The only

exception was the Pd-27Pt membrane, for which stable performance was observed with no

11
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permanent decrease in the hydrogen flux and purity, even after testing in real coal syngas that
contained 100 ppm H,S for 2.5 h. The Pd-7Au membrane also fared reasonably well; the total
concentration of impurities in the hydrogen permeate was still <500 ppm during a subsequent
test in DOE1 conditions, which corresponds to a hydrogen purity of >99.95%.

SEM/EDS, XRD, and ICP-AES/MS were used to characterize membrane morphology,
microstructure, and chemical composition to learn more about alloy formation during the
annealing process. The cross section of the Pd-1Ru-11Au membrane after testing is shown in
Figure 9. The EDS and ICP results generally confirmed
the compositions (with the exception of the PdRuAu Polymer mounting compound
alloys) of the membranes estimated by the mass
changes in between the electroless plating steps during
synthesis, but some compositional gradients existed in
some of the films due to incomplete annealing, even

after testing for thousands of hours at temperatures of

200 kv| 4.0 |2000x]

400-500 °C. Specifically, the surfaces of the PdRuAu
Figure 9. SEM image of a membrane

membranes were either slightly enriched or depleted in cross-section showing a PdRuAu
alloy film and the underlying ZrOD

gold. AccuSep support with a layer of
porous zirconia on PSS.

Catalytic reactor modeling was carried out at CSIRO
to simulate the HT-WGS reaction. The model was validated by comparison to experimental
results and provided temperature and composition profiles for use in membrane reactor design.
We also developed a way to pelletize CSIRO's non-precious-metal HT-WGS catalyst to make it
into a form suitable for use in a membrane reactor.

Some of the membranes developed in this project exceeded the performance of previous
supported thin film palladium alloy membranes reported in the literature, particularly with respect

to increased H,S tolerance. However, further work in several specific areas is still required to

12
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meet the demands of industrial use, including:

improve both chemical and thermal stability by optimizing membrane composition and
microstructure

decrease manufacturing costs and scale up to produce larger surface area membranes
and modules

demonstrate long-term membrane reactor performance in purified real coal syngas

Hydrogen separating membranes are an important component of an efficient coal-to-

hydrogen process that incorporates CO, capture; a potential large-scale value-added market for

Wyoming coal. Long-term membrane tests at TDA Research, CSM and WRI in pure gases,

simulated WGS gas mixtures, and real coal syngas that contained up to 100 ppm H,S

demonstrated that supported thin film palladium alloy membranes have the potential to

efficiently recover pure hydrogen from coal syngas, which could result in significant cost savings

and conservation of resources when used in a HT-WGS membrane reactor. With a continued

effort to optimize their chemical and thermal stability, hydrogen flux, and the fabrication method,

supported thin film palladium-alloy membranes may provide a more efficient, cost effective and

environmentally sustainable way to generate pure hydrogen from coal syngas.
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