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Highlights

¢ Thin palladium and Pd-alloy membranes were prepared by electroless
plating

« Pd, Ag, Ru and other metals were coated onto flat and cylindrical surfaces

* Novel composite membrane configuration improved robustness and
facilitated welding

« A mixed bath was developed for simultaneously depositing Pd and Ru

« Foil modules were prepared and tested in membrane reactors and purifiers

I Abstract

This paper summarizes R&D activities and progress at NORAM Engineering and the University of British Columbia (UBC) on preparation and testing of thin palladium-based
membranes and their applications. Most of these activities were carried out internally at NORAM, some jointly with UBC and their spin-off company, Membrane Reactor Technology
(MRT) through a wide range of projects. Key results outlined in this paper include: 1) modularization and applications of foil-based Pd alloy membranes with inter-diffusion barriers;
2) preparing and characterizing thin Pd composite membranes; 3) development of Pd-Ru membranes by electroless plating for enhanced stability at higher temperatures; 4) production

of palladium membranes for application in hydrogen separation and hydrogen production by fluidized bed membrane reactors.

© 2020 MPRL. All rights reserved.
1. Introduction

Excessive use of fossil fuels is causing such problems as climate change,
reduced air quality and acid rain [1]. With advances in fuel cell technologies,
hydrogen has the potential to be an attractive alternative to conventional fossil
fuels, improving energy efficiency and reducing environmental impact [2].
Hydrogen is predominantly derived currently from fossil fuels, but it can also
be produced from other sources, most notably biomass [3]. However, hydrogen
from these sources also contains small amounts of carbon monoxide and
sulphur compounds, which are poisonous to fuel cells. Therefore, it is essential
to purify the hydrogen by removing these contaminants prior to its oxidation in
fuel cells. For example, hydrogen produced in conventional reforming reactors
may go through complicated purification steps, including high- and low-
temperature shift reactions at low and high temperatures and pressure swing
adsorption, to produce hydrogen of the required purity [4]. These steps make
the entire hydrogen production process more complicated, less compact and
less energy- and cost-effective. Hydrogen-selective membranes can directly

separate hydrogen from hydrogen-containing source without requiring
energy-intensive pressure swing adsorption. Selective membranes can also
be deployed in hydrogen production to combine reaction and separation
processes, thereby improving the efficiencies of both reaction and separation
processes and making the entire production/separation system more compact
and efficient.

Since 2000, substantial efforts have been made by NORAM, UBC and
their affiliated company, Membrane Reactor Technologies Limited (MRT),
to prepare Pd-based membranes and to test them for industrial applications
[5-16]. These include development of thin palladium-based composite
membranes, improvement of their high-temperature stability and hydrogen
selectivity, development of hydrogen purifiers and hydrogen production in
membrane reactors via steam reforming of natural gas. The most notable
results and progress are summarized in this paper.
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2. Preparation of thin composite membranes based on electroless plating
2.1. Palladium alloy metallic composite membranes

Both niobium and tantalum have 10 times higher hydrogen permeability
and much lower cost than palladium. However, neither of these two metals
has the catalytic activity for hydrogen dissociation or recombination. Both
these metals also lack resistance to oxidation and hence generally have oxide
layers on their surfaces. These drawbacks prevent Ta and Nb from being
applied as membranes in hydrogen separation applications. In an effort to
solve these problems, we coated thin layers of Pd on the outside surfaces of
base Nb/Ta foils by electroless plating. These Pd layers catalyse hydrogen
dissociation and recombination, while also protecting against oxidation. The
sandwiched composite membrane had high hydrogen permeability, low cost,
appropriate strength and high selectivity. The following results were obtained:

e A plating bath and electroless plating technique were developed to
deposit thin (~0.5-2 um thickness) Pd layers onto both sides of Nb and
Ta foil of 25-75 pm thickness.

e The thin Pd layers were continuous and dense. SEM images confirmed
that no Pd coating peeled off from the substrate, indicating that Pd layers
adhered well with base metals Nb and Ta.

e Prior to hydrogen permeation, the composite membranes were
mechanically more robust than Pd and Pd-Ag alloy foils of similar
thickness.

e Upon permeation, the composite membrane showed perfect hydrogen
selectivity and better permeability than Pd or Pd-Ag alloy foil of the
same thickness, but cracks developed in the composite membranes over
time.

2.2. Pd/Pd-Ag alloy foil/Pd metallic composite membranes

Pd-25%Ag alloy membranes provide higher hydrogen diffusion rates and
more resistance to hydrogen embrittlement than pure Pd membranes.
However, because Ag is less active than Pd for hydrogen dissociation and re-
combination, Pd-25%Ag alloy with lower Pd content on the alloy foil surface
has lower hydrogen permeability than pure Pd membranes at lower
temperatures at which dissociation or recombination of hydrogen on Pd-
25%Ag membrane becomes rate-determining in the multiple hydrogen
permeation steps. Thus, coating thin Pd layers on the surface of Pd-25%Ag
alloy foil improved the catalytic activity of the surface, thereby enhancing
hydrogen permeability. The following accomplishments were achieved:

e Pd layers of thickness 0.5~1 um were coated onto both sides of Pd-
25%Ag alloy foil of thickness 25-50 um by electroless plating.

e These thin Pd layers were continuous and dense, and they had good
adhesion with Pd-25%Ag alloy, as confirmed by SEM observations.

o Hydrogen permeability at lower temperatures (250 to 450°C) improved
significantly (up to 20% at 250°C) after Pd coating. However, the
improvement disappeared at temperatures > 550°C.

2.3. Thin Pd-based/porous substrate composite membranes by electroless
plating

Substantial R&D efforts were made to develop thin Pd-based/porous
substrate composite membranes in recent years at NORAM/UBC. Know-
how and propriety technologies have been attained related to synthesis of thin
palladium-based composite membranes. These include new bath recipes, and
techniques for depositing Pd, Ag, Ru and other metals onto cylindrical and
flat substrates, pre-treatment techniques for membrane substrates and testing
of membranes under various conditions.

2.3.1 Flat pure Pd/ceramic/PMS composite membranes
a. Pre-treatment of porous stainless steel

Porous metallic substrates (PMS) were obtained from the Mott
Corporation. The smallest pore size of the commercially available PMS was
0.2 um, with surface roughness of ~20 um. This roughness is too high for
coating of thin and continuous Pd films onto PMS by electroless plating. In
addition to preventing inter-diffusion between Pd film and metallic substrates
at high temperatures, which would decrease permeability of hydrogen through
the composite membrane over time, a layer which prevents inter-diffusion
must be introduced as a barrier between the Pd film and substrate. A
comprehensive technique was successfully developed to pre-treat the metallic
substrate, including four major steps: polishing, etching, initial coarse-particle
coating and subsequent fine-particle coating. After this pre-treatment process,

both surface roughness and the maximum size of PMS pore openings were
significantly reduced. Ceramic layers were coated onto the surface of PMS,
serving as inter-diffusion barrier layers. Figure 1 compares SEM images
before and after pre-treatment.

b. Preparation of Pure Pd/ceramic/PMS composite membranes

Pd composite membranes commonly encounter two potential issues in
gas separation applications. One is gas leakage through the edges of the
porous ceramic layers of the porous substrate. Another is that it is difficult to
weld Pd/ceramic/PMS composite membranes onto stainless steel modules,
without the high temperature required for welding destroying the Pd film at
the edge, leading to membrane leakage. A novel configuration of the
composite membrane, shown in Figure 2, was found to respond well to these
two critical challenges [5].

Pd films were deposited onto PMS by electroless plating, with three
major steps in series: (a) surface activation via pre-seeding, (b) electroless
plating, and (c) post-plating treatment. The pre-seeded was by impregnation
by a PdCl, solution. This was followed by H, reduction at 400~450°C. The
plating temperature was maintained at 60°C. Immediately after the plating
was finished, the membrane was washed with deionized water in order to
remove any salts which might be adsorbed on the substrate pores or trapped in
the Pd coating layer. The composite membrane was then dried at 120°C in an
oven. The membrane was next treated thermally, to coalesce deposited
palladium crystals, leading to a continuous impervious film. The thermal
treatment was carried out in an inert gas or in a hydrogen environment to
promote atomic diffusion, thereby reducing the temperature and time required
for thermal treatment. Our composite membranes were first heated to 350°C
in N, and then immersed for several hours in hydrogen at 400 to 450°C.

c. Properties and performance of pure Pd/ceramic/PMS composite
membranes

Figure 2 shows the typical configuration of our pure Pd/ceramic/PMS
composite membranes. The effective membrane surface area of a typical Pd
composite membrane was ~5 cm?. The morphology of a deposited Pd film is
portrayed in Figure 3. The properties and hydrogen permeation/separation
performance were investigated under various operating conditions. Some
important observations and results were as follows:

e Dense continuous Pd films were attached to the surfaces of pre-treated
porous metallic substrates. The Pd film thickness was controlled to be in
the 2-8 um range by controlling the plating time.

Both SEM characterization and gas permeation results confirmed that
thin Pd films deposited by electroless plating were continuous and defect-
free. The ideal H,/N, separation factor was up to 100,000.

Many pure Pd/ceramic/PMS composite membranes were prepared with
the novel configuration. The preparation procedure was controllable and
reproducible.

No decline in hydrogen permeability of the composite membrane were
observed at 550°C or higher temperatures (up to 600°C), suggesting that
the intermediate ceramic layers were successful in preventing inter-
diffusion.

The selectivity of the composite membranes was stable at 350-450°C.
However, the selectivity of the composite membrane was found to
decrease with time at 500°C or higher, indicating that the pure Pd film
was not sufficiently mechanically robust, instead developing micro-
cracks at high temperatures.

The flat Pd/ceramic/PMS composite membrane was scaled up to 50 mm
x 50 mm (i.e. 25 cm?) surface area.

L]

2.3.2. Flat Pd-Ag alloy/ceramic/PMS composite membranes

Alloying Ag with Pd improves the resistance to hydrogen embrittlement
of palladium membranes. It also reduces the cost of the membrane, since
silver is much less costly than palladium. Composite Pd-Ag alloy membranes
were therefore prepared on PMS, with the same configuration as above. The
main achievements were:

e Pd film was generally first electroless plated on pre-treated PMS,
followed by Ag plating. The thickness of Pd or Ag was controllable by
the plating times and conditions, so that the alloy composition was
controllable. The total thickness of the Pd-Ag films was 2-8 pm.

o Alloying of the Pd and Ag layer was fast in hydrogen at 500°C or higher,
so that homogeneous alloying of Pd-Ag was readily achieved.

e Pd-25%Ag alloy composite membranes had higher hydrogen
permeability than that of the Pd composite membranes and negligible
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hydrogen embrittlement, as long as the temperature exceeded 250°C.
2.3.3. Thin Pd-Ru composite membranes on various substrates
The prepared thin defect-free Pd-based composite membranes possessed

very good stability for hydrogen permeation in terms of permeability and
selectivity at 400°C. However, when we increased the temperature to 550°C,

hydrogen selectivity decreased with time. This was likely caused by
insufficient mechanical strength of the Pd and Pd-Ag alloy films. It is widely
accepted that adding ruthenium to palladium significantly increases the
thermal stability since Ru has a much higher melting point (2333°C) than Pd
(1555°C), with greater hardness as well. Ru was also deposited by electroless
plating.

51%]%) %1% 1%1%) 2akV 188uvm

Fig. 1. SEM photos of PMS before and after pre-treatment: a) surface of original PMS; b) surface after polishing; c) surface after etching; d) surface after
initial coarse-particle coating; e) surface after fine-particle coating; f) cross-section after fine-particle coating.
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a. Ru electroless plating bath and plating conditions

Few reports have been published on the deposition of Ru by electroless
plating because it is extremely difficult to obtain a stable Ru electroless bath
from which Ru can be deposited under proper conditions. It has been
reported that the addition of Ru onto Pd membrane substantially enhanced
hydrogen permeability, even though the typical Ru content of a membrane
was less than 1%. These results were surprising given the very low Ru
content. We doubt that the benefits of this negligible amount of Ru in Pd
membrane originated from Ru electroless plating. More likely it resulted from
impregnation or entrainment from the bath solution. Several Ru bath recipes
were successfully developed at NORAM/UBC, and Ru could be deposited
from these baths under relatively mild conditions [6,9,10]. The surface of
pure Ru film from our Ru bath is shown in Figure 4.

Our main results and findings include:

e Several recipes for Ru electroless plating bath were developed
successfully. Ru was deposited under mild conditions, with the Ru film
thickness up to 2-5 um for a single plating. The plating rate and thickness
of Ru were both controllable.

The pH of the Ru bath was adjusted using NaOH solution. The plating
rate and Ru quality were greatly affected by the pH of the Ru bath. No
Ru deposition was observed at pH<12, and the bath became unstable
after adding hydrazine as a reducing agent at pH>14. The pH of the bath
must be strictly controlled for Ru plating.

The ratio of ammonia to Ru was important for Ru plating, affecting both
the plating rate of Ru and the stability of the bath.

Excess reducing agent hydrazine was essential for deposition of Ru,
whereas excess hydrazine destabilized Pd baths.

Several baths were confirmed to be very stable during Ru plating or long-
term post-plating storage at ambient temperatures.

A mixed bath was developed for simultaneously depositing Pd and Ru,
allowing Pd-Ru alloy to be formed under mild alloying conditions.

b. Preparation of Pd-Ru composite membranes

As noted above, the Pd-Ru composite membranes were prepared by in-
series electroless plating, with the film of Pd deposited first, followed by Ru
deposition. After deposition of Pd and Ru, the composite membrane was
subjected to thermal treatment in hydrogen in order to form Pd-Ru alloy.

e Thin Pd-Ru composite membranes were successfully prepared on pre-
treated PMS discs, with the Ru layer having good adhesion to the
substrate.

An electroless plating apparatus was designed and constructed for the
manufacture of tubular composite membranes. Because the tubular
ceramic substrate had lower surface roughness and smaller pores than the
planar substrate, thin Pd-Ru composite membranes were easily achieved
on this kind of substrate. It was found that the Pd-Ru layer could be as
thin as 2 pm without defects or pinholes.

The preparation technique for tubular Pd-Ru composite membranes (OD,
12.5 mm) was scaled up to a length of 0.45 m (membrane area ~200
cm?). No problem is anticipated for scaling up to tubes of length 0.9 m.

e More than ten 0.45 m-long tubular Pd-Ru composite membranes were
fabricated with a membrane thickness of 3-5 um. All passed our internal
quality control tests, requiring that N, leakage be less than 0.01 ml/min at
a pressure difference of 3 bar. The preparation process was reproducible.

e Six tubular Pd-Ru composite membranes (0.45 m long x 12.5 mm OD)
with a thickness of 4 um were sold to a European customer for hydrogen
separation applications.

Composite membrane

Pd film P

Ceramic layer

Porous SS «—— /
'/

Fig. 2. Schematic diagram of novel composite membrane configuration.

— Regular SS

Fig. 3. Morphology of Pd film deposited on pre-treated PMS by electroless plating.

"
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Fig. 4. Surface of pure Ru film achieved by electroless plating, a) limited magnification; b) 20 times greater magnification.
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c. Characterization and testing of Pd-Ru composite membranes

Pd-Ru composite membranes with 5% Ru content reached maximum
hydrogen permeability ~10% higher than for a pure Pd membrane.
Alloying of Pd-Ru was difficult at a temperature of 600°C or lower
because the Tammann temperature of Ru is 1030°C, much higher than
the alloying temperature.

Pd-Ru composite membranes showed much greater resistance to
hydrogen embrittlement than pure Pd membranes. Pd-Ru composite
membranes survived in hydrogen at temperatures as low as 180°C, at
which pure Pd membranes rapidly developed cracks.

H,S was damaging to both pure Pd and Pd-Ru composite membranes. At
350°C, 25 ppm H,S significantly inhibited hydrogen permeation through
both types of membrane. Pd membranes developed cracks after being
exposed to H,S for 5 h and broke after ~10 h. In contrast, no cracks were
detected after Pd-Ru was exposed to 25 ppm H,S for more than 30 h, and
its hydrogen permeability was recoverable after terminating the H,S
exposure.

Long-term performance tests of Pd-Ru composite membranes on PMS
discs (25.4 mm OD) showed that the Pd-Ru membranes had high stability
and excellent ideal separation factors. A membrane maintained an ideal
separation factor of more than 14,000 at 450°C and 1,000 kPa for 5,000+
hours.

Tubular Pd-Ru composite membranes of surface area 180 cm? were
tested at 350-450°C and 200-1000 kPa for more than 4000 h. Both
hydrogen permeability and selectivity remained stable throughout this
testing.

Pd-Ru composite membranes on PMS discs were also tested in an
industrial environment, using a slip stream of the synthesis gas product of
UBC’s biomass gasifier before clean-up. Tar from the gas gradually
coated the surface of the membrane, physically blocking hydrogen
permeation, and thereby substantially reducing hydrogen permeability.
However, the hydrogen permeability was fully recovered when tar was
removed from the surface.

3. R&D of Pd-Ag alloy foil-based membranes

NORAM/MRT/UBC made efforts to commercialize its proprietary
membrane technology, in particular the fluidized-bed membrane reactor
(FBMR) for generation of hydrogen via steam reforming of natural gas [11—
13]. This process needs in situ hydrogen-selective membranes to extract
hydrogen from the reactor at high temperature. Pd-based membranes on
porous stainless steel supports with alumina interlayers were tested
extensively for this purpose. Unfortunately, the performance of our thin Pd-
based composite membranes, prepared by electroless plating, was found to
degrade with time at temperatures =550°C and at large trans-membrane
pressure differences. Therefore, thicker (25 um) Pd-Ag foil was selected to
separate hydrogen in FBMR under the adverse conditions. Substantial work
was carried out to develop Pd-25%Ag foil membranes for hydrogen
separation and purification applications in both reactors and purifiers.

3.1. Modularization of Pd-Ag foil membranes for high-temperature and high-
pressure applications

e A membrane module box of complex configuration was designed,
manufactured and tested. This included porous stainless steel substrates,
their supporting structure, gas flow channels and collecting tubes. The
box was designed for temperatures as high as 600°C and pressures up to
25 bar.

A proprietary bonding technique was developed for sealing Pd-Ag foil
with regular stainless steel parts. The bonding was strong, with excellent
gas-tightness, without any delamination or gas leakage issues. It was also
found that the bonding became stronger with time when the membrane
modules were used under various operating conditions, especially high
temperatures [14].

A related pre-treatment technique for membrane modularization was also
developed. This includes polishing and cleaning of porous stainless steel
substrates and inter-diffusion barrier layer coating.

More than 200 membrane modules were manufactured. The
manufacturing process was reproducible. Standard module sizes included
37x6” (76 x 152 mm), 3”x12” (76 x 305 mm) and 6”x12” (152 x 305
mm), with one- or double-sided membranes. Figure 5 shows photos of
two membrane modules.

Fig. 5. Membrane modules, a) 25 pm Pd-25%Ag foil, 75 x 280 mm, double-
sided; b) 25 pm Pd-25%Ag foil, 152 x 305 mm, double-sided.

3.2. Membrane purifier applications of Pd-Ag foil-based module

Tanaka (Japan) was our main supplier of Pd-25%Ag alloy foil. 25 pm
thick Pd-25%Ag alloy foil was generally used for our applications. During the
period of our research, Tanaka improved its manufacturing equipment, giving
it the capacity to produce thinner (15-20 pm) Pd-Ag alloy foil with quality
similar to that of its 25 pm foil. The newer foil could be up to 300 mm in
width, with no limit on length.

Pd-25%Ag foil modules were tested under various conditions. Several
commercial units were sold for hydrogen purification applications.

e Our propriety bonding technique was used to seal Pd-based foil with
regular module boxes. Several hundred modules were tested or used in
various gas environments at various temperatures (350-600°C). Some
modules were tested for up to 14,000 h without detectable leakage
through seals.

A double-sided 3”x6” (76 x 152 mm) membrane module with 25 pm
thick Pd-Ag alloy was tested in a Ho/N, mixture at 550°C for more than
1000 h. No degradation in the permeability and selectivity of the module
was observed.

A membrane module with 50 pum Pd-Ag alloy was cycled from 240°C to
565°C in a 36%H,/N, mixture at 5 bar-a on the feeding side and 1 bar-a
on the permeation side for 10+ cycles. The membrane module remained
stable, with no detectable leakage after the cycling.

A membrane purifier prototype with an effective membrane area of 0.12
m2, as shown in Figure 6, was designed and built to extract hydrogen
from town gas. The molar composition of the town gas was 60.4% H,,
19.9% CH,, 5.0% CO, 14.7% CO,) at temperatures of ~300-400°C and
pressures up to 20 bar. The purifier was tested for seven start-up/shut-
down cycles, with no observable leakage, nor degradation in membrane
performance.

Two membrane purifiers of 25 pm Pd-25%Ag foil were sold to European
customers for extraction of hydrogen from reformate streams with effective
membrane areas of 0.7 m? and 1.1 m?. Both purifiers met the requirements
specified by the customers at delivery, and the customers were satisfied with
the performance of the purifiers. Figure 7 shows a photograph of one of these
purifiers.
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Fig. 7. Commercial membrane purifier, a) Membrane stack; b) Purifier.

3.3. Fluidized-bed membrane reactor applications of Pd-Ag alloy foil module

In situ Pd-25%Ag alloy foil-based membrane modules were employed in
fluidized-bed membrane reactors (FBMR), a propriety technology developed
by NORAM/MRT/UBC for the generation of pure hydrogen from natural gas
(as well as other hydrocarbon feedstocks, such as propane) via auto-thermal
steam reforming. This reactor technology was tested at various scales during
the commercialization efforts. The technologies and major membrane reactor
test results are summarized as follows:

1) Internally circulating FBMR (see Figure 8) [7, 15, 16]

e Planar membrane modules were used in a draft box for hydrogen
extraction.

o Feed gas flowed upward in the core, with catalyst transported upwards in
the core, then descending in the annulus.

e Membranes were located in a region well removed from the oxidant
addition zone.

e The solid catalyst particles circulated from the oxidant addition zone,
forcing nitrogen to exit from the reactor without reducing the hydrogen
concentration needed to maximize the membrane permeation.

e Internal circulation worked, but complicated the mechanical design at

smaller scale.
e Startup and shutdown conditions were critical to achieve membrane
longevity.

2) FBMR-demonstration unit for hydrogen production [8,17,18]

Figure 9 consists of both a schematic of a FBMR and a photograph of the
demonstration unit built to generate pure hydrogen in a fluidized-bed
membrane reactor via steam methane reforming [19,20]. This unit was
designed, built and operated at MRT and NORAM, sponsored by the US
Department of Energy. The main results were:

e The membrane reactor was designed for 15 Nm¥%h H, production
capacity.
e Hydrogen could be pressurized up to 100 bar using a metal hydride

COMPressor.

e Improved 25 um Pd-25%Ag alloy membrane modules (2.2 m?) were
used.

e The reactor operated for >500 h, including 1 week of unattended
operation.

o The operation was stable.
o Vacuum-assisted permeation was proven.
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o Results were generally in good agreement with reactor model predictions.

e Some deactivation of the commercial catalyst was observed,
demonstrating that some improvement is required in this aspect of the
process.

e The product H, purity exceeded 99.99% under normal operating
conditions.

3) Sorbent enhanced FBMR technology [21,22]

Figure 10 shows a simple flow-chart and a photograph of the pilot plant
built for hydrogen production in a sorption-enhanced membrane reactor.
Combining the capture of CO, by a sorbent such as CaO with the withdrawal
of H, could be a process of considerable future interest. This project was
jointly carried out by NORAM and Tokyo Gas, with financial support from
NEDO Japan and active participation of UBC. The main findings include:

e Some tests were carried out in which membrane separation of hydrogen
was coupled with sorption capture of carbon in a steam methane
reforming process.

o The hydrogen production capacity was designed to be 1 Nm%/h.

e Ca0 and catalyst solids circulated between the two reactors.

e The best results showed 80% CO, capture and > 99.99% pure H,
produced.

o The results confirmed that CO, removal increased H, production.

e It was difficult to match temperatures and pressures
FBMR/carbonator and calcination reactors.

o |t was also challenging to circulate solids reliably at this small scale.

in the

(@)

Fig. 8. Internally circulating FMBR for hydrogen production.

(b)

Fig. 9. FMBR demonstration unit for pure hydrogen production at a capacity of 15 Nm3/h. (a) Schematic. (b) Photograph

4. Conclusions

Hydrogen permeability, selectivity and stability are important properties
of membranes for hydrogen separation applications. This paper summarizes
work performed to improve key properties of perm-selective membranes and
to develop reactors and processes which utilize the membranes. Notable
findings included: i) Although both niobium and tantalum offer higher H,
permeability and lower cost than palladium, their poor resistance to oxidation
and hydrogen embrittlement, even after being coated with Pd on their
surfaces, prevented their practical application for hydrogen separation. ii) 2-5
um thick Pd/porous metal composite membranes containing interdiffusion
barrier layers of alumina were successfully prepared by electroless plating.
These thin Pd composite membranes provided high hydrogen permeability
and selectivity, with ideal H,/N, separation factors up to 100,000. They
remained stable at temperatures up to 450°C, with pressure difference of 500
kPa across the membrane. However, the selectivity of the composite

membrane decreased with time at 50 °C or higher, indicating that a pure Pd
film was not sufficiently mechanically robust, with micro-cracks developing
at high temperatures or high pressures. iii) Palladium/RUthenium composite
membranes were produced with the aid of electroless plating. Compared with
Pd and Pd-Ag alloy composite membranes, Pd-Ru composite membranes
showed better resistance to hydrogen embrittlement and contaminants, in
addition to greater mechanical strength, leading to increased stability at high
temperature and high pressure.

A standard manufacturing process was developed for large Pd-Ag alloy
foil-based membrane modules, including a suitable sealing technique. The
largest membrane module was a double-sided panel of 0.15 m x 0.3 m surface
area. This membrane module was immersed in a fluidized bed reactor for
hydrogen production from natural gas by steam reforming, where the Pd-Ag
alloy membrane area was 2.2 m? and the hydrogen production capacity was
15 Nm?3/h. This membrane was also used with sorbent-enhanced reforming for
hydrogen production coupled with CO, sequestration.
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