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Outline

A Goals of this research
o Hydrogen from coal/biomass gasification

A Background: metal membranes for
hydrogen purification
o Permeation mechanism

o Advantages of amorphous alloy membranes
o Membrane fabrication

A  Membrane Characterization

a  Hydrogen permeation measurements
i Catalyst coated foils (Pd and Ni)
i Pure gas flux measurements (H, and N,)
i Water-gas shift (WGS) conditions

a  XRD
a  AES depth profiles

A Conclusions and acknowledgments
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Coal/biomass derived hydrogen, chemicals & electricity

A Advanced coal-to-hydrogen plants have the potential to co-generate power
and H, in high volumes and produce liquid fuels

A System studies show enhanced efficiency if the water-gas shift (WGS)
reaction and H, separation are combined in a single stage membrane reactor
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i Coal/biomass gasification with
water-gas shift (WGS) reaction:

CO + H,0 <> CO, + H,

u H, can be produced at
$3.98/MMBtu ($0.54/kg) in an
IGCC-based co-generation plant

i Further cost reduction to
$3.0/MMBtu if SOFCs used to
generate electricity

Continuous extraction of H, from a
membrane reactor provides
greater-than-equilibrium
conversion and high pressure
CO,-rich retentate
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Membrane Requirements

A Potential Technologies for H, Separation
o Pressure Swing Adsorption (PSA)
s Ceramic membranes
s Dense ceramic membranes

A Necessary characteristics
o Cost effective
a High H, flux
« High H, purity
o Robustness and resistance to degradation by thermal cycling

a Operation in the desired temperature range (260-450 C)
a Above the dew point of the syngas but low enough to achieve
effective contaminant control

a Tolerance to all components of coal-derived synthesis gas
a Particularly to sulfur (H,S)

A Approach: melt-spun amorphous alloy membranes
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Why Amorphous Alloy Membranes?

A Metals transport hydrogen through a
solution-diffusion mechanism (right)

o Potential for perfect H, selectivity
: Pressurized retentate stream facilitates

CO, sequestration
i Flux and permeability a function of
solubility and diffusion rate

A Group IV and V metals have high
hydrogen solubilities and diffusivities

a  Amorphous alloys have higher hydrogen
permeability due to lower atomic densities

A Non-precious metal alloys
s Pdis ~$US15,000/kg vs. $10-200/kg for
Group VI, V and many transition elements
e.g. Ni, Ti, Zr, Ta, Nb)
a Thin Pd surface catalyst still required

Image from
http://www.stillwaterpalladium.com/hydrogen.html
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Goals

A Develop arobust, high flux, H, separation membrane
a reduce equipment size and cost requwed for pure H, production
o for WGS of gasified coal/biomass in membrane reactors
o must function in coal gas environment (H,S resistant)

A Increase the durability and reduce the cost of Group IV
and V metal membranes for hydrogen separation and

purlflcatlon to replace Pd-based membranes
necessary for industrial scale deployment

hydrogen permeability comparable to Pd-Ag or Pd-Cu
cost < $1000/m? ($100/ft?)

5+ year life

manage embrittlement
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Challenges with Amorphous Metal Membranes

& Amorphous materials tend to re-crystallize

a loss in hydrogen permeability with re-crystallization
i Dolan, M., et al., Ni-based amorphous alloy membranes for hydrogen separation
at 400 C. Journal of Membrane Science, 326(2) (2009) 549-555.
i Yamaura, S.-i., et al., Hydrogen Permeation of Ni-Nb-Zr Metallic Glasses in a
Supercooled Liquid State. Mater. Trans. JIM, 47(12) (2006) 2991-2996.
i Select high glass transition temperature (T,)

A High overall hydrogen solubility in Group IV and V metals
o Causes embrittlement, ductility loss and membrane failure
a Alloy to prevent hydride phase formation

A The catalytic activity of Group IV and V metals for hydrogen
dissociation is easily passivated
o Surface layers form that block hydrogen dissociation and permeation
a A thin, continuous coating of surface catalyst such as Pd or Pd-alloy is

usually required
i catalyze hydrogen dissociation/re-association on each side of the membrane
i coatings may also protect the membrane surface from gases such as CO, H,S

« However, surface coatings may experience atomic interdiffusion with the
bulk membrane at higher temperatures ( @00 C)




Advantages of Our Approach

Hydrogen permeability in metals is the product of solubility and
diffusivity (P = SxD) so alloys are required that reduce H solubility
In the lattice while maintaining high diffusivity

Reduce hydrogen solubility through alloying
a choose elements that promote the formation of metallic glasses
o reduce solubility while maintaining diffusivity for high permeability
a iImpart favorable materials properties such as ductility and higher temperature onset
of crystallization

Increase high temperature stability through alloying
o choose elements that result in higher T,

Ultrathin coatings of Pd alloy surface catalysts (< 1 um thick)
o catalyze hydrogen dissociation/recombination
. protect the membrane from process gases
o Mminimize rate of atomic diffusion
o look for alternatives to Pd

M. D. Dol an. @ Th e fomang abgity and hydrogdn permegbilits & amorphous
Nig,Zr; 6xMy (M=Ti, Nb, Mo, Hf, Ta or W) S$eearabion and Rusification Technology
65(3) (2009) 298i 304.

Yamaura, S.-i. and A. Inoue (2010). "Effect of surface coating element on hydrogen permeability

of melt-spun NiyoNby TasZrs,Cos amorphous alloy.” J. Membr. Sci. 349: 138-144. ¢ TDA
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Effect of Alloying on Hydrogen Solubility in the Zr-Ni System

A Alloying changes hydrogen
solubility

Increasing Ni content lowered
hydrogen solubility in the Zr-Ni
alloy

A

The solubility has to be optimized
such that hydrogen is in solid
solution form and does not form
brittle hydrides

a  Aoki, K., M. Kamachi, and T.
Masumot o. AThern
hydrogen absorption in
amorphous Zr-N |
Crystalline Solids, 61 & 62
(1984) 679-684.

a |l J. dog-s |.
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Examples of Important Alloying Elements for Fabrication of
Amorphous Metal Ribbons

: e Activation
H solid solubility in AH H, permeability,| energies for bulk
Crystal | equilibrium with formation R .
Metal ) : @, at T=500°C diffusion of
structure| the hydride at | (of hydrides) (molim*s*Pa’3)|  hydrogen,Q
_~70 mol/m*s*Pa ;
T=27°C (H/Metal) [ (kJ/mol) (kd/mol)
Nb bcc 0.05 -60 (NbH,) 1.6e-6 10.2
‘ Ta | bce 0.20 -78 (TaH, o) 1.3e-7 14.5
\Y bcc 0.05 -54 (VH,) 1.9e-7 5.6
Fe bcc 3.0e-8 +14 (FeH) 1.8e-10 44.8 (-Fe)
Cu fcc < 8e-7 - 4.9e-12 38.9
‘ Ni fce < 7.6e-5 -6 (NiHy5) 7.8e-11 40.0
Pd fcc 0.03 +20 (PdH) 1.9e-8 24.0
Pt fcc <le-5 +26 (PtH) 2.0e-12 24.7
~0.01
Hf h < -133 (Hf - -
III} Cp B~ 1.0 (HfH)
: ~0.0014 :
T h ¢ -126 (Ti - -
i | hop 5~ 10 (TiH)
Zr hcp <0.01 -165 (ZrH,) - _
o TDA
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Melt spun amorphous alloy membrane fabrication

A Ribbons fabricated at A Coated with 500 nm Pd

CSIRO (Australia) under with a 25 nm Cr
the direction of Dr. adhesion layer
Michael D. Dolan

CSI RO6s mel t
spinning apparatus

Ni-based amorphous alloy
membrane (30-mm wide) and
40-90 microns thick

11 1DA
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Membrane Characterization

Hydrogen permeability
a Hydrogen flux measurements at various temperatures and pressures

X-ray diffraction (XRD)
a confirms glass formation and used to study crystallization

Differential scanning calorimetry (DSC)
a accurate measurement of glass-transition temperatures and onset of
crystallization

Scanning electron microscopy (SEM)
a See glass microstructure after testing (e.g. recrystallization)
a coating surface morphology, cross section

Transmission electron microscopy (TEM)
o used to study membrane nanostructure, crystallization

X-ray photoelectron spectroscopy and Auger electron spectroscopy
(XPS/AES)
o depth profiles can be used to study atomic diffusion between constituents of
surface coating and membrane
a chemical state of surface catalyst

., TDA
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Membrane Characterization

Hydrogen permeability
a Hydrogen flux measurements at various temperatures and pressures

X-ray diffraction (XRD)
a confirms glass formation and used to study crystallization

Differential scanning calorimetry (DSC)
a accurate measurement of glass-transition temperatures and onset of
crystallization

Scanning electron microscopy (SEM)
a See glass microstructure after testing (e.g. recrystallization)
a coating surface morphology, cross section

Transmission electron microscopy (TEM)
a used to study membrane nanostructure, crystallization

X-ray photoelectron spectroscopy and Auger electron spectroscopy
(XPS/AES)
a depth profiles can be used to study atomic diffusion between constituents of
surface coating and membrane
a chemical state of surface catalyst
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Foil Membrane Test Cell

Do o Do =

All stainless steel

construction Graphite gaske
a 400 psig

2.5 cm diam. membrane
a 1.8 cm? active surface area

Graphite seals
o 650°C in reducing environ.

Porous stainless steel frit
supports membrane

Porous alumina felt

Membrane foi

Alumina felt

Porous stainless

prevents metallic steel frit
interdiffusion between
membrane and porous
stainless steel frit
14 1DA
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Membrane Testing System

Test cell in oven

Membrane in test cell

2.5 cm outer diameter
1.68 cm inner diameter

2.2 cm? permeable area

s TDA
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Membrane Testing Apparatus

All stainless steel construction
a  pressures up to 800 psig
o temperatures up to 650°C

Automated computer control

Flammable gas detectors
a  automatic shutdown sequence

Representative conditions
a«  Simulated coal gas
v} H2, Hzo, CO, COz, st

measure retentate and permeate gas
concentrations
a online non-dispersive infrared detectors
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