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Membranes for gas separation

[ Membrane classification J

[ Nature ] [ Structure ] { Geometry } [ n;rgiqumzl:r)m?;w ]
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Membranes for H, separation
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Why Palladium?
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Membrane preparation

» Fabrication techniques (supported membranes)

S—
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_ PVD (Plasma vapor deposition) IR :
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Wet techniques ELP (Electroless plating) 4 5
EP (EIeCtroplating) .. ® @ : lons of plating material
© @ ~: Aqueous solution
o n . Workpiece
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Membrane preparation

» Fabrication techniques (supported membranes)

+ Used for many metals
« High deposition rate
PVD « Control of thickness and composition of
alloys
* No liquid wastes

Expensive equipment
Influence of support geometry (shadowing)

 Low deposition rate
CVvD « Complex geometries + Toxic reactants
 Small-scale (complex to scale-up)

High deposition rate

Electroless + Complex geometries « For limited number of metals
lati + Cheap equipment « Limited number of elements in the alloy
Pletdinig, + Simple operation (ternary alloy difficult)
« Ease of scale up
« Support must be conductive
Electroplating « High deposition rate * Need of electricity
« Mainly used for pure metal (not alloys)
tecnal:a
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Membrane preparation

» Importance of the support

Thick
Self-supported | Low hydrogen permeation
High cost of Pd

Thin layer (defect free)

Peo _fa n n
H, flux =]H2 — @8 RT(Pret — Pperm)

PY : Pre-exponential factor of H, permeability
(mol m-t s1 Pan)
0: Membrane thickness (m)
n: n-value f(limiting step)

v

H, flux inversely proportional
to the thickness

\ 4

Supported - High hy-d rogen permeation MM, flux &TH, selective
Alloy with other metals (Ag, Cu...)
L p v N
Defect free thin membrane
(supported)
. J
tecnal:a
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Membrane preparation

» Importance of the support

Symmetric (high mass transfer resistance
Morphology 4 (hig )
Asymmetric
Outer layer:
Support a-Al,05; 100 nm pore size
Material Ceramic
Metallic

http://www.inopor.com/en/index.html
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Membrane preparation

» Importance of the support

v" Low mass transfer resistance

v Small pore size - Asymmetric ceramic support

v" Smooth surface

v' Easy to integrate into a reactor } Asymmetric metallic support

v No chemical interaction with Pd-based layer } Ceramic support: a-Al,03, ZrO,...
Metallic support: interdiffusion barrier

tecnal:a
* MACBE |—| - This project has received funding from the European Union's Horizon 2020
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Membrane preparation

» Importance of the support

Support material (asymmetric)

Ceramic Metallic
+ Low resistance to gas permeation  Low resistance to gas permeation
See | Small por size + Mechanically strong
Smooth surface * No problem with sealing

+ Less expensive than metallic supports

Easy to connect to a reactor

Hastelloy X support
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Membrane preparation

» Deposition of thin Pd-based supported membranes (< 5 um)
(for high H, permeation and selectivity)

Asymmetric support Impregnation of Pd seed Electroless plating
G'AI203
(100 nm pore size)

tecnal:a

This project has received funding from the European Union's Horizon 2020
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Membrane preparation

» Deposition of thin Pd-based supported membranes (< 5 um)
(for high H, permeation and selectivity)

Porous support Pd-based layer
(ceramic or metallic)

< 500 mm >
Ceramic supported thin Pd-based membranes Metallic supported thin Pd-based membranes
(with Swagelok-graphite connectors) (welded to dense metal tubes) tecnal:a

Membranes And Catalysts Beyond research and innovation programme under grant agreement No 869896.
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Membrane preparation
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Membrane preparation

» Deposition of thin Pd-based double-skinned (DS) membranes
(for high H, permeation, selectivity and attrition-resistant)

Protective layer
« y-ALO,YSZ

+<— H, selective layer —
PdAg layer

- Asymmetric support
a-Al,O5 100 nm pore size

Conventional Pd-based

membrane Dip-coating SEM image in cross section

of Pd-based DS membrane

tecnal:a
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Membrane preparation

» Pd-based double-skinned (DS) membranes
(for high H, permeation, selectivity and attrition-resistant)

Scaling-up membrane production

1 per batch to 8 per batch

ssssssssssssssssssssssssss

450 mm
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> Diffusion mechanism: Solution-diffusion
0

Py _Eq
Q@Q@ H, flux =]H2 — %e RT(P:}et - Ppnerm)

P : Pre-exponential factor of H, permeability

Splitting (mol mt st Pa™)

6: Membrane thickness (m)

D HEHE
IiTrusion n= 0.5 (Bulk)

membrane

—————————————— .
SoXe Seshapngtion |

N orelexexerercro N i

Adsorption

n= 1 (Surface)
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Properties

> Problems associated with Pd membranes

Embrittlement
+Ag | Phase transition temp.
a-B phase transition of PdH . (up to 23%) .
(<293 °C) +Cu (up to 40%) T H, permeability
| Membrane price
I;:_II @ — Defective membranes
Sulphur poisoning > +Au [(up to 5%) ]—» 1 H, permeability
Pd,S

®
tecnal:a
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Properties

> Problems associated with Pd membranes

Carbon deposition

(syngas) (propane dehydrogenation)

C3H6 H C H
‘H)J 3 8|:I)|:|)

H

e e \H&\H) et CsHe  C,H
3Mg H
H) v B

@ ﬂ)ggg E
o U H,
HH) | HH)
HOH
| Temp —+ | Poisoning | Temp | Poisoning senal:q
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Properties

> Problems associated with Pd membranes

Concentration polarization (thin layers)

H, concentration

Retentate Film Pd Porous Permeate
side layer layer  support side

tecnal:a Gas mixture containing H,

Membranes And Catalysts Beyond research and innovation programme under grant agreement No 869896.
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Ultra-thin <1 um thick (ceramic support)

Thin 4-5 um thick (metallic support)

Stability test in an empty reactor (metallic support)
Stability test in FBMR (metallic support)

Chemical interaction with catalyst
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Membrane performance

» Ultra-thin (21 pym thick) Pd-Ag membranes (ceramic support)

4000 3500 + - 14 -

1E-5 oee ®@wees oom © CGmen © o000 o0 c0® o0 g

=~ T H, - 3500 3000+ L12

©

] A H /N -4 3000 2 2500 4+ -

" . 2 /N~ s oy -10 I
(7)) A ~ < § o; m
P ~ T 12500 & S 1 =
£l s e 3 S 2000 s 2
\g/ AL Abday, 4 aty Adad, L4 T 2000 * 3 1500 4 e qo
8 s} {1500 & = X
c e ocsmes o - S 1000 i
@ ®e % pov ] 000 00000 oo - T L4 o
o o 41000 £ =
£ L 500 4 1]
=q—_> 1E9Q - ¢4==-=-—-- N2 .2 g
o A 400 °C | - 500 04 S
1E 10 1 1 1 L 1 1 0 : : : : o Q

0 200 400 600 800 1000 0,6 0,8 1,0 1,2 1,4 g

Thickness (um)

Time (hours)

1.3 pm thick Pd-Ag membrane

J. Melendez et al., 3. Membr. Sci 528 (2017) 12-23
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Membrane performance

» Thin (4-5 pm thick) Pd-Ag membranes ﬂ(metalllc support)
No Lea

Ceramic support Metallic support

Long term permeation test at 400 °C

Leak 1.4F-06 1000000
Zzone
—~ 1.2F.06 8O fe(o Rt (ot (O cco R cccoR(a(coRcee(o)] . 100000
‘g- \ =
& 1.0F-06 + = 10000 %
= — = = o Gup i:';_
E 8-OE_D7 f.‘ ...... - i lmo 'E
@ 4]
Q [+
s o
E 6.0E07 @ . ® - H2 permeance (mol m-2 s-1 Pa-1) - 100 -
—_ [+
8. 40607 + O Ideal selectivity H2/N2 L 10 2
I
=
g 2 2.0E-07 T T T T T 1
~J 0 250 500 750 1000 1250
= Time (h)
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Membrane performance

» Stability test in an empty reactor
Metallic supported Pd-based membrane :

1.E-06 A

H, permeance

1.E-08

! | |
o %o
1.E-09 LJeo°® ee0 %o
[}
pe
10000 . . . . . . . . . .
+ H2/N2 M15

*
*
00’. .y
** *,

N, perpieance

............
|~ ~.

Empty reactor

M15
1000 . . : : : : : . .
500 °C’ AP= 1 bar (~ 510 h) 0 50 100 150 200 250 300 350 400 450 500
Time (h)
A. Arratibel et.al. J. Membr. Sci. 563 (2018) 419 tecnaka
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Membrane performance

» Stability test in an empty reactor 1
Metallic supported Pd-based membrane /I_L
400-500 10, AP= 1.4 bar
~200h
M33 M15-DS
< Protective < i
| > = | ¥y
ol ayer (In .......
8 Empty reactor
Parameter | Mm15-Ds [EE
H, permeance* (mol m=2 s1 Pa-l) IR 1.34:10°
Ideal H,/N, permselectivity 3500000 pmmelciciole
tecnal:a
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Membrane performance

: I . 1.43-10°
g . | - - -
» Stability test in FBMR ® o . mol m2 s Pal
c I I
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Membrane performance

» Chemical interaction with catalyst

_ CeO,
400 °C; Pure H, permeation test
1.3
1.2 (]
as omp ofF

1.1 Rh,Pt
x amme ©
x 1.0
=
—
£ 09 -
B
% 0.8 - o DS (< 305 pm)
€ ] @ DS (100<ym<305)
5 07 _ O'f:o:‘..fo?.',.f.?.'
=4 ® Conventional (76<pm<106) o, 4’5\..19.... .1....

o) ssesses

NN A
05 - | ¥ PS s 200 ...
0.4 ’ : : : : Conventional Pd-based Double-skinned
0 25 50 75 100 125 150 membrane Pd-based membranes
Time (h)
A. Arratibel et.al. IJHE 46 (2021) 20240-20244 tecnal:a
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Applications

> Process intensification/ Membrane reactors

Industrial / Commercial solution for Hydrogen production

CO, Capture H,
| Purification

Raw
Material

CH, + 2H,0 <= CO, + 4H, tecnal:a

This project has received funding from the European Union's Horizon 2020
research and innovation programme under grant agreement No 869896.
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Applications/EU projects

Feedstock Membrane reactor Reaction
H,
r N |
Natural gas [ €02+ R0
Biogas
(Bio)ethanol H, perm-selective [ Reforming ]
\ ) membranes
i Syngas ) [Water gas shift]
Ammonia [ Dehydrogenation]
: ~ TU/e 1 tecnala
CH, + H,0
EU ‘(?\' DEMCAM R GK) . F"Md MACBETH
Projects arelNHea | | e | | BEASEE F=RE- | e IMQ aonco
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http://www.demcamer.org/
https://www.mdpi.com/2227-9717/4/4/37
http://www.ferret-h2.eu/
https://www.fluidcell.eu/
http://www.bionicoproject.eu/
https://member-co2.com/
https://arenha.eu/

Applications/EU projects HORIZUMN 2020 @

» EU projects on membrane reactors for H, production

Water gas shift reaction (WGS) DEMCAMER
CO + H,0 = H, + CO, S

Steam reforming of methane (SMR)

CH4 + 2 HZO <__> COZ + 4 H2 BEQCEL?W @nlcu

Ethanol steam reforming w Fluid

C,H. OH + 3 H,0 = 2CO, + 6 H, CELL
Ammonia decomposition ,,(P\.
2NH; <— N, + H, areNH:z

This project has received funding from the European Union's Horizon 2020
research and innovation programme under grant agreement No 869896.
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Applications/EU projects

» EU projects on membrane reactors for H, production

[1] Steam reforming of methane (SMR)
[2] Biogas reforming (CH, -CO,)

® MACBETH

Membranes And Catalysts Beyond
Economic and Technological Hurdles

[3] Propane dehydrogenation (PDH)

= CsH¢ + H
C3H8 3''6 2

< 3C+4H,
tecnal:a
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Applications/EU projects

» EU projects on membrane reactors for H, production

tecnal:a
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[1] SMR (70)
21 CH, -CO 215 membranes of 40-45 cm long manufactured
- * 2 (125) ||- for 5 demoplants

'3] PDH (20) . |
ecnal:a
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areNH,a

> Ammonia decomposition

450 °C & 1 barg 500 °C; 4 bar(a); Ff= 0.5 Ly/min NH;
Membrane Se-lrer:.:ltcil\(l:ei:ser H, permeance N, permeance :;ef;:ﬁ Ideal H, recovery NH; concentration in the
code (um) YE' (mol st m2Pal) (mols!m2Pal) p(_) H,/N, (%) permeate (ppm)
A-2 ~ 1 2.22-10-6 4.26-10-10 0.80 5210 93.2 47 (£2.1)
A-3 ~ 6-8 1.15-10¢ 1.66-10-11 0.72 68960 84.8 <0.75
92% 50
—@— Hydrogen recovery | 5 o 100% 99.999%
90% —@— NH3 concentration in the permeate 10 EE 90% L 99.998%
- £
88% - 35 § £ 80% L 99.997%
'3? B -l-c-l a | X
> 86% Vi S 70% | 99.906% =
s EE z
S 84% - 20 B = & 60% L 99.995% ?:
—_ — T
= 82% 15 g 50% - 99.994%
L 10 §
80% | ¢ IE:’n . 40% —@— Hydrogen recovery - 99.993%
=z —@— Hydrogen purity
78% 0 30% 99.992%
400 425 450 475 500 525 1 2 3 4 5 6 7
Reaction temperature [°C] Reaction pressure [bar]
A-3; 5 barg; 0.5 Ly/min NH; A-3; 500 °C; 0.5 Ly/min NH;

V. Cechetto et al., IJHE 47 (2022) 21220-21230
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