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What is Hydrogen ?
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Energy revolution !!!

Since 1800,

. H,-driven car

2004, present
{ CH,OH-driven car

These are miniature.
But, it’s time to come true soon....




Power Crisis Race to change the world

PORTABLE POWER CRISIS
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How hydrogen can save the world?
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“Hydrogen fuel cells represent one of the most encouraging,
inngvative technologies of our era.”

“Joint me in this important innovation to make our air
significantly cleaner, and our country much less dependent on
foreign sources of energy.”
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Hydrogen Ammonia * Pressure Swing Adsorption (PSA)
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Rotary fast-cycle PSA design

SIHE IS PSA unit
(Hickson & Welch, Castleford, England)
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«Separation of hydrogen from nitro Y am monia purge gas straams
*Hydrogen/methane separation n ra, ry oﬁ~gases
-Hydrogen/carbon monoxide adjustment in oxot emical synthesxs plants

Prism membrane system Polysep membrane system Ube H, separation system
in operation at an oil refinery
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Comparative capital costs for oxoalcohol feed separation process
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Hydrogen/Nitrogen Separation

Stream composition (%)
High- Low-
Membrane Membrane Pressure Pressure
Feed & vent @ Pemeate | Pemeate
D @
Hydrogen 62 21 73 848
Nitrogen 21 44 7.4 8.4
Methane 11 23 36 43
Argon 6 13 20 25
e
COmoressor suction
Pressure 135 132 70 28
(atm}
Forassintar i | Flow (sdim) | 2000 740 830 430

Permigie ic fow resyurs
260 5ack PRGN Scporion | Campresses sucion

The PRISM® Separator flowsheet for
the 600 ton/day ammonia plant at Luling,

Louisiana
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Type of membrane H2 permeance (molim2sPa)

y-alumina membrane -

Pd impregnated alumina

membrane
Pd SVD membrane
Hydrolysis of TEOS 9.81*10-1°
Chemical vapor deposition of 8i02 7.34*10°
Thermal deposition of TEOS 1.0%10%
Chemical vapor deposition of ans
TECS 3.08*10
Sol-gel derived ceramic membrane 6*10-7~20"107
Pyrolysis of polycarbonate 5.5%107
Silica membrane
Pd membrane 8.09*107
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High Prassure

Mechanism of hydrogen separation Fot) o - Fabrication technique
1. Adsorption d & . -Sputter deposition
2. Dissoclation o o » Chemical vaper deposition
3. lonization c_p\“ o0, 2 Electroless dopositlon
4. Diffusion ; -Electrodeposltlon :
5. Re-association LQe@Pm0 o TR
- oy L4
6. desorption Q8
O Ps0
® %
" Low Prassurs
2. U=Xi9
. —_— -
Common gas separations Applications " Selectivity Hydrogen
. Pressure
Oxygen enrichment, (developer)
Oy/N, inert gas separation HJCO H,/ICH, HJN, nomalized flux
H,Mydrocarbon Refinery hydrogen recovery P°(':"'.';:|';d' 100 >200 >200 .
HJCO Syngas ratio
H N, Ammonia purge gas r(p.m) 40 80 L 100
Acid gas treatment,
€O, /Hydrocarbons landfitl gas upgrading c:‘l;l.l,lulq‘:. 3040 60-80 60-80 200
H,0/Hydrocarbons Natural gas (Separex)
H,S/Hydrocarbons Sour gas treating P"'lVJL""'d' 50 100-200 | 100-200 80-200
He/Hydrocarbons Helium separations ! )
- [10-6cm3(STP)/(cm2-s-cmHg)}
He/N, Relium recovery
. Hydrocarbon recovery,
Hydrocarbons/Air poliution control
H,0/Air Air dehumidification




SiO)-rich phase
: the role of percolator
contributing te high permeability

Carben:rich phase
- the rale of molecular sieving

. contributing to high selectivity
Refererce

1 HB Park, | Y Suh, Y M Lee, Chem Malter 2002 (14) 3034
2 HB Park end Y M Lee, J Membr Sa 2003 (213) 263
3 HB Park and Y M Lee, Membr J (Kores) 2002 (12) 107

Eta-ad| It EXHHI2H0[E 9

1) Two phase separated siloxane copolymer or biends [1-%]

1.0, Ozone 1. Oxidationstep |
2. UV (185-254 nm) 2 Inert or vacuum
3.10-30 min 3.580 ~ 1000 °C

2) Si0,/polymer composite 4

3) Polymer/silica nanocomposite °

1. Oxtdation step
2. Inert or vacuum
[4] H.B.Park ot al., Chem. Mater. 14 (2002) 3034 - w0 c

{2} H.B.Park & Y.M.Lee, J. Membrane. Sci. 213 (2003) 283
[3] H.B.Park et al., J. Membrane. Sci. 235 (2004) 87

[4] H.B.Park et al., Chem. Mater. 15 (2003) 2346

[5] H.B.Park & Y.M.Lee, Adv. Mater. 17 (2005) 477
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Two Phase Separated Siloxane
Copolymer and Blend
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° cus Upper Bound Al
Q01 0‘.\ ': ;0 11W 1000 ! 1 10 100 1000 10000
O, Permeability [Barrer] CO, Permeability {Barrer)
—y 10000 T T T
H,/N, separation 1w} He/N, separation “
1000 :V‘
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AR
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H, Permeability {Barrer} He Permaability [Barrer]
A ASIR
Changes in Surface Topology of C-8i0, Membranes
Prepared from Poly(imide siloxane) by Oxidation Time
1000 ——————r—— ————
800 |- C-Si0, 800 -—, .
g | 3
K]
‘3 600 |- — T C-5i0,600 T 0 min 15 min 30 min
‘é o 3Cimin b
ﬁ, 400 |- Oxidation conditions n Table 1. Elemental analysis of C-Si0, membranes modified by ox
e 3 - Temperature: 400°C 1 R {5 g .
‘t -Time: 0,15, 30 min &
200 M0 "cimim 1 0 58 16 15 1
4 15 24 28 10 38
Pyl S SR T TN S 30 18 34 8 40
0 100 200 300 400 500

Pyrolysis time (min)

Oxidation temperature: 400 °C, Pyrolysis temperature: 600 °C
Precursor: poly(imide siloxane)

'04 NAMS, Honoluly, Hawaii, USA, procedeings
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Gas permeation results of C-SiO, membranes* modified by oxidation as a function of oxidation time

Oxidation time Permeability [Barrer] Selectivity
at 400°C
[min] He H, co, 0, N, CH, HeN, H/MN, CO/N, OyN, HJ/CH, COyCH,
Ref. {1] 386 m 18 - 70 - 21 6 -
0 min 2095 760 21 28.7 28 80 17 6 338 73
15 min 1420 522 423 153 7 - 208 34 12 566 93
30 min 132 174 95 31 w4 3 18 2068 107

Final pyrolysis temperature: 600 °C, Polymer precursor: PIS 111, Axrpurge N{OZ-SO/"O

[1} Nowvel pyroiytic carbon ining silica: and Chem. Mater., 2002
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C: PVP
Hydrophilic nature
Low thermal stability

Polyvinylpyrrolidone (PVP)
M, = 10,000

B: PDMS-PMDA block

‘\ Hydrophobic nature
; High thermal stability

A: PMDA-QDA block

Hydrophobic nature
' / High thermal stability

Poly(imide siloxane) (PIS) ”
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Dimethylsiloxane domains

Poly(anide sileesane)

Partially silica domains

r T T T T T M J
o -20 -+ 40 80 -1 20 140

PVPQ € X L0}

Weigth loss (%)

100 e . _Decompositior]

9 |- of PVP Polymeric Precursors Used in This Work
80 |-

s0l A block \“Bbl

60 |- '

50

wl

30 Mole ratic
ol PIS (HYU-1) .

o @ HYU-2 2 wt.% in HYU-1

101 @) PIS/PVP (HYU-2 PVP 5 wt%) HYU-3 5 wt% in HYU-1
0 I Il S S T 2
100 200 300 400 500 600 700 800 900

Temperature (c)




HYU-3

HYU-2

Q Pl beads

(O roMsbeads

* Dissipative Particle Dynamics (DPD)

. PVP beads

ca nanocomposite
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Polymer
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A,B,C: TEOS/EtOH/HCY/H,0
D, E: TEOS/DMDEOS/EtOH/HCI/H,0

Poly(amic acid)

Room temp. 24 h

PLSIO,

Poly(amic acid)/silica sol soluti
oly(amic acid)/silica sol solution Pl-modificd $i0,

Room temp. 24 h

/=y

2.

60°C,12h

Membrane casting

Step thermal imidization

Silica-network modifier

Dimethylethoxysilane
(DMDEQS)

etraethoxysilane
(TEOS)

Chemical Compositicn

Sample PMDA ODA TEOS DMDEOS  O/T

A 12 12 08 -

B 12 12 14 -

c 12 12 24 -

o) 12 12 14 0.35 25%

E 12 12 14 Q.70 50%
A

1. Arpurgeflow
2. Pyrolysis 600 ~ 800 °C
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1. Unfavorable large interfaces owing to 1.
intrinsic incompatibility

2. Reduction of selectivity by non-selective
phenomenon like Knudsen diffusion 2.
3. Unsuitable to high temperature 3.

applications (polymer is usually a
continuous matrix)

Microporous carbon

Narrow interface gap due to thermal
shrinkage occurred during
carbonization

No detectable Knudsen diffusion
Very suitable to high temperature
applications (carbon and silica are all
thermally stable)
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Direction of Gas Diffusion

Focus in this work
(1) Effect of silica content (A, B, C)
(2) Effect of silica network

(D, E: porous structure)
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Carbon inatrix
§ § § Unfavorable interfacial gaps due to incompatibility
i Porous : v of polyimide/silica diminish after pyrolysis, because
Y coloidat ¥ of shrinkage in carbon matrix

silica : a role to reduce
the resistance for gas permeation

A
(S10,=10wi%)
[}
(SI0, *20wt%)
8
B (si0,=20ut)
E
(510, <20wt%]

c
MR (5i0,30wt%)

CS(B) {8

o
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CSi0, Cm-Si0,
Si0, content " Porosity of SiO:

1000 3 — T v T Permeability [Barrer]
] o, 10600 3200 0 90D 00 110000
[ Carbon membrane’s upper bound ] He U 19300 . 53508 21100 63000
€0, 14000 2500.0 A390.0 3010.0 92000.0
i o, 5000 700 11500 8000 18400
-g 3 N, ©®s 720 2100 830 2500
'13 N TR, cH, 180 oo 1700 60.0 2400
EN 0%\ ) CH, 30 180 528 20 759
Z cH, “o 156.0 2800 155.0 3980
o 10 ° e 3 CH, o7 a7 120 50 150
e o° o 1 CH, %9 1430 2440 170 3750

o ° Permselectivity

HyN, 490 45.1 444 46 440
L 00 To00 o000 100000 P sooome o BS B4 W
COyN, BY 3.7 304 363 o0
CO, permeability (Barrer) oyN, 12s 10.0 55 96 7.4
COJCH, 773 595 376 502 75
CH/CH, 133 83 54 78 53
CHJCH, 514 304 203 294 250

8 E

Two Phase Separated Siloxane
Copolymer ‘and Blend

¢

Polymer-Silica nanocomposite

¢

Sitica Network Modifier

¢

Control of sillea slee and network
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PEMFC

Cellular Lap-top :
MEMS phone computer RPG Transportation Power plant

-

e

-~

2,500 hr 40,000 hr 5,000 hr

Minimum life time for PEM in each application

* Refarence: DuPont Fuel Celi, Ad! in for Proton Exchange & Fuel Cell Systems 2005, CA, USA
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Ballard (Canada)
H Power (USA)
DCH (USA)

Laptop computer
2§, HRE, Bys
202 00 player

A9 °|F¥ SRNA Electro chem (USA) 200 W N2R 18 cell, 12 V
Sanyo {(Japan) ER S
FhG (Germany) Laptop computer # 10 hr 8§
NovArs (Germany) 7, 25, 100 W ¥ HIM, Laptop
PIS (Swiss) 100, 300 W Gore MEA

30, 50, 100, 200, 500 W |
10 W (12 V), 31238

25W Power System (12.5V, 2A)

Warsitz Inc.

FhG, Laptop

12W System (12V, 1A) (&15¢m,d=6.4cm)

DCH Technology

(continued)

*o%
Laptop by DMFC (Casio)

¥
¥

5 Prwg
fane O o N

Celluiar phone (NEC)

PDA powered by DMFC (Toshiba)

Laptop computer (Smart fuel cell)

DFMC with carbon nanohorn (NEC)

3kW DMFC Vehicle (Ballard)

DMFC power for carmera
(Smart fuel celi, 43Wh/kg)
(continued)
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10 kW (EINLD8)
Ballard Powsr Systam (Canadal 120 kW ($2918)
250 kw (BHAQIR)
Analytic Power (USA) 10 kW 9% prototyps stack
zag AzAN Simens AG {(Gsrmany} 7 KN FA% WHANLH

Toshiba {Japan)

BEWAG (Germany)
Clanargy (USA)

Sanyo electric powsr {(Japan)
Kansal alsetric power (Japan)

30 kW 2YNT# cogensration system (NEDO)
2 kKW 9% congensration system (NEDO)
Cogenaration system {Full slectric, NEDO)
250 kW Ballard cogeneration plant (Demo.)
250 kW Ballard cogeneration plant (Dsmo.)

Idatech
(continued)
x ABPN NY
REgN RE s 75 PR L3 AL
Japan Mazda 1997 SAMPRR @x15 m | 20 kW 5 kW x 4) 170 km
Toyota 1997 & 25 kw 500 km
Europa Daimler-Benz 1399 AHLL 70 BN 400 km
Renault 1996 ARL 2 30 W 500 km
Baliarg 1997 o By 100 kW 170 km
George-town University 1988 HE & 100 W 560 km
USA GM 1699 L1t 50 kW 500 km
Ford 1998 =2 ¥ 70 kW 170 km
Virginia_Tech 1899 ARSL 20 KW 110 km

Batlard (85kW)

Ballard

GM

UIL (75K

Nuvera {De Nora, 50kW)

Toyota {70kW)

Hyundal

Honta {(70kW)
(continy
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LR
19981 SIEFAl AR $700 Million 201088 JIRNMYAAEEA AR $11 Billion
$0.2B (Pure Hydrogen
23% 5% 12% (Fure Hydrogen)
B Alkaline $160MM
®PAFC
OSOFC
aMCFC
W PEFC
28% 2%

Reformed Hydrogen Direct Methanol
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US market for PEM : US $149 Million (2003.09)  US4475 Million (2008) (Membrane Technology September 2003]

PEMFC AlEA R

High
%) <350 W
k<
Q
£
o
5
o
[ ]
4
:
oo
Low <50 KW <20 kW
Battery Transport/ Utilities/
Replacement Mobil Stationary




