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600 2| A Ao FAH T o2 Behgg ZF5to] ALsHH T Al2E BEHsA S ARt eas Rt~ 67%1
-2 EF7HAE SEHHA AL E 400 T, 73t ARGl A6t S LT-PEMFCO] 45 35517 A%t F4a%
& 49 2.5 bar, 1AL S SF U 25 baro A AP A A S AP HESNE S7EA AAAY 29 &
29t 17§19 0.53 Nm’ h'74A] wjgh& 7R A7k AA 7L 7ot et $475 E 99.999% o] 4F B A7 7Hs5H A, o] 4
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Abstract : This study examined the use of palladium (Pd)-composite membranes for hydrogen purification from methanol
reforming gas for the operation of air independent propulsion (AIP) submarines. Since submarines utilize low-temperature
polymer electrolyte fuel cells (LT-PEMFC) and one of the requirements of these fuel cells is high-purity (99.999%) hydrogen, a
dense membrane without pinholes is an essential requirement for a Pd-composite membrane. A Pd-composite membrane for
methanol reformed gas purification was made by electroless plating an Inconel 600 support coated with yttrium stabilized
zirconia (YSZ) as a diffusion barrier layer using the blowing coating method (BCM). The membrane was tubular with a length of
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450 mm and a diameter of 12.7 mm (surface area of 175 cm?). Hydrogen purification tests were carried out with simulated
methanol reformed gas containing approximately 67% hydrogen at 400 C, a hydrogen permeation pressure of 2.5 bar,
which is that of LT-PEMFCs used for AIP submarines, and a feed pressure of 25 bar. The purification tests showed that the
approximately 67% hydrogen of the methanol reformed gas could be purified up to 99.999% with 80.1% hydrogen recovery
when the reformed gas feeding rate was 0.53 Nm® h™'. These results indicated that the hydrogen purification capacity of the
membrane was 0.29 Nm®h™'. After the high-pressure purification tests, the Pd-composite membrane was disassembled from
the module and the surface condition and thickness were analyzed. Membrane analysis showed no membrane damage and
the palladium thickness was 11 to 12 pm meaning that the plating efficiency was approximately 92%. From the purification
tests and the membrane analysis, we could conclude that the developed Pd-composite membrane can be used as a hydrogen

purifier for the fuel supply system of AIP submarines.
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Table 1. Comparison of combustion heat of combustible gas.

Combustion Heat Combustion Heat
(kJ/mol) (kJ/g)
Hydrogen (H») 285.8 141.8
Methane (CHy) 890.4 55.7
Ethane (C,Hs) 1560 52
Propane (CsHs) 2204 50.1
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2.1. Hetg =2 2299 X

A A wehE Baere B drago) ue 2
EgHor AxstHoH, XA = A7 12.7mm, Zo] 450
mm QI B A EEE thFA inconel 600 AR (manufactured
by GaoQ Funct. Mater. Co., Ltd.)& ARR-E| 9t} ZehE T4
Tao] A SEAAAY] B 73S £l AXA 2% 4
B3t weks 29 G S4Rg WA Slstol Aleka) Sy
A< Aot Aty RS B4 Aol S5A1A1A
RE71Z 2718 Zol7] 93t Aleteimheu ekt Mgt
Yoot " Hid YAF7] 50 nmQl yttrium  stabilized
zirconia (YSZ) &% 5 g& OMAIE 1 Lol Z4AA ATt &2
£ Argsisict Aztelm st e AAAE 1Az
A A AR T B AFIENA 7St blowing coating
method (BCM)2.2 AMIA|ES FHSFATH19]. EAMEA|S
FHo] A& T Bt A7) 250 nmQl YSZ A|2td]
ols, BOME 3 oF 750 nm A2 2slo] 600 ColA
2A1ZE EARE Fote] 1Aslehit

Table 2. Composition of electroless plating bath.

Components Concentration or value
PdCl, 32¢gL
NH4OH (28%) 320 ml/L
HCl 4.0 ml/L
N2H, (1%) 200 ml/L
pH ~11

A7) o= HAAHE FEAAA0] Eehg FA8 =a2 9
sto] kg AlEE FAskloH, A= 342 0.1 M PdCh=
L3 2 0.1M SnCl 80 = sk IS 423] HHES}o]
Sgelih. Webe FAe mao] A8E ERS 2 g7
50] 7HEkSt ethylene diamine tetra acetic (EDTA)-free SIMEZ
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£ AHESto] S eAFTEel Aaw]a HE ALLSHT
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mass flow controller (MFC, Brooks 5850 series)& AM&-5l] &
F9IR L AE2 WA HI(Np-KX-820, Nihon Seimitsu Kagaku
Co., LtdyE AR&sto] HFo] 55 FFstal dd7]E &5t
5718} sto] FFoIth £ e 7] HYAE AR
olo] 2A-slH I, P2 digital back-pressure regulators AR
sto] AP o, 7tARFFL digital soap-bubble flow meter
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Palladiumeledroless plating method

: Pd membrane Pd membrane
( Seeding l .l Po-ELP performance test

A

Figure 1. Membrane manufacturing process for high-purity hydrogen purification.
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Figure 2. Schematics (a) of performance evaluation system and Pd-membrane reactor configuration (b).
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Het2/d Sg7ts AL A ERlgs Eeke
EF8go] e favds YRS 7o R AEsHRnh &
DAL A 40 HA dd7kae] Boe 9 935
2490 1 Wz Adser], 12e27t 98 i 7 B
ShErae WSkl d4e]3E Figure 3(a)ollA He AT
2ol Wekg £FGL 531 SAEUS W 227 I3
o oW, BeE AL FREE 9 A8H BeE FOz A
AFSEAE W oF 12,5 um Eo2 AFEH, et TekE F
A AYER T SEM RO HeISHATG3. Halut 24
AR ZAZ). $AFETEE 2 bar, 550 TOA 7.84 x 10* mol m™
s' Patiollon], Aaa V|EOR ALt favds AEE

+ Figure 3(b)oll Al H= A} o] 53] 4= S o 53,000
oS gttt

T4 BAE 96 g AT AF HE A
37 WollM Hep 22 Rujz g F9 45 FAsoF 5t
bg $4ARHRE7 2 el Zasitt 13y sak
L Hoh A4 HoloF & 84F 40 A=Y ol &
71 & Q A|AH(air independent propulsion, AIP)& Z3lof A&
e A2y 1EA Asd Ad=5AX](low temperature proton
exchange membrane fuel cell, LT-PEMFC)Q} 22| HE& A
¥ A9 ARAAY 5L A3 FAAYIE Yasleks &
ol 7% QS WIS 919 Qatsiekast g oo 1
<=9 £471 42 0]7] wiZolth21]. Table 30 HA|71A]
BYE gejn & H9Esl 2o Reuhg vwsielc BekE
2elao) AV TALSE HEEsl S7eh AR Kol
H, & AFILFONA ANt E292 71 Haig o] v
sto] @AJ5] w2 Mg HolSal oy EutoAf a7t
Eglste f|#HUSZL Equation (1)2 FEHT 4= 9Jr}{12,22].

=L Py, - Pi) m

714 J= 4 B flux (mol m? s7), Q= permeability
(mol m m? s pa "), 12 E&jut FA(m), Pyt Puowre 22
TESY TS5 dgold, n 4 Apolth AHAp=
o124 SaRATE AR Lol o] HRo] A
O] rate-limiting 73-% Sieverts’ lawof] 9J5to] 0.5 Ad], EHLE

Table 3. Comparison of hydrogen permeance and H,/N, selectivity of Pd-based cpmposite membranes.

Membrane Fabricating T . Pressure Thickness | Area H, permeance Hz/Nz reference
method ) difference (bar) (um) (cm?) (mol m? s Pa®) selectivity
Pd/PSS VA-ELP* 400 2 10 242 7.55 % 10 11,800 24
Pd/ALO; ELP* 400 1 7 242 1.77 x 107 7,500 24
PdAg/ALOs ELP 400 1 1.29 64.4 7 %107 1,900 25
PdAu/PSS ELP 550 0.5 5 16.1 239 x 107 6,400 26
Pd/PIS ELP 550 2 ~11-12 175 7.84 x 10 >53,000 This work

*VA-ELP: vacuum assisting electroless plating
*ELP: electroless palting
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Figure 4. Hydrogen purity, recovery and production rate as a
function of the feed flow rate at 400 C and 25 bar.
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Figure 6. Surface (a) and cross-sectional (¢) SEM images, welding part digital photo images (b) and EDX line scanning of Pd composite

membrane after purification test.
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