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Hydrogen Permeance of Silica Membrane Prepared by
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A porous c-alumina tube of 2.5 mm O.D. and 1.9 mm LD. was used as the support of an inorganic
membrane. Macropores of the tube, about 150 nm in size, were plugged with silica formed by thermal
decomposition of tetraethylorthosilicate at 600 . The forced cross-flow CVD method that reactant was
evacuated through the porous wall of the support was very effective in plugging macropores. The H, per-
meance of the prepared membrane was of the order of 10® mol - s - m® - Pa’', while the N, permeance
was below 10" mol - s’ - m™ - Pa” at 600 T. This was comparable to that of silica-modified Vycor glass

whose size was 4 nm.

Key words : silica membrane, tetraethylorthosilicate, CVD method, ¢-alumina tube, pore plugging
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Fig. 1. Schematic diagram of gas permeation
through membrane.
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Table 1. Properties of GA-4 glass powder

Thermal expanm;)rj E 63.0
coefficient( x 10 /1) \
Density(g/cm”) | 2.70
_Transition temperature(C) [% 475
Yield point(C ) | 545 -
_Softening point (C) l 625
Sintering temperature(T ) I 767
| Na0
t
Components | B203
] SiO2
800
700
600
S s00
3
=
8 400
-4
£ 300
et
200
100
0 { | L | i A J; I
0 20 40 60 80 100 120 140 160 180
Time|min)
Fig. 2. Sintering program for gas-tight GA-4 glass
sealant.
Pog T84 A (@] o8} EeASE T2 & At
a(A/B)= P,/Py (6)
3.4 9

3.1 a-alumina X} x} %

2 AYelA AA#22 AHS-R o}FA ¢-alumina
2 7 2.5 mm, W7 1.9 mm, HFHNF7 150 nm,
FF& 40~50 %2 (F:)NOK A& Alg-3lgch. Zo]
210 mm2| XA FAH 10 mm $EL Fites
o, e 8L fejiTE Yysidld. A
4 fFeldEAe 48 Arl2AHF)9) GA-424 2
54& Table 1¢] vtebfiglct. o] 2] %A 4] bind-
erg 7ha) F822 $¥3] £EA8A pasted Azslg
t}. binder+ ethylcelluloseE a-terpineols] -£-3)(10
wit%)A A HEL). A2 pasteF x| Pe] Hlo
X355 Fig 2¢] Yebd 396l 88 37156
A8 o] ¢} e Aol o) el R LY
22 700 T7A Y x A& 71L& Hstdch

3.2 A¥AA o Wy
Fig. 33} Fig. 4= zt7} CVDYH3-32] 9} uk-87)¢) 4
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Soap—bubbie flow meter

Membrane

]

Electric fufnage

Pirani gauge %
Rotary vacuum

Constant temperature pump

bath
Fig. 3. Experimental apparatus for membrane
modification by CVD process.

Alumina support tube

TEOS + Ny coated with sealant
O-rings ] O—rings
= e |
Memb{ane T Evacuation

Quartz tube
Fig. 4. Details of reactor sealing.

A=E Jetigicd. vhgries W 8 mm, Zo] 150
mm#| 4 Fe]n], alumina x| A @3} 4 Fut-$7) & o]
F@oz FHo gk Hgdulerle Ay 2§ 5.2
C/ming] $% =2 600 T X717 4-&3tgr}. sil-
icai 8.9] tetraethylorthosilicate(TEOS, {2 b8 T %
(), &)= 40 o FL3xd4] A2 E 80 m//ming]
4T 2 Z7AA AAFY 202 s} u-L
T AR DI APk Abel9) ¢EH L tl7|gte]l
A A% Wi rotary AFHEZ FU3ch alu-
mina X x| #2] Al F3d TEOS7} o}z ¢} 2w}
ol 98 3 =l¢] macroporev]d) silicar} FA s
| AlF @717} 24t aluminaz @ W3+ oy
o] ZAagc}. ¥ AgelA & Pirani gaugeol ¢]# mon-
itoringa} @] 15~200 Paol 4] ¥l £AsAc). o
9] ¢+-& #F T et (final evacuation pressure),
Prela 2] o3},
thermal

Si(OC H)), _decomposttion Si0, + cracked
products

A zH silica/alumina &¢9e] =348 Fig.
52 UYPLAE o]43ld st FHUYA A4H
7t Hpot Npo) 357bson, A, 200, 400 22
3600 T2 LEF WA Pt Fo shae)
¥X+ Gas chromatography ( Hewlette Packard
58901, TCD )& ¥AMstg o, 714 {FL soap
bubble flow meter2 4] &3 3}¢]c}.
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Soap-bubble
flow meter

Hz.N.
N Sampling
Ar valve
Thermocouple Electric
furnace
Fig. 5. Experimental apparatus for permeation

test.

Countercurrent flow Cross flow

Countercurrent {low

Homogeneous
pores

Heterogeneous evacuation
pores

(a) (b) (c)
Fig. 6. Advantage of cross-flow CVD method.
(a) occlusion by countercurrent flow of reac-
tant
(b) residual pinholes by countercurrent flow
of reactant
(c) occlusion by cross-flow of reactant

4.1 7 A5 CVDH o]l &% Al

CVDH ol 9% silicawte] A=+ # 22 Gavalas 5§
(1988, 1991)o] HF AEZ7A 4 nmE 713 Vycor
glass tube?] pore pluggings] A-F% ¥ Nam 5
(1989)0] 400~450 TellA] SiH,2] 7t42 3o 2l 3 A4
33718 AxAReH, 23 d3HES) 22 e 9
3 29 TiO, ALOs; B,0,9 Aol A&stdc).
Ha £(1993a, 1993b)% Vycor glass& o] 4%
TEOS®] CVDell 98] & 42AYAd e silicast& Al
Zstgoh. a2iv 259 AFHL Fig 60 e wl
9} & =2l (countercurrent flow) CVDH 2 2.4,
A FEx7} vf$ FYE Vycor glassi}te] o A 2o ¥
A=}, o] FANAE 4§ 717t Knudsen H4td)
o3 o i) oW A47A| o] Fate], I F A whge]
deojdch. z2l} a-alumina 7ol o= Ax o] AlFE
EE 7HA A gle, =31 Al Fe] & AA A A=

AAE-AES AL AR

e A7t  AFE 29 S93 A 2L 7
< W5 YN E B WFoezwt E354 Hu
2 AR MF HelA ub-go] dojux] o} 7L
2ol Azrl Bobsslt o] £AE #AsEr] 98y
Mergiris®} Glezer(1992)= 3¢t CVDH & HEHr).
2152 tri-isopropylsilane((C,H,),SiH)3 At e} 2}
3H2000 Pa) CVDH ¢} 2]&] y-alumina % e¢-alumina
e silica®-& §A3IHA T o] &5 o 7lA 4
< BaEe] 1R o

weta £ AFoAe A A §5E Adete o
2o HHAE WPNT T, 2 At o8 silica B
€ 7AA o2 324 3l CVDHEEo] doiviA e
Aoz, o] W& ec-alumina o] o= A xe]
AFTEEE 72 len, B3 AlFo] & AR A
sol-gel 52| WHB-=q A& AXA gIAT AFe
pluggings] 7158 o2 A7 o] ype e o
A z8lg e}

4.2 =}¢] morphology

Fig. 72 A% A9 ¢-alumina ] x| #¢] ¥4 9
H SEMARZ-E vedigich A A #- A7 130~240
nm$} e-alumina YA} FA = o] ). Fig. 82 600
TellA 2412, BAF5L B3)A 4L 152 CVDy
o 93 c-alumina XA F Ao A =3 silicawty]
SEM A}zle|t}. g-alumina A3 ¢]of] HAE silica
ote] ¥ A7 500-600 nme] 2L whgE goig]
o}, & AlAlo)|A] silica®}t &8 2]A] A e-aluminas}=
A3 . silicar A9 A A T &5
o} slen ¢-alumina®} AF Yol PA=] glA] o
t}. e-alumina el PAE silicaZ o] FAl= 800-
900 nm A =24 Fdo FAH 22 whgo] F2 A
=2 Y glvte AS 4 4 Uk =% 3de el
uh-g-o] F27t AL U 22 YA e Mo}
TEOSS] d&ao] 23 silicad] WAL 7]AHaEL o] ¢
3 FLY PAukgel xuiAe] olie TEOS £& 1
57t AR A7 2AED ¥4 F ¥ 5] silicar}
PAEHE Ao A=

Sorita £(1993)2 o}l ¢} 2 TEOSY] A¥3] uk-§-
71E Akl 71A ny, 1, N5 N

TEOS intermediate dimer
active monomer
h N2 N
TEOS
intermediate trimer

active dimer
N s

281 nge Z47be &4 §-FA 4 (sticking coef-
ficient) o)t}. 700 o)A trimer & Xt} Z oli-
gomer?} J¥L FAYL & ek FAASE 0, = 1.8%
107, n;, = 1, 0y = 8.5x 10°2.2(Sorita et al., 1993),
silica®] A& Aullsl= 22 Si0,9] clusters} ofvz}
TEOS®| whapilsh Z7eakAl sl A & 4 slek
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(a)

(a)

Fig. 8. Scanning electron micrograph of silica/ ¢-alumina membrane prepared by without evacuation

CVD method at 600 ¢, 2 hr. (a) top surface

o]zt A= Fig. 8 (@)dl4] B F morphologysl =
d =)&)

Fig. 9% 7HA5-5 CVvDWlo o3 Az =2 33
9 t+d SEM Alzle|t}. |z U9 AFedghy,
P, = 15 Pag H-& o W-$& F8A7 ) Fig. 99
vhebst ot g-E A QIARE FAE ] gle] 2A] ]
Abrs] U Aoz Roln, AAFEFSL WA W

(b)

(b)

(b) fractured section

HE9 CVDHd s A== Fig. 89 I3t wjxdle
silica’} a-alumina =] %| 3] FH® ofiz} AlFl
2ol7kx WA Qlok. B ARoZREH % FAE
oF 1 ;m9t}. Morooka S(1995)¢ 7445 CVDH ¢l
4 A2 silicate] @S HFZ A3t F #4%
SEMA}A of 4] silicaz} o4& e-alumina x| =] %¢] Al
F e AR AL AAdg). Megirise} Glezer
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(a)

Fig. 9. Scanning electron micrograph of silica/ ¢-alumina membrane prepared by cross-flow CVD method
at 600 T. P.=15 Pa. (a) top surface (b) fractured section

10‘55_————-& —7 3 Z
s a~alumina tube i
[ . A at
F 10‘5
.E .O— -O- O
s o S
£ 10°h g — o
i —
< -
- — -
g ] %
]
& 0%
10° 1 1 1 ) 1

0 100 200 300 400 500 600

Temperature[°C]
Fig. 10. Permeance of a silica/ e-alumina mem-
brane prepared by without evacuation
CVD method at 600 € for 1.5 and 2 hr.
blank : Hy, filled : N;
Oe:15hr,0m :2hr

(1992)9) silicaTt-& AZ9] qlFelat YAE ZAo2A
735 CVvDHo] oA A A A AF Wl it
A= o 2A gdide] slg& ¢ 4 U4

4.3 F354
Fig. 10& 600 T4 1.5 A ¥ 2 A7 Fak kg

(b)

10°
3
e
E
>
£ 10°} 3
8 [
E A
E [&——o >
‘6 - 4
e ! ]
10" 1 i I ! 1
0 100 200 300 400 500 600
Temperature[°C)

Fig. 11. Permeance of a silica/ ¢-alumina mem-
brane prepared by cross-flow CVD
method at 600 T.
blank : H,, filled : N,
AA :200Pa, om : 100 Pa, O® : 50 Pa

¢ FU3A 92 Agg o) £34=E vepdch
silicas] YA o3 H, R N2 ¥I45EE & F28
Zrzstsich. 22y Npoll 3 Heol BelAlsE < 4 A
%2, Kundsen #4te] o8 sz e A= 4
Ztge}.
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- ]
o 30 Pa :
~ -8 - A
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= ' ]
: / 15P 5
—— [ ‘ a 1
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§ Q;L /,// /O/ |
§10% /Q/ 3
-9 r -
ki
i rd 1
L ]
< 1
10-’°| ! I ] I |
0 100 200 300 400 500 500

Temperature[°C]
Fig. 12. H, permeance of a silica/ ¢-alumina mem-
brane prepared by cross-flow CVD
method at 600 T.
No nitrogen detected at P, <30 Pa.

10
£ 0
NE 10-! :__ O
A 0 30Pa
s [ &
=
g 20Pa
2 100k
= F
K : A

15Pa
10 ] i ) L
1.0 1.5 2.0 25 3.0 35
UT x10°[K]

Fig. 13. A plot of H, permeance vs. permeation
temperature’ for a silica/e-alumina
membrane prepared by cross-flow CVD
method at 600 C, P,=30, 20 and 15 Pa.

7 A $-F CVDH ol whe} FdtwA AL =9 Hoot
N9 %3EA-& Fig. 114 Jehigic}. TEOSE A2
ol A 3-8 FF3don CVDH Y HFLEE 600 TH
t}. P& 200 Pa, 100 Pa z28]3 50 Pag] 2o 24
P, 7ol whe} & Est & o2 ghasty AT
Knudsen &4te] 23 #2A$E dA€ X352 vt
P, = 30 Pa o]} A=td ‘!M Ay 2=
Fig. 12¢] Jehfiddeth. o] & %o 4 Fh4EE Fig

_a
o
N

a
o
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VYWY \r]'ﬁ' [ o
\

JENESEETI EIN R SR
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-
o
&
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©
L B i AR ) T
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(=} [9— T

Temperature{ C}]
Fig. 14. H, permeance of silica membrane.
Investigators and support tubes :
O Ha et al. (1993b), Vycor
s Nam et al. (1989), Vycor
A Tsapatisis et al. (1994}, Vycor
A Tsapatisis et al. (1991), Vycor
< Yan et al. (1994), yalumina
0 Asaeda et al. (1993), ¢-alumina
Broken line, Megiris and Grazer(1992),
Vycor
® Morooka et al. (1995), ¢-alumina
¥ this study (A in Fig. 12), ¢-alumina

105+ 23] £3ex Z7149 A Friste 848 &
Aol Agg Bolx glen Alute] Al alE silicaTt
9] g 272 RS EE ZHAsls 9l P = 30 Pa
"-}4 sregldc 600 THA 15X 10 ®mol - s
m? - Pa’ 24 Morooka 5(1995)¢] 2x10®mol - s’
m> - Pa’e] wl&H & gtelt}.

P, = 30 Pa oj3loA] AM=tH qte] 4R AEH
A ekstel. & Agoa] AL4¥ Gas chromatography
9 N, 22947} 10"mol - s - m?® - Pa’e|B & P=
30 Pa #9) Aol At $29 EASE 1000 o4
9& & 4 9lc} P, = 15~30 Pa %¢] $425371 &
A3t Ao ols deidcln AT A 42 FHS

2E =32 d$o ojsle] plotsle] Fig. 13¢] 1}
gugdch. 71 e 2 %8 78 £A%Td ¥ 43}
)R] = 2~5 kJ/molelglcl. o] & Morooka &
(1995)¢] 6~25 kJ/mol, Ha £(1993b)e] 6 kJ/mol
Hohe oA g ez AR AL AFeEy AR
A 2ol 7lAlste Aoz Azt

Fig. 14& 8¢ 2 13 silica®t 224 300 T ] A}
oA A Asol T 49 E2AFE 50014
Q we] £ FHEEE AT 2ol B TN
A 23 silica/e-alumina ¢ $£4 $3&Ec= Ha 5
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(1993b), Nam 5{(1989), Tsapatisis $(1991, 1994),
Megiris®} Glazer(1992), L2}3 Morooka 5-(1995)2]
759} v 35 o, Asaeda 5(1993)2] AF}r iy oha
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