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Abslract-Amorphous silica membranes were deposited by thermal decomposition of tetraethoxysilane at 600-650 ~ 
on a porous c~-alunmta tube with pore size of 110-180 nm or y-alunfina coated ct-alumma tube with pore size of 6-8 lint. 
The forced cross-flow t?m-ough the porous wall of the support was very effective m plugging raacropores. The mem- 
branes formed on T-alumina coated (x-alumina tube showed H~ permeances much higher than the SiO~ membranes 
formed on the (x-alumina tube. This indicated that the T-alumina film was effective in improving the H~ permeance and 
H/N2 sdectivity. The permeation tests with CO2, N2, CI-I4, C3Hs and i-C4H10 showed that a very sraall number of 
mesopores remained unplugged by the CVD. Permeation of hycli-ogen was explained by activated diffusion, and that 
of the other gases by Knudsen diffusion through the unplugged pores. Thus, the total permeance was composed ofper- 
meances clue to the activated and Knudscat diffusion mechanisms. The contribution of I<2nudsen diffusion pores de- 
creased to 0.02 when the 5-alumina flint was modified at 650 ~ until P~ 50 Pa. 
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INTRODUCTION 

Among inorganic raentbrmes developed to date, amorphous sil- 
ica membranes are am'active fox gas selzal-ation at elevated tcanpera- 
rares because they are stable under crucial conditions where poly- 
meric raerabvmes cmmot be appliec[ Oavalas and coworkels [1989] 
fit-st succeeded in plugging lores of a Vycor glass tube, having a pore 
size of about 4 nm, with silica produced by a chemical vapor de- 
positicxt (CVD) method. The silica racanbvanes exhibited an H2 per- 
meance of the order of 10 v mol.m2.s ~.Pa z and a H2/Nz selectiv- 
ity of 100-1000 at permeation teraperatures of 400-600 ~ [Ioan- 
Irides et al., 1993; Tsapat.sis et al., 1994; Kim et al., 1995]. Jiang et 
al. [1995] improved the H2 permeance and H j N  2 selectivity to 4• 
10-7 raol.ra-2-s-Z-Pa -z and 1000 at 600 ~ respectively, by introduc- 
ing temporary carbon bamers in pores of the Vycor support tube. 
To improve stability and pemtselectivity, depositkxt of silica in the 
presence of O2 or O3 was saxtied [Ha et al., 1993; Nakao et al., 2(gi)]. 
Wu et al. [1994] prelmred a silica-mc~ified membrane on a 5'-alu- 
mina support tube by a CVD method with TEOS and oxygerx Their 
membrane exhibited an H2 permeance tfigher than 104 mol.ra 2.s 1. 
Pa -~ and a H2/Nz selectivity of 26 at 600 ~ The sol-gel process was 
also used for silica mentbvane preparation. Asa~la et al. [15)93] coat- 
ed an (x-alumina porous tube with a free silica sol and fi~her mod- 
ified it by CVD with TEOS. The CVD method was applied to plug 
relatively large pores left on the sol-gel derived membrane. Ttxis 
combined methcd was effective to raise the HjNz selectivity to 500- 
1000 at 400-600 ~ H2 pemteance was above 1 (U mol-ln -2-s -~ .Pa -~. 
Howevel; the CVD-raoclified raernbrane was unstable in humid air, 
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although it was stable in dry gas. Multi-step pore modification tech- 
nique using sol-gel and deposition methcd was often used to enhance 
the pemlseleetivity [So et al., 1999; Jung et al., 1999]. de Lange et 
al. [1995a, b] prepared silica and silica-titania raenlbvanes by a sol- 
gel method, using a mesoporous T-alumina support with a pore di- 
ameter of 4-10 ira1. Hydrogen permeance was higher than 10 -~ mol. 
m 2.s~.Pa 1 at 200 ~ but H2/N2 selectivity was of the order of texl 
Recently, in sol-gel process, organic template approaches with al- 
koxides and surfactants were utilized to create controlled raicro- 
pores [Ramman et al., 1995; Kusakabe et al., 1999; Tsai et al., 2000]. 
These sol-gel tectmiques using orgafic templates were quite effec- 
tive in controlling pore size. Morooka and coworkers [Morooka et 
al., 1995; Aoki et al., 1996] showed that the step coverage of de- 
position was dvasficaUy improved by evacuatiug rite reactant tt~ough 
the porous wall during CVD raodificafioxx Tt~ tect~fique was espe- 
ciaUy effective in plugging the macropores of a support tube which 
possessed a wide pore-size distribution. 

For practical application, current needs require high performance 
membranes which possess a tfigher permeance and selectivit~ Since 
permeance is nomtaUy exfllanced ttnough the saclifice of selectivity, 
a balance between permeance and selectivity is essential to achiev- 
ing optimum peffcmtance. Requirements for tfigh pemtselective 
selmration membrane include 1) thin and defect-free active layer, 
2) negligible resistance tt~ough a support layer; and 3) raechanical 
and chemical stability. Therefore, it is expected that the presence of 
an intermediate layer between the active layer and the support tube 
improves both permeance and selectivity of the membrane. One of 
attractive candidates fox the intermediate layer is a 7-alumina flhn. 

In this study, to develop a highly permselective membrane, a IX> 
rous c~-alumina tube is coated with a mesoporous "t'-alumina layer; 
and the composite tube is used as the support In addition, to in- 
vestigate the effect of pore size and distribution of the support on 
permselectivity of the raerabl-ane formed on a porous support tube, 
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Fig. 2. Experimental apparatus for membrane modification by 
CVD with forced cross-flow. 
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Fig. 1. Fractured mrface of a porous ovalumiaa support tube. 

we used aporous ~alumina support ~ macropores. Silica mem- 
branes were then formed by CVD with TEOS on the ~ h m i n a  or 
T-ahmina layer. During the membrane preparation, forced crass- 
flow technique through the pores of  the support was used Gas per- 
meation through the silica membrane was characterized by per- 
memce test for hyckogen, carbon dioxide, nitrogen, methme, pro- 
pane and i-butane The permeation of  these gases was analyzed by 
activated and Knudsen diffusion mechanisms, and the gas perme- 
ation kinetics was discussed 

E X P E R I M E N T A L  

1. Porous Support Tube 
A porous c~-alurninambe supplied by NOK Corp. (Japan) was 

used asthe support. Fig. 1 shows the fi'acmred section of the c~-alu- 
mina tube. The properties of  the tube were as follows: outer di- 
ameter, 2.5ram; inner diameter, 1.9ram; pore size, l l0-180nm; 
and porosity, 0.42-0.55. The outer surface of the support tube other 
than the cenWal portion of 10-15 mm was glazed with a SiO2-BaO- 
CaO sealant calcined at 1100 ~ 

The y-alumina was prepared fixma a boehmite sol (y-A1OOI-I) 
prepared by the procedure of Yoldas [1975]: A boehmite sol was 
formed at ~0 ~ by a d ~ g  alomimma isopropoxide (Al(iso-OC-]-IT)~ 
Wako Chemical Co., Japan) in water The coneenlration of alumi- 
num in the sol was 0.6 mol'] -1. The suspension was then peptized 
by adding an aqueous solution ofniWic acid at the final concentra- 
tion of  Al/iT=10. The ~a lumina  support tube, the lower end o f  
which was closed, yeas dipped in the boehmite sol for 2rain and 
the outside of the tube was coated. After dipping, the membrane 
was dried overnight in air. It was theu heated to 750~ at arme of  
60 ~ per hour. This dipping-ckying-firing procedure was repeated 
three times. Details of  this pmceda-e have been repotted in apre-  
vious study [Kim et al., 2000]. 
2. Membrane Preparation 

Fig. 2 shows a schematic diagtma of the aptmmms used for ther- 
mal decomposition of TEOS with a forced cross-flow. The sup- 

port tube of  200 mm length was coaxially fixed in a quartz tube of  
9.8 mm i.d m d  150 mm length and was placed in an electric tubular 
furnace. After the system wa~ evacuated with a rotary pump, the 
silicon source, TEOS (Shin-Etsu Chemical Co.), was vaporized at 
40 ~ md inlroduced into the reactor shell side w ~  anilrogen carrier 
The temperature of the reactor was increased to areaction temper- 
Nut'e, 600-650 ~ at arate of15 ~ -1, and then maintained at 
th~ temperature for the duration Of the experiment. The flow rme of  
niWogen was maintfined at 3.4xl0-Smol.~ 1, and the flow rate of  
TEOS was 7.gx10-Smol.s 4. During the membrane modification, 
the gases were continuously evacuated ~orn file outside end of the 
support tube by using arotuty pump. In file initial stage of  modifi- 
cation, the pres~re measured with a Pirani gauge at the exit was 
1.7-1.8 kPa, md about 30% of the total gas flow was &~vn through 
the porous tube wall to the outside. The rmaainder of the gas was 
directed fixma the reactor to the outside, where the pressure was al- 
ways atmospheric. When mam~ores  of the support were plugged 
with SiO2, the pressure inside the tube yeas reduced to 10-100 pa, 
vahich was denoted as P#. The value of P/, was affected by the bal- 
ance between nitrogen flow pesmeated through the membrane md 
evaoaation flow and was dependent on the reactor system and reac- 
tarls used However, P• served as apractical indicator of  the com- 
pleteness of  pore plugging. 
3. M e m b r a n e  Character izat ion 

Modified membranes were subjected to o b s ~ i o u  with a field 
emission scarming eleclron microscope (SEM, Hitachi S-900~ The 
average pore size of the 7-alumina support tube was detmnined 
with a BET unit (Micromatris, ASAP 2000). 

Gas permeation experiments were performed at 30-600 ~ by 
using single-component hy(kogen, carbon dioxide, u ~ g e n ,  meth- 
ane, propane and i-butane. With these permeation test results, the 
pore structure of  silica membrane yeas characterized Fig. 3 shows 
details of the test unit. Argon was used as the sweep gas on the per- 
meate side, md ambient pressure was maintained on both sides of  
the membrane The partial pressure of the feed gm on the permeate 
side was maintained at less thin 2000 Pa by dilution with the sweep 
gas. The flow rate was measured with a soap-film flowmeter, md 
gas compositions were analyzed by using a gas chromatograph 
(Hewlette Packard, HP5890-II)with athermal conductivity detector. 
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Fig. 3. D ~ a i l s  of  gas ptnneation test maR. 

q~he sensitivity for nilxogen was of the order oflO -n mol.m~.s -1 .Pa -1. 
Permeance to the i-component, F, [mol.m -2. S - 1  'Pa -1] is defined as; 

F,.=Q,/[2~ L~ (Pf,.- Pp,.) ]=~/kP,. (1) 

~ahcte Q, is the permeation rate of the i-component, G is the enter 
membrane mdins, l,~ is the memtrane length, Pp and P~ are the tmr- 
tial pressure of the i-component in the feed (shell) and permeate tides, 
respectively, and J~ is the permeation flux of  the i-component. (P~,~- 

P~;) is the logsrithrnically averaged value of  the partial pressure dif- 
ference along the tube length. The selectivity of  i-component to j- 
component is given as E./F~-. 
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Fig. 5. Pore ~ e  disWl~ution of ~,-almnina coated ~almnma tube. 
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Fig. 6. Fractured mrfaee of silica membranes formed on (a) ~- 
atuminatube ~nd (b) ~,-atumina coated ~aluminatube.  
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RESULTS AND DISCUSSION 

1. M e m b r a n e  M o r p h o l o g y  

Fig. 4 shows the top surface and fi-actured section of the y-alu- 
mina coated c~-alumina tube. The thickness of the y-alumina layer 
was 1.0-1.5 ~ii1, and the top surface was smooth and defect flee. 
The average pore size of the y-alumina coated 0~-altmaiua support 
tube ws~s detemfined with a BET unit and was about 6-8 rm~ m di- 
anmter as shown in Fig. 5. Fig. 6 shows the fi-actured sections of 
silica membranes formed in pores of (a) g-alurnina tube and (b) the 
~-ahnniua fllln coated on the c~-alumina tube. The CVD was car- 
lied out until the evacuation pressure reached 30 Pa. In a tfigh re- 
solution view, we found that the silica-modified layer was ext~ded 
to a depth of 1.0 ~tm and 200 nm for Fig. 6(a) and (b), respectively. 
The silica film formed on the y-alumina layer was thinner and 
smoother than that of (~-altnnina support. The top surface of the 
membranes was quite smooth and showed no pinholes. Silica was 
actually deposited in the macropores of the g-alurnina support or 
the mesopores of the y-alumiua film coated on the 0~-altnniua sup- 
port However, the silica top layer thickness was not greatly affected 
by the final evacuation pressure, P~, for the same support. The thick- 
ness of the silica layer fonned in the y-altnniua layer is decided by 
competition between reaction and infiltration in the pores. When 
the reaction rate increases, silica will be deposited in pores near the 
surface. However, an excessive increase in reaction temperature 
may cause heterogeneous nucleation in the gas phase, resulting in 
the fommtion of defects. A compute- simulation by Morooka etal. 
[1995] describes the mechanism of pore plugging and the role of 
convective cross-flow inthe CVD process using the aid of evacua- 
tio~ The forced cross-flow tt~ough the porous wall of the support 
was very effective in plugging macropores. The final evacuation 
pressure was an important factor for the quality of membranes pre- 
pared although it was also dependent on the aplx~-ams used and other 
experimental conditions. 
2. Gas  Permeance  

Fig  7 shows H=, N2 and CO= permeances of y-alumina coated o~- 
alumina support. Each gas permeance was slightly decreased with 
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Fig. 7. Permeances of T-alumina coated ~-alumina tube. 
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permeation t~nperature, and the selectivity of H2/Nz and N J C Q  
was 3.6-3.8 and 1.2-1.5, respectively. These selectivities are close 
to the values estimated fiom the Kzmdsen diffusion mechanism, 
H2/N2 3.74 a n d N j C Q  1.25 [Noble and Stem, 1995]. 

Fig. 8 shows permeances of silica membranes formed on c~-alu- 
miua support tube at Pj~ 15-100 Pa. The membranes prepared at 
P~=50 and 100 Pa showed that H2 permeance was 2-5• mol. 
m-2.s -~.Pa -~ and the HeN2 selectivity was low as 4-7. The H2 and 
N2 permeances were nearly independent of the permeation temper- 
ature of 30-600 ~ For the membranes prepared at P~4=l 5-30 Pa, 
howev~; the H2 pem]eance was increased with the l:ermealic~l tem- 
perature and HfN2 selectivity of membrane of P~ 30 Pa was in- 
creased to 35 at 600 ~ Tiffs indicates that hydrogen is pemleated 
mainly by activated ditSasion mechanism. The N2 pemleances of 
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Fig. 9. Permeanees of  silica membranes  formed on y-alumina 
coated o~-alnmina tube Open keys, hydrogen; closed keys, 
nitrogen. 
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mernbmnes of P:~ 15 and 20 Pa were lower titan detection limit, 
10-" mol.m -2 .s <.Pa <. 

Fig. 9 shows single-compc~ient Ha and N2 pemlcances through 
the silica membranes formed in the mesopores of rite ?-alumina flhn 
at P~=15, 30 and 50Pa. Hydrogen permeance increased with in- 
creasing permeation tempea-ature and reached 4• -7 mol-m-2-s <- 
P a  ~ at 600 ~ for the membrane prepared with P 7 5 0  Pa The nitro- 
gen pemlcance slightly decreased with increasing pemmation tem- 
perature, and HjNe sdectivity was linger titan 150 at 600 ~ The 
hydrogen permeances of the membranes formed on the ?-alumina 
coated 0~-alumina tube were one or two orders higher titan those 
fomled on rite ~alinnina tube. Titus, rite ?-alumina layer cli-asti- 
cally improved rite permeance of rite mentbrane without sa~ific- 
ing selectivity. The hydrogen pemteance of the mel-nbranes pre- 
pared on the T-alumina film was equivalent to that of Asaeda et al. 
[9] and de Lange et al. [10]. Both of these groups Ixelmred mem- 
branes by the sol-gel process, repeating the dip-coating. The result 
indicates that the CVD method is capable of providing H2 per- 
meances as high as rite sol-gel method when the CVD membrane 
is formed on the T-alumina layeE Generally, the CVD method is 
much easier titan rite sol-gel method because rite fommr needs no 
repeated coating process after rite substrate is prepared. 

The relationships between H2 permeance and H/Na selectivity 
of silica membranes mollified by CVD are summarized in Fig. 10. 
The data were obtained at permeation temperature of 600 ~ Gen- 
erally, hydrogen selectivity to nitrogen tends to decrease with in- 
creasing of hy&ogen permeance. In practical application, high se- 
lectivity is advantageous to reducing feed loss and recompression 
cost, but high permeance is also necessary to get commercially sat- 
isfactoiy production rotes. That is, both high selectivity and high 
permeance are equally important In this researcl~ the H2 permeance 
and H2/Na selectivity were improved simultaneously by introduc- 
ing a ?-alumina film as intemtediate layer and cc~ttrolling micro- 
pores of silica membrane tt~ough evacuatkg reactant climiig CVD 
modification. The peffcmtance of membrane obtained in tim study 
was better than that of other membranes in the applicability. 
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Fig. 11 shows the pemleances to gases as a functic~i of their mo- 
lecular kinetic dianletels, which are cited fiom the literature [Breck, 
1974]. According to the support of the membl-ane, the gas permse- 
lectivity is quite different. This indicates that the properties of the 
underlying support affect the performance of the top selective mi- 
croporous membrane. Wtien a silica membrane was prepared with a 
P,~ value lower titan 50 Pa, laige ixres were fundame,ltally pluggec[ 
Molecules larger than hydrogen leaked through a small number of 
mesopores, which were left unplugged in the ntelnblarie. In the case 
of silica mernbmne fcmted on ?-alarnina layer, H2, CO2 and N2 are 
selmrated by molecular sieve effect, and N> CH4, C3Ha and i-C4U m 
are pemteated by Knudsen diffusion mechmfism, with lighter gas 
permeating preferentially. In the case of silica memblane formed 
on o~-alumina support, on the other hanc~ the gases are selmrated 
by molecular size and the molecular sieve mechanism is dolninant, 
Since gases larger than CH 4 were not detected, no mesopores ex- 
isted m the membrane. At low temperature, C Q  permeance is 
enhanced by surface diffusion. The low He permselectivity implies 
tiaat the silica membrane formed on cr support possesses 
larger nficropores than those of the silica membrane formed on ?- 
alumina layer, and the ntrnber of micropores is smaller. From these 
permeance data, rite gas pemteation kinetics in CVD-defived silica 
membranes is analyzed. 
3. P e r m e a t i o n  K i n e t i c s  

In a porous inorganic membranes, rite gas b-ansport is often ex- 
plained by activated diffusion, Knudsen diffusion and Poiseuille flow 
[Lange et al., 1995a; Why et al., 1992]. In the case of silica mem- 
brane formed on y-altmfina layer with mesotxxes , there are few mac- 
ropores of Poiseuille flow regime. Therefore, in Fig. 11, permeation 
through the silica membrane formed on ?-alumina layer is domi- 
nated by both activated and Knudsen diffusion mechanisms. Thus, 
total permeance, Fr, can be expressed as; 

F~=~+F~ (2) 

May,  2001 
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where FA and F~ are the pemleances clue to activated diffusicn and 
Knudsen diffusion, respectively. 

The activated dff'fiasion prevails when die pore size of the mem- 
brane is close to nlolecular dilnensions and increases with increas- 
ing permeation temperature. 

V A CAexp[- EA/(RT)] (3) 

where CA is the coefficient related to the anlolphous structure of 
the nlernbrane, and EA is the apparent activation energy for acti- 
vated diffusion. When the pore size is between the small and large 
molecules, die pemlcation is perfcmled by the nlolecular sieving 
lnedlanisln. Tile pore size is usually distributed, however, arid tile 
strictness of the molecular sieving nlechanisln is lost_ The tern1 of 
activated diffusion mechafism m ff~ research indicates the selmra - 
tion mode where the membrane at least partially differentiates mo- 
lecules by their sizes. 

Pemleance due to the Knudsr diffusion nlect~nisln is expressed 
a s  

10-6 

=--.  ~,-alumina c ~  
'~ 10 "~ a-alumina support 
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1 0 " 8  s ~  

a, a-alumina 
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Fig. 13. Arrhenius plots of hydrogen permeances, Fr and FA. 

F~ 2evr/(3TRTL) (4) 

with average molecular velodty, v (SRT/mM) ~ Q Permeance is then 
given by 

FK=C~MT) -~ (5) 

where CK is the coetiident related to porosity arid tolmosity of the 
pores. 

Pemleances to gases except hydrogen mid carbon dioxide are 
plowed against (MT) -~ 5 in Fig. 12. The slopes of lines connecting 
data obtained for each pemleant at different pomleation tempera- 
tures are smaller than die slopo of the straight line which coincides 
with the origin. This indicates that these gases are principally Wan- 
sported by the Knudsen diffusion nlechanisnl but that the activated 
diffusion mechanism works to some extent C K was obtained from 
the slope of the stPaight solid line in Fig. 12, and Fv for hydrogen 
was calculated from Eq. (5). The FA for hydrogen was then calcu- 
lated by subtracting F~ from F r As shown in Fig. 13, the activation 
energy for hydrogen pomlcance by activated diffusion was deter- 
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Fig. 12. Relationships between permeances and (1VIT) -~ for gases 
laPger than carbon dioxide in silica membrane formed on 
y-alumina layer at Py~=50 Pa. 

Table 1. Contribution of activated diffusion and Knudsen diffu- 
sion mechanisms for hydrogen permeation in silica mem- 
brane formed on y-alumina coated cx-alumina tube (P/~= 
50 Pa) 

Permeancex 108 [mol .m -2.s -1. Pa -~] 

30 ~ 200 ~ 400 ~ 
EA [kJ'nlo1-1] 

Fr 3.8 19.1 33.8 9.8 
FA 2.6 18.0 33.2 11.9 
F~: 1.2 0.99 0.81 
FJF  r 0.32 0.05 0.02 

mined front an Anttenius plot of Fr to be 9.8 kJ-mo1-1, wine fllat 
of fire total hydrogen permeance, FA, was 11.9kJ.mol z. The silica 
mentbrane fomted on ct-aMnina support showed an activation en- 
ergy of 9.5 kJ.nto1-1 for total hydrogen permeance. The values of 
the activation energy were slightly lower than the reported ones for 
high perfonnance silica ntentbranes [Kmt et al., 1995; Jiang et al., 
1995; Large et al., 1995; Sheleldmt et al., 1995]. Table 1 shows Fr, 
FA, 17s and EA for hydrogen. The Patio of the permeance due to the 
Knudsen diffusion to die total tly&ogr pemleance, F/Fr, decreased 
with a permeation temperature, and the contribution of the Knud- 
sen dff'fiasion to the total permeance was about 2% at a permeation 
temperature of 400 ~ 

Permeance through a membrane with a thickness L is given as 

S r DJ(RTL) (6) 

where L is the inenlbrane ffliclcness. D~is the effective diffusivity 
of pemleate m the nlenlbrane arid mchdes the adsoiption equilib- 

Table 2. Effective diffusivity of silica membrane prepal~l by CVD 

D~Z• [ ln2 . s  1] 

H2 CO2 Ctq4 i-C4HI 0 

30 ~ 19 6.6 1.9 1.6 
200 ~ 150 8.6 3.3 1.7 
400 ~ 380 8.9 5.6 1.8 
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1-iunl coefficient of tile pemleate, K. Thus, tile terln corresponds to 
D[(l-e)/e]oK as defmed by de Large et al. [1995a] where D is 
tile micropore diffusivity, and s and p are tile txxosity and density 
of tile nlenlblarle, respectively. Bakker et al. [1996] indicated tilat 
the effect of adsorption on diffnsivity in an MFI-type zeolite was 
negligible at pemleation tenlperatures higher than 200 ~ for spe- 
cies less adsorptive than n-C4Hzo and i-C4Hzo. Table 2 shows effec- 
five diffiasivities calculated for tile silica nlenlbrane fonned on 5'- 
ahanina coated amlmnina tube, whose tilickness is assumed as 200 
nm. The diffiasivities calculated in the present study are smaller than 
those reported by de Lange et al. [1995a] for sol-gel derived silica 
mernbranes. Their values are of the order of 10 <~ nl2-S z for H2 and 
10 -zz n{-s -z for CO2, CtL mid i-C4Hz0 at 25 ~ Thus tile pemleation 
properties of nlicropares are dependent on precesses by wtfidl menl- 
bmnes are produced. 

C O N C L U S I O N  

Amorphous silica was depasited by tilelrllal decomposition of 
TEOS at 600-650 ~ on a l:orous 0t-alurnina tube or 7-alurnina film 
coated on file ~z-alumina tube. Tile forced cross-flow ti~ough tile 
porous wall of tile support was very effective in plugging macro- 
pores or mesopores. The membrane formed on the 7-alurnina film 
showed all H2 permeance much higher fflan that of file membrane 
formed on tile Cz-alumma tube, retaitfing a high He selectivity. Tile 
y-alumina film was thus effective in improving the H2 permeance 
and H2/N~ sdectivit,r Tile results show that tile quality of underly- 
ing support and stick control ofmicropores is significant to prepare 
highly pemlselective nlenlbrane. Permeation tests with CO> N> 
CIL, C3H~ and i-C4Hz0 showed tilat a small number of Inesotx)IeS ex- 
isted after the CVD modification. Permeation of hydrogen was ex- 
plained by activated diffmion, and tilat of tile other gases by Kxlud- 
sen diffusion. Thus, tile total permeance was comprised of per- 
meances due to tile activated and Knudsen ditSasion mect~fisms. 
Tile cc~ltfibution of Knudsen ditSasion to tile total hydrogen per- 
me ance decreased to 0.02 at a permeation temperature of 400 ~ 

N O M E N C L A T U R E  

CA : coefficient defined by Eq. (3) 
Cx : coefficient defined by Eq. (5) 
D~2- : effective diffusivity [m 2-s <] 
EA : activation energy for activated diffusion [J-rooF z] 
FA : permeance due to activated diffusion [mol.m -2 .s < .Pa <] 
FK : permeance clue to Knudsen diffusion [mol.m -2. s -z-Pa -z] 
Fr : total pmmeance [nlol-nl 2-s Z-PaZ] 
J~ : permeation flux of the i-conlponent [nlol-n1-2 -s < ] 
K : adsorption equilibrium coefficient 
L : thickness of  silica membrane [m] 
l~ : membrane length [m] 
M : nlolar nlass of permeate [kg-moF z] 
P~ : partial pressure in the feed side [Pa] 
Pp : partial pressure in the permeate side [Pa] 
Pj~ : final evacuation pressure [Pa] 
Q, : permeation rate of the i-component [mol .s  l] 
R : gas constarlt [J-nlol -z .K -z] 
r~ : outer membrane radius [m] 

17 :pore radius Ira] 
T : permeation temperature [K] 

Greek  Letters  

e : porosity 
p density of membrane [kg-111-3] 
"e : tortuosity 
v : average velocity of molecules [m. s -z] 
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