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Abstract

The cryogenic, pressure swing adsorption and membrane methods
have been used to separate air into nitrogen and oxygen. The air
separation membrane is made of the polymers, of which manufacturing
process is complicate and it causes a little high production cost.
Polymer membrane has temperature limit in usage and low durability
even at moderate temperature. Therefore, inorganic membranes have
been studied for years.

As formation of wunit alumino-silicate membrane, unit cells of
membrane were made with a few coating methods. In this study the
dipping of substrate into sols, application of vacuum to the opposite
side of substrate with coating and rotating of the substrate in the sols
were found as good coating methods to make a uniform coating and to
control the thickness of membrane. The membrane coats were examined
by SEM and XRD. The sample ESZ1-1 was compared with those of
samples that prepared by another method. The present developed
coating methods could be applied te the various types of zeolite
membrane formation, that is, A- X-, Y- ZSM- and MCM-types of
membranes. Also these membrane forming methods could be applied to
formation of catalyst absorbed zeolite membrane, of which zeolite
absorb the catalytic metals. The product obtained from these coating
methods could be applied to the industrial gas and liquid phase catalytic
reaction and separation processes.
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2tk 28y alumino-silicate membrane2 o AF7F &3]
BorzA 12 9 slatd A eln 1 FEY AHE AY
2 Q7] W o 3ER membraneL. B AFEE £ e Bobd HEFI A
o2 Yguy UrHl]. dutd o2 alumino-silicated} & A STolE
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2 EAHNE g (DA JEIWEo] membraned £33 EAolE &
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%x10-10 ¢m*/cm - sec - cmHg 2 A}& 3t}

Membranes &% 7|A9 FHEdLE 8] o4F4 € tt3A membraned
A A2 24 E4953 8 +FA membrane® A-$ membraned] A 2]
FiA Dot Sl EAS S Fog HAHE L3-3aRdz Jed
T dew tFA membraned ZF$ F32EL viscous flow, Knudsen
flow, surface diffusion, ™A% &4} capillary condensation, molecular
sieving o2 EBEFHT o9 & Eynde yFe =zv], 2%, ¢4H,
o] A 9 FHNAY FFR &32].
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Fig. 2.1. Mechanism for permeation of gases through porous
and dense membranes
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Meindersma®} Kuczynski [5]¥ membrane filterationo] 338, %5,
Ag a8 Laaded HE&EHE 714°1A% membrane 8l FEA4Y
o NZe Horgt dFsIY. EIF membraned b2 AEAC]Y
membraneS E#3tE SMEY AT Aolo o R s, IvrH o
2 Exlgo] Zrtstd AR fixe FUMslY, Fi=e AT,
product gas®] &%+ separation factor® pressure ratio 123 feed gas
z4o) o]&%th T3 membrane? U AFolE 87 membrane areacl
os AAHY, &7 AAE membraned] &3 A F3u EIFTA
o Hee duaxiyg RAE 2% 4F % 2 £&3 22 factordl 9
3 n V1 Estdh

Xomeritakis® Lin[6]& CVD(chemical vapor deposition)®& ©]&3}4
oz H#te Az Ao thin Pd-membrane #|Zol #a) A7 od,
membrane A A #+= macro porous?¥ «-AlOs; disk(pore size 220nm,
20mm dia, 2mm thick)9] Ao 7 -ALO; (pore size 4nm) =& U3 ¢
=9 AAAE  o-AbO; powder(Phillips)E pressingdtd  a -AlO3
diskE® THEZ o] 2 1150TColA 30417 &4 AlF T

Yan, Davis 28 3 Gavalas(7]e &< A€A el ZSM-5 membraned] #

& AFsgch o]5& Coors Ceramic Company A &% 05 gm 33"3 El
718 7t I3 o -ALOs (99.8%) disk(5cm dia, 6mm thickness)E A A
A2z ARz FEFAHYPOE  tetraethlylorsilicate(TEOS)$F  furfuryl
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alcohol(FA)S 111 mol2 WHEAIAT o]u Al83 AgoZE Tetra-
ethylorthosilicate(TEOS, 98% liquid), Aluminum foil(99.98%), NaOH(99%
pellets), Tetrapropylammonium hydroxide (TPAOH) IM solution(Aldrich
AL AF) a8 FHFolth ole dFAEA TEOS 24, H:O 83 2
NaOH®] 93] &) d3s4u).

Shan, Min 28] 3 Yang(8] A A A2l stainless steel EHo)| ZSM-52
€ IRAZN dFE FA38H T, Nishiyama, Ueyama 223 Matsukata
Ol ¢Fuy A A A FER Membraned FA43ti o]e EeEAd
3 AdFetAt. FA AFE AL OlE membraned FHA L E3te] urgk
3 © 3t (benzene/p-xylene mixture)®t 2L F71E22 & 2y 93
o]t} Oh, Kim and Rhee[10]% ceramic tube®] W3] ZSM-5 | &0l E
membrane Az T3] YEIFc o]EL ZSM-5 membrane T4l
oA Sol-gel™ 2.2 tube W FE Aol amorphous silica gel®] layerg® 3t
EXT EF AZTHolEY ¥ FHL F2 Gel EHY 7t FolM ¢
oun, 2A=e Y& £99 pHol 2 BAA} ASL AFsA Tk

3 9 Tubedele]l A Z2FFo]E membrane APL Jia 9 3A[11]17
Masuda®l 421[12] Sol itk ¥ek olyg}l SAPO-34/ceramic composite
membrane®] #3834 Lixiong, Mengdong 1832 Enze[13]7} o 3bdtt,
ojgo] At&% AAAE a-AlOs ceramic substrate24] A &o] 35mm,
FAZF 3~5mmeol™ HF AFTNFLE 01~03xm FEo|th FAA disk
o] % WS PTFE typeoZ ¥3ou, tfg WA SAPO-349 ZAL
XA, FHAHY Fi29 Fao BYASFE 11170 o, ofAts)
gadt dae 7098 JERIRG T A3

H Kita®] 421412 F71A82 TE membraneo] YWty oz
Organo-polymeric membrane®2t €3, 383 12]1 7)AH A Ao
Hojur], A &8 olE membrane® FUF crystal, EAA, ol I
g Ay F& F FuizAY 5S4 Wi o ®el A4E £ dvxn
7139k, 2= Pervaporizationo] NaA# A28 °]E membrane2 Al-&
3] water/organic liquid mixturesE Edsted &&agct. a7t A48
mole ratiox SiO2/AlLOs = 2, Nax0/Si0; = 1 282 H,O/Na:Q = 6008
A 100CAA 3A1E £ §HAA dERen, A8 232 AFstdct

Wang®]l 321[15]2 SEFAHHE F3d9 sodium-silicate, sodium-
hydroxide®} aluminum-hydroxide €982 A|2olE AF L FAs 7]
9 HTAEl 2md E¥FvY #E o] &3 membraned AFRIPT
Membrane®] ¥4 55m, AF Z7l= 1~3nmA Xtk Wange 20~9



0C HYolM Nz CHs CiHs, O 81T CO9 FHEHE A3, S.
Xiang® Y. H. Mal[l6]= alcohl base? sol€ E3lo] ASeholE
membranes A &3t 7|4 2 A4 hydrocarbons # F
8ot

nRE3F 5266542[17] M FER UL ASHE AHE FFHT
slurry & 58t Al &etolE film A i AFdH 2™, J. Coronas¥
291[18]& ZSM-5% membraneol A C4- ¥ Cé6-isomerE #sted &
391, K. Kusakabe®] 391[19]2 Y¥ AlL2#°]E membraned «
-Alumina tubeol] ®tEo] 7|AE& ol § LA

M. Matsukata®} E. Kicuchi[20]E 7129 49T HHOZ A LTolE
membranes A Z3d= WY 3 VPT(vapor-phase transport) 2ol s}l
o dAFsYe. VPT wolgdr &Fvy 1A H o] Aluminosilicate gel&
AlE £02 2HEA st ZAFA 7| Bygoltt.

K. Aoki®] 291[21]& FE&AH 23 34 AR AN AY &2
°]E membrane?] 7tz 53 FA3 Y membraned H¥F FAZAZ
A FAE 04~38m o8 35~300C EHA A& wtE=E= AP <t
A4e JEIU T, membranes] F#HAH LS He, HXO, Hz, CO; Oz Ny,
CH, 183 CiHsS AHE8I3lon, 7t2e] Exp=a7)9 upel Fxpgo] W3}
Aok Ackiv AgNA FEHE 7129 kKinetic diameter] |e&¢S AF3)
Aed, a7 2AEY o FHAW A2 izl AAnd ¢ A
AL gxon vgol Aarrg o A5 FA R o & FRE S
vl £33 nFE3 5779,904[22]90 &= steel screen XA E o] &
gt F7] membraned] thided AF3E e silicon polymerE YHEZ AR
3l thin film zeolite membrane A o] s HHatAc}.

A 7tA MAZSE membraned B ATEFA AFFHO)E FHEA
+ Silicalite-1, ZSM-5, ZSM-35, Ferrierite membranes, Zeolite A,
SAPO-5 81 gemelinited°l AFI= AAHolth 28y Silicalite-1,
ZSM-5, ZSM-35, SAPO-5, Gmelinite =22 2 Ferrierite & A} &2 & 6A
o2 WREY 7t2EARYG A, 2 A o}F7HA light hydrocarbon 2.
2HE 729 38 53 B FEA Eio £33 ALEolE A
He o]ew3to] o} MFTHo] 3 - 5A BE oY membraned ZE ol
A ekgto] Do R AAHF T vk ZfA A EFTolE membrane S Z A
AF 7ol 6A0ISEM 58 7NAH ZEE ZIXe Aol M Fad &
A o] t}.



3-1. Al &EgolE AY

2 ATAM FZeunz ste AEHoE FHe AFLRZA, oo Fx
R e A 4 Aoy, 4 AREAF o9 E vg g
T A 28 S dateE ALoE ey 2 AAAIG v EEA 5
of @A AolE UEtd 4 Qo

AE AZTolEE Na0O-Al03-SiO-H041 288 T4 E Nal2[(AlO2)
12 - (Si02)12] - 22H209] 9924 doz FAY 4 don, 471 2 6714
9] (Si, Al) tetrahedra7} At29x& FH3o g oFHA FA3
sodalite cage(14@ A, B -cage)E©°| cubic unit® Alelo} i Fig. 3.13%
2ol 33 M2 dZd FHE Ve Uk olde FHH AFTH9
A71E 42A°H, BT WAL 114A0°tH23). £3)] AY A LPolExE
gslriol £, dx 2 AGHAFdA F55 AAd Bol &5 Q)
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Sodalite unit (with oxygen atoms). Type A structure unit. Composed
of eight sodalite units. (only Si, Al
atoms are shown, black circles are on
the back).

Fig. 3.1. Structure of A type Zeolites[23]

3-2. Al &7olE X3 9 YY

ALetolE X¥7 Y¥E &9 Aol Nax[(AlO2x - (Si02)192-x]
zH:02 YEld 4 ler, Fig. 3244 Yed R Zo] HA Faujasited}
TLE FXRE 7Y BE ASTY)E XL 1<KSVAIKLE(T7<x<96) °]
I, Y2 15<SI/AIC3.0(48<x<76) °olth. X¥ 3 Y& A LHolEL @A
T2 Si/Al vl & o3 TFEREAG. XY A& o]lE+ sodalite cage 10



7W 7} hexagonal prismol 23 M2 Z3 s} glom, AF7He] 7~8 A A
T ¢l super cageZ F{AEot

B -cage(sodalite cage)= 1 T Z7Ao] 26A%Wd HA Z7] wFd)
H.0, He, Hy, &0l 2800 Fatstx] R3t, 10709 sodalite unitZ &7
Kef o] F013 super cages AFTYTHZB 74A AxoEZ Z EAE
44 4 £ Ut

Aol EE AAFsE FoUXNEE IA IHAE FL F ATh
ghe o A EQ) NaO/AlOs,  SiOy/ALO; Z8l3 H:0/AlLO:e Z7], 2
3 2% 2 Brg Aol AEgs WL g 90C~120CTAHE A
&atm, SiOYALO; vl &°] F718+E Acidll g A & IAA
i '?—*é(hydrophoblclty)ol Z 718l =) ‘*5‘1'04 F4 F3F A& 9@
it ol FgHFL At £ AL E FAAA crystale] 3
e Az g2 A S AIE 9D 257F o &S vl :o{24]

o?i JlN

oY

Y my

Micropore cell in Type X(Y) unit, gas molecules
enter through twelve-membered rings.

Fig. 3.4. Structure of X and Y type Zeolites[23]

3-3. ZSM-53%

ZSM &2 Mobil Oil Corp.ollA 7FLslR o, 19723 &L 2 ZSM-5
Hqe AzsgYPTr olu FAdol =3I WEE  Silicon, Aluminum,
Hydroxide®} Na'olw #Y3 Fxo ZAASL 3A37] 93to templated
712 EAAZt og7)dA  Template2A £ TPA(tetrapropyl ammo
-nium), TEBA(Triethyl-n-butyl ammonium bromide)%& %3t} ZSM-5
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& Aluminumel| H]dte] =& Silicon Bl &(AVSHE 71X goH,
Si/Al ratio?t E7t842 & A, ¢ & 283 Acidy ¢AHA ol =¥
7} gke}[25].

8l & 209 719 ZSM e o, aFol A ZSM-58 3 ZSM-113 o]
Pentasil familyol] &3ttd, ZSM-582 2 7159 Faujasite?} &S 7159
Ageto]EQ A¥ ¥ Erionite 3+ FEEE U3 Channel +3E 7}
zc},
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3-4. Al 2eolE FAPEY

A2 &0l E membraneS A %357 HMAE 4 AdF3 Aol AAA
b #dsln tAHE ASTHEE FAs e Aol F83 dolth. AFHd)
Aol E WA AEetelE A¥H XY a8lx ZSM-58 & Adste] 44

AT AlEHolE A FAHAFA AEFE IEE I CAF AEY
Sodium-silicate®} Sodium-aluminate ¥ +£X 98% NaOH(2% HO)E A}
&3t A,

g4 BHS WA Sodium-Silicate & o] YA F NaOHS} H.0E& #H
7hgt & kAl EFATIL Tdd S0 PAHHT HHMI] Sodium-
Aluminate & o FJAZict oluf 7= GeldElo] A Leo]EE A2
AN 2AIZF HE AP AetA wAl7]n & RS Stainless steel 2 UE
Hhg-7]e ¥ ¥ &% Z-HE OvenollAd ¢A AFd dgA7F Fot
100C wlgtoll A F=EEAE Al

B3 AIzke] FRHW Ovendl A Uil ZHS2 pH=1274A AH &
A7l 1, Vaccum PumpE ol &3] filtering A7 & A2 0]E slurnryE Al
ZF 100CoAlA 2417 AZx3 BE0Z A ASYPoEY Hee AT
o, =3k A &epolE X8 ZA A7t Membrane A XA ALA H3FH =&
A& #etsly] Hste] WA A STolE A¥IE YE ALEolE XFH
FAd A gl A mole ratios Si0¥/AL03=35, Na0/Si02=1.3, H0/Nax0O=
45052.2 AP}

a8z ALPolE ZSM-58 AZJAAME  sodium-silicate-§ 24 (28.55%
Si0z, 8.96% Na:0), TEBABr, Al(SO4); - 16H0 218X F/HFTE ALE3
Rom, ol mole ratios SiO2/AL03=87.7, Nax0/Si0.=0.315, H20/Na:0
=11867 183 (TEBA)O=442 A& ¥ £ HE& Stainless steel FH-57]0
43 170TC AHAEAA 90A A= ZAASE fst FdA1z0h ¥kgol
TUd FF/FFE MAAHAZIL & AX TemplateE A A7 $38le 550C A
TolM 16A17F AL A7 F ZSM-58 A LTolE ELTE A=



4. Al &g olE Membrane A X423

A& e E membrane A Zo] #ajME g ¥ el ok B 4
TAME FHAY, AFEYY 2183 dip-, spary coating®¥ I} rotary
coating W o2 FAFFAC olg A HMZ AL TFA LFVY tube
o] A% Table 413 2o DAMA A ZE3 RSZA Fig. 4.1al et
Welch

Table 4.1 Specification of alumina supports

o 7 W % 7ol | HEAFTA
Model % 4 2
odel [mm] [mm] fam] [tm] i
A 100 1 a -AlO3
B 10 75 250 10

O34 gFuiy tube MR ZATZEE Fig. 4.1bo]lA Alumina tube®
10008] &g crystal EIE & 4 Stk oW e crystal ¥ FAHEL
2 gojgle e dF 20m FEolH, dte] FHL vjneE =
71e F1 o, ALEYolE crystald HBA w$ E AAER FEHA
AZHA &S &+ AUk

a) alumina support b) @ -Al:Os; crystals
Fig. 4.1. SEM images of alumina tube

zeolite B|HE& ZW CAlolA AE3J sodium-aluminate®} sodium-
silicateE o] €3l FAANYL FAs 3, AAAY Aot £ E A=
olE folo] thdle] XRD ¥ SEME #93ld A8 R E AAsAT &
g g4 A 2 Y F ANRE FAHLE eV 989 FHRTE AH
33 o] =A357] 938t pH meter(Hanna Instrument, HI 8314)& ©]&
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stg o, F4o] @ w7x AASFAT. FAHE AH59 IZHo d=sdH
tube® %37 Y38t vacuum dry oven(Jeio tech, V0-10X)& o] &3} o]
AZAZ

5. 43 9 ng
5-1. Al &}olE AR Yo

Ao A3 89S sodium-aluminate(Al:Os 23.61w%, NaO 20.21
w%)9 sodium-silicate(SiO2 29.15w%, Na:O 9.4w%)o]l® 169.5g¢ H.0%
152g2] NaOH(98wt%) |4 & 158 F¢ EFA I £ 98 sodium-silicate
g3 Al 158 Fo EFAIF) L sodium-aluminate (97.6g) &3 1A]7F
B¢ FHo] YEE HHE mwAZY ol¥A TEA ALIYolE &
Mg ;e Wyl Fo ¥z IHEAZ oL wgr)e YR gHol
10kg/cm’7F =2 N; gasZ FYAIA 88719 o) FslE ¢y
A w wgrje] 2x7} 98TE settingdt TRIAFIAEA 6A175<H
AAAZAY. AA ¢8EH ANEE THF 48 W AFAA pHIY
1085 € w7tx] M A3 vacuum filteringdt o2 150CE ovensiol] A
AzAANT AA 2l & SEMI XRDE &4t

Fig. 5.laciAd & oA §8A1z A&etolE A 2P & SEM AR
2 yepliglen, dF o FA4 o] 2AHID ey A7) diF 2
pm WRro R HutHog FsEtA Aol o]FojAd. Fig. 5lbolA=
10atm ¢3olA AR Fo SEM Atzlolt), 9@ o2+ Fig. 5.1a9t A
o] B3 Fefol AFAE et Jou, XRDE IntensityE Bl Z3HH
o =238 YEA

Fig. 5lce ALeolE XFo AAA2AH o Z& Aol FAH J

Q
HE dBA7IL Jed, deF AEFL 05m AERA ¢zt 0| ¥ 22
ol A& AoZ AZtAT ASTolE A Aol d5e =Au 2 wHegx

N

2 of

=

ta

wel A &etolE crystal FEol] 7o Aot USE & F AT

g A EolE ZSM-5P 02 M A Le}o]E Membraned] 88 A&
ZtolE crystale A F3tnz FARESAF 2w, Fig. 51dol A ek 2o]
e daREo] FAH T2 gAY EI9 crystal FEHIE YYD
stale] A7 e e oum AT 2ZA XExEoE 108 o & AL o #
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c) X type zeolite d) ZSM-5 type zeolite

Fig5.1. SEM images of variable type zeolite crystals

5-2. XRD &4
XRD(X-ray diffraction) #4& F3td EFe AAFTZ ¢ HAJFEH,
F EAQLY ¢S &A1Y ¢ dor, ot Az FA, $3Y XA
B EE A ¥IE 3T & U AlLedolE A¥LS F peak?d (20009
718 A=A B F don, FAHE AL E 22 A A
of AEetolE AAE HEAAZ A &eo]E membrane?] XRD £4& 4

Fig, 52a’li= AddM F4A2 A&eelE AY ZAAe XRD

peakE YEIUAG. o2 AZolE AFS EF XRD peak:e 26
ghol 7oA dEREE ALY o ALToE A¥YE ¢ + Ud. Fig



52bol &= Wt o) 10atmell A FAAAIZ] A &2te]lE A9 XRD peak
ojt}, 26 #tol 79 w9l Intensity’t ©f SRS L°J°ﬂ"19] 3HA kS A
Bth ALdelE AA Aol o & ojFojFue A& vt

Fig. 5.2collME &3 dF o A A di XRD pattern& e
Atk ¢-Al0s:e 20 gko] 256, 35.1, 37.8, 43.3, 525 28 575904 F
peak7t YEldth 68 AEoM EHL peakE YEIYS &5 LFvy
peak”’t ot} tubeE WE7] $% binder/t AZMHASES & & Aok H
Kita[14]7} A}E8 &F 0y X2 A 9} 5A3 peakE Yl

Fig.5.2dol A WUEld XRD peaks dip coatingAlzl KZMD-3 A &0]H
A7 YdEld AL =43 ¢Fuly tubed] peak Eth Intensity 7} vf$-
g}, 20 gko) 35.13 4339049 Intensity’} W 26000 A=E JeEld2
coating® A ZetolE AAA st A LFRvt AA AL Intensity
7 A" Aoz FAHAC

g o= H m K
g o ‘ it \ '
‘°°°: j l “ o e 1'.4 'M U} ) 0.\4’" ‘ IJ'lJUﬁJJ‘an)“'l"“ Y,
o 20 » « ©
a) KZMP-0K b) KZMP-10K
ono )
€ 40000
0000 | l
" ! | l
N I
20
¢) alumina support d) KZMD-3

Fig. 5.2. XRD pattern of the variable sample



5-3. Membrane AZ A7
AgetolE AYe FAHAES T3, AP 59 ZA4NE A4
ou, AlgetolE FAAH LF vt tubeol] HE HHE AAlstH T
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a) inner surface b) cross-section
Fig. 53. SEM images of the cross-section of the membrane ZM-2



a) ZM-3 b) ZM-4
Fig. 5.4. SEM images of the inner surface of the zeolite membrane
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a) the cross-section of ZM-4 b) surface of Na~-A-M
Fig. 55. SEM images of the zeolite membrane

a) KZMD-3 b) KZMV-1
Fig. 5.6. SEM images of the cross-section of the zeolite membrane
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a) surface of sample ESZ1-1 b) cross-section
Fig. 5.7. SEM images of sample ESZ1-1
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Fig. 5.8. SEM images of the outer surface of the zeolite membrane
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Permeance of the membrane for various gases at reom lerrperature
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Fig. 5.10. Premeance of Ha, N2, O2 and COz on the zeolite membrane

prepared with spray coating(KZMD-3)
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Fig. 5.11. Permeance of oxygen and nitrogen on the zeolite membrane

prepared with rotary coating(ESZ1-1)
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