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Abstract: In the present study, crystallographically b- and c-axis oriented mordenite zeolite membranes were prepared
and their pervaporative ethanol dehydration was investigated. The seed layer with a high coverage grew to be c-axis
oriented dense layer, while the seed layer with a low coverage grew to be b-axis oriented layer. This phenomenon could be
explained by the evolutionary selection growth mechanism. The b-axis grown membrane with 8-membered rings showed a
high separation factor of above 1000 and a considerable total flux of around 0.2 kg/m’h. The c-axis grown, columnar
structured membrane with 8- and 12-membered rings showed a low separation factor of less than 200 and a relatively high
total flux of around 0.25 kg/m’h. The high performance of b-axis grown membrane was due to the relatively small opening
of 8-membered rings. Water molecules can freely permeate through the openings, but ethanol molecules, difficultly.
Therefore, in the present study, we introduced a new method to control crystallographic orientation of mordenite membrane
by changing seeding amount of needle-like crystals, and elucidated that b-axis oriented mordenite membrane showed better
performance than c-axis grown mordenite membrane.
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Fig. 1. Pore channel structure according to crystallographic
orientation of mordenite zeolite[12].

AHoR st TR,
7153, 71AEe o EelEAddAe Frlut &)
22X AFHEI JY1-5]. 1F o 5 AE Si/Al HIE
Zh= RHUCEMOR) Al&glolE Eeue 723k A
T A E-S 2] wiiel A 89 FollA
ES Adegzor BEnd v Z7|53 AL F 9o
O EL &r, REEA] &u g, vlo]l o tA Ax F
o] FAol Hgo] 7= E-oltH6-10]. ZEl ol E
= APEAA FxoIW 7]1EAOE Nag[AlsSisOs) *
24H,09] 38 24S zh=th Zoyo|E AxAo)
Ea: 1121 A b:20517 A, ¢ : 7.544 Ao, 8=}
1E2.6 x 5.7 A&t 1292 1865 x 7.0 A) F 7]
71 Z'd(channels) 727} b-53 c-5& wel A E
o] UTH10-11]. Fig. 1[12]°] =2]3}3F ZEUo]E Fx
A HZo| b-FOoZE 8UA 12l T A, =
o7& U et 129A 19| vF HEE T
Holdok. webA EuuolE AAe] ARTA HjA
ZHE BroyolE 2o Egdsel FF¢FS mH
ZO R oifEo] Xt}

oju] ¥ ZHUolE EeuhS o] &3 FFat A
Soll thek E3ol ostd, G. Li 51312 taA -
Frju AAH T 24 I® F 368i0,-440H,0-
10Na,0-0.15AL,0:9] %A 02 180°CollA] 48417t FoF
FEA Y c-F0 2 4AH RoUe|E EEuhe Al
Z3tgom, dAE e 75°Col A B/ e A

T 44, F EI% 0.06 kg/m*he] e B4 %S YeR)
ATk R. Zhou G{14]& th&A BEPO|E AAA S £H
o 1Si0,-35H,0-0.2Na,0-0.1A1,05-0.INH,F 2] =989
ZAOZ 170°CllA 1647 5 FEA 25t b-F2
2 AAE ZoyelE BElve Alxz3dHom, 75°Ce]
A EdeE Y= 1,300, F F4E 1.60 kg/m’he]
2 BT @S RIS SR 252 2Hy
o|E AAC] AATA wgH FAFE 45 AH
Aol tiaiAlE AFA3| 1EEtA] Egkom, Fel Bl
H BHUelE AA 9 mAFZEREH 458 F AN
ok H, BHUolE Egute] AATA v & Aol
st7] Y1k A+7F EaE v 9lth M. Matsukata 5{15]
2 O34 o-¢FHY AXA FHe| ZEUolE A
< FEF F 36Si0,-10Na,0-0.15A1L,05- zH,0 (z = 460,
960) =A°] TE&HH IA wgr| Ba FEHA
st RHUClE REus AZIHoH,
HIA 024 B U|E A9 AHEH
Aojgt 4 vty Ryt K. Sato 516
a-¢FHyg XA FHo| FHAA I F

960H,0-10N2,0-0.15A1,0; A2 +=g-&A 3} ghA Ht
3710l {ar 180°CollAl 3-8AIZF Bt TFERA AL
o, FEAE AT F7bel whet 729 kel A b-
o2 wigkd EEvhe Y 4+ Aok ®hd, L.
Gang 5{17] van der Drift (1967)[18]7} PbOS¢] Hl
AL Aslr] el Lo 7 Aokt «A3 22 A
(evolutionary selection)” WAUEZES 7|¥o 2 T}
olE HE|ute] wfgFdol tislA] Atk 159 A
Toll o5t AAA HHo = =R T4 wigs
7 ge o) 24 AR A A= go F )
of AAAZE v o, & JioE AR A HAHS
712 AR S| "olx] Aol HEa, wkd Jh
e AR AL ALHEA AAA] FHQ c-
o2 A Aol AET £ vk At
%, RHYo|E B2uhe Azt fJsiM AREE o]t
A 3R ol 8 =, FEFE AL, TEAA IH

=

oo ok

I

24
= FE

N
ox o o

o
k)

fand
. Ol ox of

e RO
Ay

HE B FAEAS ANFOEN AYFHOZ H)
e 2 mEUelE Relvhe 4T & Atk w
o

A Felvo] ofdl EuFd E42 HoltA
L e o FrRg Bl
B ATNE -Fo 27 R vErge &

Membr. J. Vol. 28, No. 5, 2018



342 Young-Mu Kim * Du-Hyoung Lee + Min-Zy Kim - Churl-Hee Cho

ARE Az Fo, o] AXNA HH| I wo
8 oS 23O 22X van der Drift[18]7F A|AIEH A
327 Y S §5 Be JAANLOEZA ble-Z
WeFo g ez oz wjgkd RruelE A ETolE &
guhs Az WHE AASFAL, FEE ble-F W
Fo g He o vjgke ZHUo|E FEute T
W FA AL oS B AsS 1Este, AR
Hjgko] & g Azl rlAE IS FsH
2. & o

2.1. dExz
EHYClE A&eolE Bt Axol| AMEE AA
Ae €259 Tl 9l AZH 100 mm 2ol 9
7 75 mm, WA 5 mm, 71 &7 140 mm, 7135 ¢

30%2] E}M* a-¢FHY FEY Xlxlﬂl[w]omﬂ%,

AAA W FAH LS =4 F BHYolE I

He o] gate] oA BAIA AxsAT AHER AA

A Wil EEES AAS] Hst oMHESR 53]

Z&9 AAFPoH, 100°C LENA 12417 B¢+ A

227 %ol A8,

) ZAE
wHolE 4AE §
2o HYZ BAAA Yo mHvelE ¢
WE BT ASHAT ZeolE B FHH]
el AHE dEE HA RUUelE 4AJisim tech,
KOR), NaOH (97%, Wako, Japan), NaAlO, (AlOs;,
51.0-55.0%, NaO, 38.0-42.0%, Mole ratio 1.1-1.3,
Showa, Japan), colloidal silica (LUDOX AS-30, SiO,
30%, HO 70%, Aldrich, USA)°It. 47 348 9
3t HZF FEEH9 EHE 18i0,-0.05A1,05-0.76NaOH-
40H0°lN o1, FH-§HL2 Blo|7 | F7F<F, NaOH,
NaAlO,, colloidal silica® TAH o2 H71e & HA
ALeolE AAE 3 g AVt AxsdLh AxH
TEEN L 24Xt T AF2olA wRke T HEE &
717} 429 FE w71 ¥al 140°ColA 7247t
Qb FEAE 3FATH20]. o] B & §H37] o
AR BAF 5535 pHvt 70 D WA FRFE
ofg W AHF 3, s0°Col A 39 Fek ARAAT A
9 BAE BHUlE A3} §4S AU 9

u:f
0_1_4

He ¥
].

mugel A 28 A A5 3, 2018

st XA FHEA(Xeray diffraction, X-pert Pro,
Netherlands)¥ WAAE AZE FAPAAE ] (Ultra-

high resolution scanning electron microscope) 1S

T3ttt
FHE mHdelE YR PVC £719 F
7l Q3L 60 kI9] oA 9} 20%9] EHOZ 30
23 A3t on, o] FA4L F 53] HHEF
AAT 255 HgE 24 892 15,000 rpm .

=

o & &

5 daEgste yar)e YAt ke
© ARk AT T FRT P TEAA 89S
Azt AAA FHA= AxH F44 £4L o
g3to] AANIRPOE RuUo|E FAAS IAHEIA
o AR FZ” Ol AFEE AAA = UFel FEH 8ol
Sol7ke & WA fal & ol HlEE HolZEs
o]gal tolE &, A IARAAE o] g3t AL
0.2 cm/s, FFAIAIZE 120 s, AAIZE 0.2 c/s 27100 A
AAA FEol ITRIAT FAIZEo] g A Ed
it 50°C°ﬂ A IARE B ARAA ARA A
TES TES] AANTAL, o] AHE F 33 HHES
Oﬂ“% O]“H AAA xR AHEH= T ¥ T4

g gdoxe T4 FEE 0.025, 0.05 0.1, 0.25,
OSWW&-ﬂ+&@ zHsgh. 224 vEE 9
sl FRE AAAE FAAAAAN A BAS 35}
of AAA mHo IZ”HE FAAY S stk
E3 FAAAINA AZE 0] 83 omARALE
gt A4 FHo] FHE FAAHY He A=
(coverage)E FA3I T

2.2.2. 2HHO|E 22(9 &Y
ZAH [ e FEA

TE
Ztzke] AAAE REUolE &

o] g3l HEE %717} ?‘Wﬂ H-3-7]o] YW
oA 24AZE BX FEAEY AT FEEA
AEE dE B AZ PEL ASTolE YA A4
o AH&E WA FHEAT FERESe] Bt ¥ 9
AE s et 2407 B SRTE o8 |
A A3EA AL, 50°Coll A 48417 &9t Axz3H T A E

7} d T

o
bl AA
2e7he) ARG SRl 98 XA PR S
HBatgdom, 20 5-45° WYX BEAFHAT. =3



Preparation and Pervaporative Alcohol Dehydration of ~ 343

4 mordenite

Intensity (a. w.)

10 20 30 40
2 Theta (deg.)

@

(b)

Fig. 2. (a) XRD pattern and (b) SEM image of as-synthe-
sized mordenite particles. XRD pattern reported for iso-
tropic mordenite particles was included in Fig. 1(a).
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Fig. 3. (a) SEM image and (b) laser scattering particle
size distribution of ultrasonicated mordenite zeolite

particles. For comparison, laser scattering particle size dis-
tribution before ultrasonication was included in Fig. 2(b).
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Fig. 4. SEM images for top-surfaces of (a) «-alumina
tubular support and «-alumina tubular supports seeded in
aqueous solutions having seed amounts of (b) 0.025, (c)
0.05, (d) 0.1, (e) 0.25 and (f) 0.5 wt%.
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Fig. 5. X-ray diffraction patterns of mordenite membranes
prepared by using «@-alumina tubular supports seeded in
aqueous solutions having seed amounts of (a) 0.025, (b)
0.05, (c) 0.1, (d) 0.25 and (e) 0.5 wt%. For comparison,
XRD pattern reported for isotropic mordenite particles was
included in Fig. 4.
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Fig. 9. (a) Water and (b) ethanol fluxes of mordenite zeolite
membranes synthesized with different seed concentration.
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Table 1. Pervaporative Ethanol Dehydration Performance of Mordenite Membrane Reported in Literatures and this Study

Synthesis condition

PV test condition PV results

Time Temp.

Feed Temp. Growth Total flux SF

Seed Hydrothermal solution () (°C) (W% EtOH) (°C) orientation (kg/m’h) (a¢W/E) R
Needle SiO, : H,O : NaOH : Al,O3 . This
(500 nm) (1: 40 : 0.76 : 0.05) 4170 >0 700 baxis =02 = 1000 g
Needle SiO; : H,O : NaOH : Al,O4 . This
(500 nm) (1240 : 0.76 : 0.05) 24170 50 70 c-axis 0.25 200 study
SlOz N Hzo . NaZO . A1203 .
0.1 um (36 : 440 - 10 : 0.15) 48 180 10 75 c-axis 0.06 44 [13]
SlOz . H20 N NaZO . Ale3 N NH4F .
- (1:35:02:01:0.0) 16 170 10 75 b-axis 1.60 1,300 [14]
Si02 N Hzo . Na20 . A1203
0.5 mm (1 - 80 : 038 : 0,025 24 180 10 150 - 0.16 170 [25]
SiO; : H,O : NaOH : Al,O3
- (12 40 : 076 : 0.05) 24 170 75 95 random 0.08 75 [26]
Si02 N Hzo . Na20 . A1203
1 pm (1:380 : 038 : 0.025) 8 180 10 75 random 0.17 104 [27]
Si02 . Hzo . NaZO . A1203 . TEABr
(40 £ 2500 : 114 < 15 = 1.5) 2-4day 170 15 75 random 0.60 3,800  [28]
Tof v APAES HolA o, RElFe] AA A2 gl @ AEERE FAEE 7] wZol olg
Hj gk 2t Aol &g Ao Yyt 53], 4 o] BFHstA| ol e oehg FHEe 52 = A
A FEE 005 wt%Z 8t b-Fo0Z wijdd & ZF 55zt addn, gaA oese] g As
e Zhe B A9, 1,000 oo T w2 oA 53 & HAYEE 2 BEus 5] sl
M=ol 02 kg/m’h 5k B EAEE Yehld Ae 8 18l 9 AEE FAH o, AAA e H
o W, F44 FEE 0.025 wt%E st @2 AR Ayt b-= WFOE oA AE AR 2 Bl
Aol b-so2 wge 2] 4%, 1,000 o)de] A FeEsite AL & Aok
Bxol P 0.1 kg/m’h ©J3He] He EREE RYT) Table 1°] 7]&0] RiEolzl RHUolE aa}ﬂr
i, $44 FEE 0.1, 025, 0.5 wi%E 8to] -2 B Ao A Az Hejete] Expzu B A%
2 djgkd EelEke] A9, 200 olshe] v delxe} ERSlTE BaEozl F3[13,14,25-28] 00 4 —’F%%—‘m
W1 0.2 kgm’he] £ FAREE UJERHSIT Fig. 9% o] 4oy Iz 2FH gl Angow
& FRE} deE FAREE At e JgZE c-Zolut FAR| 2 3o} FdE BHyoelE Eeut
ERH AT Fig. 991419 & 5= <A, Fig. 8oll41< 9] A5 tFE b-=0 8 vigkd 9 E248%
T FAHE JHzet A9 AR #he Ze As E9 Hoh @2 gs Uehd Z1s g1 4 Qo oA H
At dEhe EREE OiFE 0.001 kg/m’h ©]5He] 2 AT e 22 247 FERACE Axd 8
w$e ks Ugdlen, b-5o® A4S 0.025 0.05 oM ARH wjgFAdel we} FiAdso] zolrt
wt%o FEZ AT BEo] c-Fo2 AT 0.1, doe As s, 0.05 wt%«] 24 &9
0.25, 0.5 wi%9] #=2 4% Fg9 o g4 w2 TEE FAH b-FoE l e 7S B
s FHEE UeRITh oA -Fo = 43S aEAZ EE AR ;l =2 Ass e
229 7)go] 1292 18](6.5 x 7.0 A)9F 8¥AF AL = As T F Ik

(2.6 x 5.7 A)9 OF AIE EAtr] "ol 7]
7F45 A9 ogrE BExpy) 1294 18lE 53k A
£33 & 4 JATH b-F0.2 A3 Bty 73S 8
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4. 2 E

B AFoMe vsd RHUolE £24 I8 Fe
ZAToZH AAFHOE p-2 EE 202 H|FH
THUelE AggolE EEue Axsty AAHEH
Hjgko] £ o e&t-g @4 AFel X e JFS
&3] ot 22 AMS Ut AR, A A ol
TAE FEA Fo] HL A o] AAE e TEA
78] RhA 2 o] ol «XsEF Me Aol
HAEEA] 73] b-F o2 HjgkE R U] E FEE|do]
Az At W, AAA S =4E FHA L o] 7t
& Aele “zstEd A gao] wAste] HFH o
2 -FOoF wigH RHUelE Feute] FHEHATH
A, FHSE AFS B3l be-Fo2 9AHZ )
e Bolute] E/oetd Bl S vudS o, b-=
oz wgd EEdo] 1,000 o]l Aezel 0.2
kg/m’h 0149 & EAER -3 wiad BEuEt =
2 45s 7 AE RIS o= b-F WEFoR
ik g2 89k (2.6 x 5.7 A)Y 7IFAE
2 FAH7] W& 29 39 & BA= FHUMs 1A
745 A9 olekE BEAs FHsh] ofgr] djiEe] A
95yl ozl Aoz AGHn, A2AH0F ued £
AR o] s e A 2H& Tl A4S )
TS -8, dEE g5 A o, B
tuolE AR wiggd 2do] Eeute Egds &
gl 8% e VA= As A

o] A= wAEFAEE KCRC (Korean CCS
R&D Center) Korea CCS 2020 A9 L3H(FHAHE -
2014M1A8A1049310) 0.2 A L= 5ol AAL=EHYL,
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