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FABRICATION OF ZEOLITE MEMBRANES VIA INTER-FACIAL
TRANSFORMATION AND ANALYSIS OF THEIR PERMEATION-
SEPARATION PERFORMANCE

ABSTRACT

Zeolite membranes, characterized by their ordered pore structures, exceptional
thermal stability, and chemical resistance, exhibit significant potential for applica-
tions in chemical separation, energy conversion, and environmental protection.
These membranes are typically fabricated via hydrothermal synthesis on porous sub-
strates. However, conventional hydrothermal methods suffer from drawbacks such
as high solvent consumption, complex fabrication processes, weak membrane-sub-
strate adhesion, and numerous membrane defects, which hinder their large-scale in-
dustrial application. To address these limitations, this study proposes two innovative
strategies—Iliquid film-mediated interfacial transformation and solvent-free interfa-
cial transformation of protomembrane—to achieve the synthesis of dense, defect-
free zeolite membranes.

1. Liquid Film-Mediated Interfacial Transformation for NaX Zeolite Mem-
branes

To address the challenges of inefficient active component migration and mem-
brane defects in conventional hydrothermal synthesis, organic solvents were intro-
duced to modify the liquid film microenvironment at the substrate interface, thereby
facilitating rapid and uniform migration of active components to the substrate sur-
face. This approach enabled the synthesis of dense zeolite membranes with signifi-
cantly enhanced separation performance. Systematic investigations were conducted
on the effects of organic solvent type, Si/Al ratio in the synthesis solution, and sol-
vent concentration. Under optimized conditions 20 (v)% 1,3-propanediol, Si/Al ratio
= 6, and crystallization at 60 °C for 24 h, a defect-free NaX zeolite membrane with
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a thickness of 7.5 um was successfully fabricated. The membrane exhibited a sepa-
ration factor exceeding 10,000 and a permeation flux of 1.6 kg-m=-h™! for metha-
nol/methyl tert-butyl ether (10/90 wt.%) mixtures at 50 °C, representing a 40-fold
Improvement over membranes synthesized in pure aqueous systems. Long-term sta-
bility tests confirmed robust operational durability. Mechanistic studies utilizing
atomic force microscopy (AFM), contact angle measurements, and surface tension
analysis revealed a liquid film-mediated growth mechanism: Upon immersion of
hydrophilic substrates into the synthesis solution, a water-rich interfacial liquid film
formed. The solubility gradient of Si/Al species between the bulk solution and the
interfacial liquid film drove continuous diffusion of active components to the inter-
face, ensuring a sustained and uniform supply for defect-free membrane growth.

2. Solvent-Free Interfacial Transformation of Protomembrane for ZSM-5 Zeo-
lite Membranes

To overcome the limitations of high solvent consumption, costly substrates, and
weak interfacial adhesion in traditional membrane fabrication, a solvent-free inter-
facial transformation strategy was developed. A protomembrane was prepared using
natural clay and NH4F as an activator, followed by in situ interfacial conversion of
the clay surface into a zeolite layer under controlled conditions. Experimental opti-
mization revealed that a clay-to-NH4F mass ratio of 1:0.6, combined with coating
the protomembrane surface with 20 wt.% TPABr/ethanol dispersion, crystallization
at 180 °C for 5 h under trace ammonia vapor, and subsequent calcination at 800 °C,
yielded a 3.5 pm-thick ZSM-5 membrane seamlessly integrated with the substrate.
The membrane demonstrated exceptional performance with a p-xylene/o-xylene
separation factor of 6269 and a permeance of 1.21x107 mol-m2-s7!-Pa™!, maintain-
ing stability for over 200 h. Mechanistic insights derived from FTIR, Raman spec-
troscopy, thermogravimetric analysis (TGA), density functional theory (DFT) cal-
culations, and experimental validation elucidated a solvent-free interfacial transfor-

mation mechanism: During crystallization, NH4F activation induced the formation

v
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of reactive silicon species from the clay, which migrated to the alkaline liquid film
microenvironment at the protomembrane surface. These species underwent tem-
plated assembly via TPABTr, leading to the growth of intergrown ZSM-5 crystals.
The porous structure of the protomembrane facilitated ammonia vapor diffusion,
sustaining the interfacial conditions necessary for defect-free membrane formation.
This study addresses the challenge of uncontrolled active component deposi-
tion at substrate interfaces, which leads to membrane defects, by proposing interfa-
cial transformation strategies to regulate microenvironmental conditions and pro-
mote uniform, controllable zeolite growth. The developed methods—Iiquid film-
mediated and solvent-free interfacial transformations—significantly enhance sepa-
ration performance while enabling low-cost and environmentally benign membrane
synthesis. These findings provide both theoretical foundations and technical ad-
vancements for the scalable production of high-performance zeolite membranes, of-
fering substantial scientific and practical implications.
Author: Junbin Zhang (Materials and Chemical Engineering)
Supervised by Prof. & Dr. Xueling Wei

KEY WORDS: zeolite membrane, liquid film-mediated interfacial transformation,
solvent-free interfacial transformation of protomembrane, permeation separation,

support-layer integrated membrane
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Fig. 1-7 The common preparation strategies and applications of continuous COFs membranes!®]
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Fig. 1-8 Schematic diagram of the preparation of COFs membrane by vacuum assisted LBL method“!]
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Fig. 1-9 MFI zeolite membranes by secondary growth method(“?!
“REAEKE SR IR E AR RE, WK 19 P, > TRz R, 5
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G391 B ISR 1)« Choi 58 NI — R AE KL T BAT 50 a il &2 b HEE 1) MFI
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AR RNAIR I B . IR RIEZEARTEI RN, B BREDL, /W S A
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Dynamic Hydrothermal
Crystallization

* Nutrients in the gel
* :"* Methanol

¢ SUZ-4 zeolite membrane » \}'{,J‘ Methyl ethacrylate

1-10 EASIKIRIESIE SUZ-4 3 FImRE]
Fig. 1-10 The SUZ-4 zeolite membrane was prepared by the dynamic hydrothermal process!*?!

Liu %5 NP5 8 i Bl ik 2 Rk Bkl 4 7 Z4EFI R 4E ML oK I0RL, 48K BRI 7
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MFI zeolite 0D MFI nanobeads 2D MFI nanosheets 3D MFI bulk crystals

Micron-thick zeolite layer

g

3D MFI seed layer Conventional MFI membrane

Ultrathin selective skin layer
e ¢ Macro-voids within sublayer

2D MFI seed layer 2D@0D MFI seed layer Hierarchical MFI membrane

1-11 %% MFI 5 FisER Y&l &R izl

Fig. 1-11 Preparation process of hierarchical MFI membranel*4
10



TRTRER AR

1.3.2 K%

TR PR A I #GE, SRRV T AL B S At _E 38 I 52 A8 B 3 i 95 77 23T A
T 1 [7 245 e 2 A0 I HE 5 R A AL G IR IR B (U B A AT 48 550 ) 1490, ol vk Jd I ) 7
AR B B R B DU T R, AT IR SO R R IR . B el B K R e
Wl 1oy IR dBh ), R ERL T R E, A LREEFLE LA . 5 A
A BAHLE, e ] DA & TC B BSR4 TR . B ek TN A = R I A
KM

Xu 25 N6V Gl ik & NaA 73 PO, & R RI4A%E 8 iy, R i HiziE
TS . Hu 2 NETIETCAEAR IR 264 R A A T i e RE I CHA 43 FIifEE, 7E 348 K F4»
BT 90 Wt 1) 5 B /K I, 1B R 9.1 kg-m-hl, 4> BS1HF ik 2500, Liu 25 A 48]
Kb 72 R 5 T RS N, S gh ol 5 R B RE S 1 REM S b BA MFI 270 s (1
g
1.3.3 imER-BRE

Vo g -5 PRy e T A R A K L RIS R RCIR SRS SRR R | IR
SEITER B S AE 2 ALBUAR I, 8 A B P BRI N IR E T KR Bk
B I TP R K 3 T B R B A A B I B A . TR PRV B I & ) A B v H
BB AR, (B S A B R v o IR IE TR R B . OB, AP
{E TR ARAGIE R A 25 1 DA D 6B

————
S p—

/

No Synthesis
solution or
solvent

_— I - |
e -
ar
2 .
o Regent saving
Almost zero waste

Gel consumption can be decreased by 96%

compared with hydrothermal growth ZSM-5 zeolite
membrane
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Fig. 1-12 Schematic of MOR zeolite membrane fabrication using wet gel conversion method(*?!
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150 °C 45 % 8 h (W& 1-12), BRIl 4% H =i 1 B2 MOR Ji.

Lu 25 NPOLGREVE R . TPABr IR AL Bk & A B 1] % tH BE /R by 1Si02: 0.035TPABT:
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Fig. 1-13 Schematic of MFI zeolite membrane fabrication using dry gel conversion method™%
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1-14 SHEEHES& D FiEb
Fig. 1-14 Preparation of zeolite membranes by VPT54
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[& 1-15 Cs-ZK-5 5y FiifE 57 B = E 0]
Fig. 1-15 Schematic diagram of Cs-ZK-5 zeolite membrane separation(6l

CsHes Fll CsHs 14> T8 122 E AR5 4.03 A Fl 4.16 A, R P2 S ILBUN, B
B 9t AT b g B AR A BB R A 1) GO A st #E 2 — 191, Min &8 A 00@ 5 973 K i s
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(5> B PERE : NP EIA 1.9 mmol/g, PR/ ke £ 2.4, H 10 24 RIa] 8 2 P4 .
AR IR RO BB T SRR PEA i, R T N RIR SR G, (HAE 10 DR R IR FA 9258 5 17
TRIFRRE MR B 25 B e e, LSS ARAL Y 8 JUERBRFIAE T, 0 S Bt PR A -l
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1-16 RZBESUTEEC
Fig. 1-16 Scheme of a pervaporation membrane process(l
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1-17 MFI S F it R o B3t Z B /4R — AR R EE
Fig. 1-17 Schematic diagram of separation of p-xylene/o-xylene in MFI zeolite membranel64

Wang 55 NOSER F XU A iR 78 S5 A0 — Rk & 1 s PR AR ML 23 7 h st 2T 4
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T A INE S AR B . 75 210°C T, LTA 430 B 35 1 COp Htb R AL St &
25 1] 6 %PeFt & 17 %.

¥ f CO;, CO, H; for recycling
- W, !%buwﬁg_

High purity
liquid methanol

CO+3H,= CHiOH+H,0 AHppe= -48.5kd/mal (1)
COptH; = CO+H0 AHgec= +41kJ/mal (2)
®c ®o CO*2H; “CHOH AMgge= =805 kd/mol (3)

[E] 1-18 NaA F&E & R 881% CO, 54k J FREZET]
Fig. 1-18 NaA membrane reactor converting CO; into methanol(®7]

Li &5 NPE I — o Kkl 7 A Nar il /KA S 99K 38 1 IE S TG H G NaA
T IRMEE . WA 1-18, NaA 731§ Hi REAS 78 il =y [ N A 200 B K AN SR 25, AT
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2CH,0OH CH,0CH,

._( atalytic res n'lmn"_,-q
----- 1.—--—--"’

l 1-19 WESFif R RL/5r BN I BEE IR IR L %%[68]
Fig. 1-19 Double layer molecular sieve reaction/separation dual functional catalytic membrane reactor(®él
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1-20 ZSM-5 53 F i A E R & B AR B AR
Fig. 1-20 ZSM-5 molecular sieve as solid-liquid hybrid electrolyte. []
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BB AR &, T3 IRA7AE B S A R B o), S e g e 8 KT 0 O e AR O LA
FEVFAE A AR 7IEIE, REEEIES 1 TR E AT o vERE . U, b BGH BR T
7 BB A 5% T ) SR A Y EL L

G- RS 0 0 S K BB TE SR K B L & T s K AR IR NG O, K
TR AR, TEVEA S A AE A R U BEEE G T TR R I, B T B v A
AP PORETHAE, 105 B A PRI A L RS A S 3 M LA A2 70 0 den A PR AR PR 75
K, SEOCEYBUES: HECE R T, 55, BT6 Bl A 5 80k S K4
JEAHAEL, & B E A R AT R 2 20 R REE I 7 13 R 18 [ AR B RS s HK, Bk
WER T A% S, HFERTEL . VS 2 (S PR BITR BAAR R T e e 20
K> TR, BTN R B & U7 4 2 TR0, BRSNS & BT V5 AT DA BE
VEAL P BRI IERS , (BRI TRIERIRER, HERIRNGRIEBE, BRI
—E BRI, I ARSI & B A T R J L Je el . RIVEE IR AR (1 45 BB A,
MEN VR 7 B DL S B AR T s AL s & B, KIERPREIESE SRS
B AR AN RE DR A2 W% (135 1 20 73 BTA B ARR T o Oy 1 A0V T2 70 A G 2 A4 250 5] Hoge st
A% B B F A T T AR, 8B ORI 48 5 B AR 1) S T 2 [ o 204 A 4 2 (1 22
Fo

NSRBI R R, A E 4R PRI v S S T P A i e S O R R SR,
[ BB S AL IR 7 B AR, SRR Se W K, TR KB F i, i 1k
AL EA R P IV R L2257, WO AT DAsh & R I R B 2 70 b 6 G 3 4 v OB 5t
TR, TSI sk A, MRS D TR . REUHTT T AHUERIER. L
S & AR 0 IR AE AL BB BT RERISZ N, IR 1 o010 A A F i AL AL LA
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2.2 SRIGER Y

2.2.1 SCIG[RRIAN(L 25

AR B i 2 1 ORI A5 ik 2-1 3 2-2,

% 2-1 KRR
Table 2-1 List of experimental raw materials

£ s e

L GC, 99% Bl T AR R A PR A F
1,3- — % AR, 98% By T AR A R 7]
1,4-T —% AR, 98% By T AR A R 7]
1,5-1% % AR, 98% By T AR A R 7]
1,6-C0 % AR, 98% By T AR A R A
AL AR, 96% Bl T AR R A PR A F
AR CP, 98% Bl T AR R A PR A F
JU7K e R A AR, 98% Bl T AR R A PR A 7

i GC, 99% Bl T AR R A PR A F
FR R T i T GC, 99% B hr T AR R A

7 2-2 LU
Table 2-2 List of experimental instruments

ES ST I

R JA1003 TR R R A
AR MS-2L bR R AT IR A

THgA DHG-9036A R 2 SRR R A PR A
o> B 316 A54N Skl

Bett 50-500mL VOB (BEH) AR STEA A
AR SP-7890 ZRERH (PE) HRA A
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2.2.2 5y FisiREOH F

A B 5 ) 4 A BB B T BOR BE R B EHE A BR A R RFL a-AlOs BAE 8,
AHhE12mm, AR 8mm, K120 mm, FLERR:50%, “FIFLE:1-3um. FEE ISR
[fi5r 5 F 400 1 1000 HWRPARSE G EESG, ARG ER A RIFENTHEE FRRE
EYE, CARBRRA. A E R AARTE 110 °C RFE 12 h, REE— DA,

e ) e AR A B RSN 28 231 9R B 1) & i, B WLV TR S 25 B 1K I L
il A FAR R EC KA LA TR B - K BEZR LN 45Na20: Al205:12Si0; Y JRHA AL
AR LSy 0.089 mol/L IIZK-A ARG il . RPN ¥ 1.15 g SR 17.92 ¢
AEAAANIR S VAT 54 mL K-FAHUAFG BT, 23.86 g JUKIREERR BAVE % T 73 41 54
mL K- HLE G B K PIRIEROR & IR 24 h, 132 K-GHLE RIS BB #
E RIS, EIARIR AR RN I IR R . 7E 60 °C T IR¥F 24 h, fii5y
TIRURLAE AR T 78 70 AR . H AR AU B 5 5 3 1K IR B iE TG, 60 °C it
W bk FRE A B 5 EE K.

2.2.3 7 F i ARAIFRAE

1. A7 EME (SEM)

fii ) HitachiS4800 2474 17 J S 421 41 -1 AU X 401 0B 2 . 4B T AR OO T St A7 0
, IEHLEA 5 kv, AT RE b 4 TR RO 4

2. X-SH 2k RATHS (XRD)

1 Bruker D8 B X S 2R AT S5 A B A it I U AE B3, FH 1 23 B R b D AR 45 4 5 2EL
M2 : CuKa(h = 1.54187 A), 5575 5-40°, HLJE 40 kV, HA 40 mA, FIHEHEE

s

5 °/min.

3. ETIEMEL (AFM)

f# FFL % Bruker RTESPAS25 & L% ) Bruker Dimension lcon Ji-1 /7 S Bt 71
AR M2k . FER RS FRIL A, i DRV 7 26 FE TR T, AR ot IR B A2 B Ak
ST . Y B I ERET SRR T PR B BOR R, BREF IR b e T, AR
anfE AN FAL B BEAT I & . IREFBWT AR T, E R EAER 7383 3uN, SRR
EEMFE MR TR, 10 SRS E R AR F2 1) A2
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4. FERhA I (CA)

i F Kino SL 250 2 fiff A E I S i db AT B f I &, P S0 R LI 1 45 iR
X W AR AR (IR R, KB A R L om BRI, 18 22 TR R IS B TR
R HATIR, HEREN 2 ul, AAEE I = TR

5. KMk 7R

i FH BZY-1A BIRTHIK A, SR A SRS AN R FR 2 (0 & Baist ik 47 35 7k 7,
FEANFE AR = IR CE 48

6. 1% 4 BRI

i 53 RS SR AE SRR = A S A R AT, R 2-1, AN AT iR

HIsE B . PR ik P i ] O B Pl V@ it FHIE/MTBE (10/90 wt.%) Y&
£ 50°C, 0.1MPa /&) FiEkl, SIAGFRBEIAAMIL. BBEMEEE TR, EIRRFE
0.2 kPa DL F. i@ AABHERIZIEZIR, @ik SP-7890 AR (il ) I & VR & P I 4L o

Membrane
PP
A
A
CT —~{ GC
Feed VP
solution

E 2-1 ESERLEREE: PPEEFIE; CT4M; VPRESR

Fig. 2-1 Schematic diagram of membrane separation device: PP: peristaltic pump; CT: cold trap; VP: Vacuum

pump
BIEERE (J(gm2h) MAERET (o) 29EEAR Q) () iH5H:
] = a— 1)
YA/
a= XA/Z (@)

XY 35327 JEURHIM AIZ B ] b S22 o 1) o B 70 2. A R B 73 Bl R IS i2 iE
JFRAN T e BB -
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23 4R 518
2.3.1 BHLIATIZREIXT NaX 4 FiEpErssnm

AR T WU ISR 431 SRS BRI s, [8] 72 A ALV 7 o U770 10 (v)%, &
B E AR AN Gl 1,3- T . 1,4-T 2R, 1,5- R A 1,6-00 —fig. K 2-
2 AR AR B BRI R Fr s K OB N A G Hh & AR 23 /K I8 IV 1 e i il
& NaX B0 Fififi . MaiyKAE NIRRT, WEBONTEROE PPIRAS, REERAH 0756 RO 3 44
T WINZ TEE 1,3-0 W, 1,4-T "B AR M EIM A, it Jlat
VEMUIR, RIANIE A IS T RERR A 7y VRt . N 1,5- I e 5, & R 1A
NVEIHEIEBIRAS, (ERSEE R 3, i\ 1,6-C EESE AR H B BB AR A . A E
TOEE I 835 DU T A R IR ZS AN BRAK 14 T

E 22 AEXRBEMGNRE. NEZGWRA: 4k, 228, RZE. T XZB. 2=
Fig. 2-2 Photographs of synthetic solutions prepared with different types of organic solvents. From left to
right: Pure water, ethylene glycol, 1,3-propanediol, 1,4-butanediol,1,5-pentanediol, 1,6-hexanediol

5 P AN TR SR A [ — O WA AT BV TR B AR R B (R 07K, AR X S8 15 i
2 (1 7> TR R ) XRD 25 R WA 2-3 Pow . Bk 7 #AARIATSE (H77 5 @Frid) 4b, Irf
JEF HAB AT I8 5 NaX 2> T ifi Al (JCPDS SC:#38-0237) —%, W] NaX 7> 1
i iy PR 7 AR SRR R . OO KAE RIS, NaX 7> 7ot ig s B 55, Wi 2-3a.
2 ool B AR, NaX 737 (R85 J5E LU AXURI R AR v Uit S 58, I HLIE 5 Bk i
KL TGN e 8 K JE i)y, B e s B2 N 2 BUAR S (s . nl&l 2-3¢ s, 40 13-
TR B AUKIS, NaX 7310 i S R fe i, BRI ISR A g . S 1,6-C I E
BAUKI, #1115 NaX 731§ A 1 0 5 2 B OO K AR 9 R R 1 00

2-4 NANFIRBUAT WA & K 207 i A A F i B B . I ml s, 1B 2-da a8k
MRS, AlOs BURL R 5 B A5 A A R 1 EESE B A, RO B4 W AL R 5 s
HJF, A SR S i [ AR R o, RV BRI RS A . 1B 2-4b A 2
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IKAE VAR, BAT W\ A S5 R i NaX J55~ 0 R0aE DA de i T U8 s FE AR T, 7
J NaX 7350t 2 s AR T 00 IR 3L AT 7, 710 = i AR AE — BE B (Bt
Pl th) o e Bt s s 1 R SR 0 B B VR, RIVIRZ PR RE, ik 2-4h s
B ook B AUKI (1,6-C —BEERAL), BRI KT IR RS 585, i
F it LA AR AR D R BEAIE o 2 75 B 8 ORE PR S BE  t BEE P8 PO 88 I Tr i), 1 2
R 1 J5 R B A Tk A B R B 0 S 5 v BRI

Intensity

J A

| . . . PDF#38-0237
5 10 15 20 25 3 35 40
20/degree
2-3 FEIXEBBHAFIE KBS FIFIER XRD B B7: (a-f) H93lALdK; 228; 1,3-A=
B%; 14-TZE%; 1,5-K=8%; 16-2E%
Fig.2-3 XRD patterns of the zeolite membranes prepared using various organic solvents. solvent systems: (a-f)
pure water. ethylene glycol; 1,3-propanediol; 1,4-butanediol; 1,5-pentanediol. 1,6-hexanediol

M 13- =R B UK, iR R ECE, SbEiD, Wil 2-4d. RIS R
05 BTV 25 PR 201 A Y o B, T RE A RO I AE K TR I WLV A 1R 70 1
i i A AE B A PP AR, AT v 23 SRR RS (K28 SO AN 7 0 i A o e AL A
BB T A 22 B 1 07 S AR I A T, NI AR T A s . M 1,6-C A
A HURFIS BT HBLM KPR, I HRBURLR S A i 2 A3 A KA 9 v 77
IR0, RUIFE 1,6- O & A U B R T oA 5 DU KRR i I A el B
REEREH, WINBE SO 2 R AT 1,378 R T DL 3 v 20 0 R AR S0
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bl um
T

2-4 REVEHAEFIE KNS FItiER SEM El. (a) ik, (b) d0%K. () 2=, (d)1, 3-2=
B (e)1, 4T (N1, 5-IK=E(9) 1, 6-B=E. (h) AukpyEmEALE
Fig.2-4 SEM images of zeolite membranes synthesized with different organic solvents. (a) support,
(b)pure water, (c) ethylene glycol, (d) 1,3-propanediol, (e) 1,4-butanediol, (f) 1,5-pentanediol, (g) 1,6-hex-
anediol, (h) cross-sectional view of b

2.3.2 B RKREESREEXT NaX 43 F i BR B9 20

B AV Rk B0 LU VA TR A 1) 46 43 O s Xt RT3 I G A S BB R IR 3R, DA
4 10 (V)%1,3- 4 ZEE A BRI A ORI RERR LG, R T 4y 0 R B
AR

[F 7E A B ARYAR B2 0.089 mol/L, 815k (1) E A & RO 5 B 23 il Dl 44 5. 6,
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7, B 2-5 NARIREER L 4 10 2 PRI XRD B MR 4 B, Bl 4611 XRD i1
S L ARAFAE L 95 (1) NaX B o3 10 (R Ak e, (B AR (MU AR AN ], IS 3 PR 3R T A
A& NaX Ly 7 AR L AR SEE NNy, Pl 25 1 (1) XRD T4 16415 NaX 2710 i)
Frfibige—2, HAEERLE )y 6 Iigsm & s, N> Tifii A m s kel E LR, 5
BRGS0 RUIE G IR SS LUAT R T 20 70 i AT P 28 K DL AR SRR T 21 0 A

J et o h oMb a4

_

Intensity

- . , | . . PDF#38-0237
5 10 15 20 25 30 35 40
20/degree
& 2-5. NEIREIRELHIERI D T IHFARAY XRD El. (a) 4\ (b) 5. () 6. (d)7
Fig.2-5 XRD patterns of a zeolite membrane prepared with different Si/Al ratios.(a) 4, (b) 5, (¢) 6, (d) 7

‘._‘.‘

2-6. TEIRESSELHIE A5 FIHARAY SEM [El. (a) 4. (b)5. (c)6. (d)7
Fig. 2-6 SEM image of a zeolite membranes prepared with different Si/Al ratios. (a) 4, (b) 5, (¢) 6, (d) 7

28



TR R AR

Bl 2-6 AN [FFi A5 LU B 1) 2% 1R 201 IR B 1Y) SEM [&]e MR Loy 4 1), Pl 4% (1 IR T
AR AN A I\ TR SE A, T A2 AT WA A I R T R A s S, R RIS & A
@A NaX 70 P A, HEEdateigin, &b el iz ih 2, R 5 AL 50T
AVH K, BERIEAAER S BRI, iRty 6 I, BRI SR 517041, BREE 22 b,
TR BRI 4 T, AR LE ARSI 2 7 I, A T AR IR AR K B A, IRk
AZIR B, LRI (0 4 BB AT R T S AR

2.3.3 BHLBFIE =X NaX 9 FimfERI 20

NTIRILL ZER 1,3-8 —BEXE 73 T IR R, 7 5 s i e i 77 & B ] e
MRS T IR%E 2 A 1,3-19 IS &

R Opm |

2-7. TEIEEMZZEEA MK NaX R8I SEM B, &2: (a-d)7 5179 10(v); 15(v); 20(v); 25 (V)%
Fig.2-7 SEM micrographs of the NaX membranes synthesized with different contents of ethylene glycol. con-
tents : (a) 10(v), (b) 15(v), (c) 20(v), and (d) 25 (v)%

2-7 N GBI INAS [F) 5 B £ I 5 R 701 i I R 3 4t r B PR o el R R,
TS NaX 7319 J2 58 e B e AR . 4 IS 8N 10 (V)% BA B 8K A
(¥) NaX 73 5 i BURLITUR AR SRR T, )= rH K 701 R RURE 2 8] WP AT ke o BEE 2 I8
BRI, T IRIL G BB IRE, TR R R R R PR, AEE
IEF 20 (V)% BRI (17310 bt (42 21 0 AT AEBRAR SR, T RO TCRIE K 70 T . 28
M, & 20 (%R, 70 7R AR RAE, 701 I RORL 2 [A] BT 4L .

2-8 NMANAE A 1,3-T8 —BE A R 70 T XRD & Bk 78R RIAT S (]
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5 @brid) Ab, FTAIERVRFEATSTIEER S NaX 7 (I brikie — 3, R 1,3-0 Z R
B TR R A M IR AR N o ART, S AN BRI SR RE R 1,3-T0 R R
AT AR . 2 1,3- “BEH) & 800 5 ()%, NaX 707 g sn e sy, bk
13-4 S BRI, NaX 73107 (10 06 55 5 SE 08 o) 28 147 U 9 58 U 52 LA e )
% 2 13- RS 20 (V)% , NaX 70 iR R ok B Bk, B4 i g 5 i
/0N, BB NaX 7310 (14 45 & B2 fi vy BRAE 3R AAR 1 70 TR R 8o 34 1,3-I0 A i 2
40 (v)%It}, NaX 7319 (U RTH IR 55, 2R B O v v ik B I ML R AR 1 70 1 i
BARRM A K

Intensity

e 'PDF#38-0237
5 10 5 20 25 30 35 40
20/degree

[ 2-8. FEIZEN 13-R AT FIHER XRD E. &8: (a-H73I%A 5(v); 10(v); 15(v) ;
20(Vv) ; 25(v); 40 (V)%
Fig.2-8 XRD patterns of NaX membranes synthesized using varying contents of 1,3-propanediol. Contents:
(a-f) 5(v) ; 10(v); 15(v) ; 20(Vv) ; 25(v); 40 (V)%

Kl 2-9 AR ERY 1,3-P3 EE G BB A ) 70307 R 4 e B R . e AT R
NI 13- I B 2 T IR S 0 O I ROERAR L. AIRRLEIRE BT B R B
HLEH) NaX TR s, RECNIESAE. JE5EN 5 (V)% BAUERMAK
NaX 737 Ji R BEHLTTARAE B AR I, e T (B2 IR 18] B 45 &80 8s, 7
TIFEHPAEEF 2, RRERE. WA 13- W _BESEMNEM, 757 aAsriisgs
PR B 2R AR BRI, 1T 203 0 FE P o 2 e i v e PR
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10.8 um

10 um

=8

2-9. FREIEZEM 13-AEERMNY FIFEMNREFMEE SEME &= (a)5(V)%; (b) 10 (v)%;
(c)FA(d) 15 (v)%; (e)FA(f) 20 (v)%; (g)FA(h) 25 (v)%; (i)FA() 40 (v)%
Fig. 2-9 Surface and cross-sectional SEM images of zeolite membranes synthesized with different contents of
1,3-propanediol. content: (a) 5 (v)%; (b) 10 (v)%; (c,d) 15 (v)%; (e,f) 20 (v)%; (g,h) 25 (v)%; (i,j) 40 (v)%

HEEIRE] 20 (V% 7 T IRURLY 2 o A AR BRI, TR RO T BRI 1 7)1
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o 4 1,3-TH R A ARSI, S IR IR T an AR, 4010 o A TR H AT
FLEAERE, HBEAE 13- RS E IR E skl . 2583 40 (v) %, BKIE
O RIUREAS K Ut ORAE AR AR TR, 49— 070 S kLR LT F S R I e o el b i g vl
W, IR EERE EAKEERIUZ S . 24 1,3-74 ZEES BN 15(v). 20(v). 25(v) A1 40
(V)% 5 BT 4% 501 07 6 2 1A JEE 132 43 3 0A 10.8 7.5 6.8 T 5.4um, 4010 2 1 R Bt
1,3-P4 “EE S R AR IN, 4E Ik E] 40 (V)% 1R E P BEFLEN IR L, 5
RIAEBRLE R

2.3.4 NaX 9 FisfEHSIE D B et R
N T HE— D IR O R A BCE M, AR SRR 1,3-8 T EEA G NaX 43T IR AE
50 °C s F %/ F RS AL T JE ik (M TBE) (10790 Wt%) TR & W HEAT I8 157 B 206, Nk 2-3.
& 2-3. I[EIH) NaX & Fis R EAEZ/MTBE B2 iE S =1 R

Table 2-3 Methanol/MTBE permeation and separation performance of different NaXx zeolite membranes

Pervaporation

Membrane Mixture (A/B) Temp Flux
(mass% of A) (°C) [kg:m?-h?] ’

Pure water MeOH/MTBE (10) 50 3.4 242
5(v)% 1,3-propanediol MeOH/MTBE (10) 50 3.2 279
10(v)% 1,3-propanediol MeOH/MTBE (10) 50 2.6 4387
15(v)% 1,3-propanediol MeOH/MTBE (10) 50 1.8 9320
20(v)% 1,3-propanediol MeOH/MTBE (10) 50 1.6 >10000
25(v)% 1,3-propanediol MeOH/MTBE (10) 50 2.2 8954
40(v)% 1,3-propanediol MeOH/MTBE (10) 50 4.9 165

JUETEAK A IR A B 77 T I B2 & B =ik 3 3.4 kg-m™-ht, {HHEE/MTBE
REWI B PN 242, WA BRI 1,3-8 =85, §4 051 I )2 1%
HM 5 (V)% 1,3-P8 B 3.2 kg-m=2-h™ BRI H] 20 (v)% 1,3-TH —EERT 1.6 kg-m™2-h,
SRIGHEINE] 40 (V)% 1,3-TH —EERHG 4.9 kg-m=2-h7?, 120 2R A 5 (v)% 1,3-P5 R
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279 BN 20 (v)% 1,3-75 —FEI B 10,000, 2R 5 R3] 40 (V)% 1,3-74 —FER ) 165, &
By B RS FAESE, A R IR 20 (V)% 1,3-T8 “EER E S m T IR R Ak R
P, RURZE R BCEMEA ORI, 5 XRD A SEM 45 2R —3.

R 2-4 LRI T AR A v ol % S SR P R RS (VB0 o B PR R . RS 2 R AR B 8
T WHEEIMTBE A4 43 58 U, AH 70 F IR 7203 2 s e R AR . SCikh K 2 %09y
IR I 43 B8 K FAK T 10,000, 235 SCifik 88 1 NaX 431 (¥ 43 B K -1~y 10,000, {HE
FE e 1.3 kg-m2-ht. HEEZ R, 1E 20 (V)% 1,3-18 B & a7 & U NaX 431

JRiME A KT 10,000 (9 EE/MTBE 4 B R RIBE s (2@ i@, RABARITAKT
BSR4 T BRI, A8 TAE T & 1 NaX 23197 & BT R B A SOk R I8 1 7 1k B
BARKIINSS, RIS 55 A TR SR AL T ) R A5

% 2-4 FESIMTBE S EEHSIES BRI

Table 2-4 Comparison of permeation-separation performance of membranes for methanol/MTBE separation

Pervaporation

Membrane Mixture (A/B) Temp Flux
(mass% of A) (°C)  [kg'm?-h?] ¢ Ref
GO-polyimide MeOH/MTBE (14.3) 45 0.091 9.0 [81]
CS-DES MeOH/MTBE (14.3) 25 0.008 35.4 [82]
Zn/Co-ZIF MeOH/MTBE (15) 50 1.96 6985 [83]
Beta MeOH/MTBE (20) 30 4.1 489.8 [84]
Al-Beta MeOH/MTBE (20) 50 1.83 20.39 [85]
NaY MeOH/MTBE (10) 50 2.25 8800 [86]
NaX MeOH/MTBE (10) 50 0.46 10000 [87]
UiO-66 MeOH/MTBE (5) 40 1.21 597 [88]
NaX MeOH/MTBE (10) 50 1.3 >10000 [89]
NaX (water) MeOH/MTBE (10) 50 34 242 This work
NaX (ethylene glycol) MeOH/MTBE (10) 50 1.0 >10000 This work

NaX (1,3-propanediol) MeOH/MTBE (10) 50 1.6 >10000 This work
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K] 2-10 N 20(v) % 1,3-P A K H NaX 4> F i AE 50 °C F%f H EE/MTBE (10/90
Wto) TR AWK IEE 4 B VERE A, R o BEAE N (8] 12K, 43 B3 1K1 AN 10,000 B 13 FAIX 31 9500
H AR FRAEL) 9500 A48, TMiBiEEEM 1.6 kg-m2-h~L BEHE N E] 1.8 kg-m2-ht H &
CRIFFRIT o 207 18 5 MR SO IR 23 85 DR -1 1) B AR DR Dl B T 4 2 1 o DAL b P 2 5
X LA T B BT SRR I — @ R R . SR, BEESUARMTE), Amih %
B, SRR, SEENEEEEEEIEN, HEEFRE. LIRGREY, HHETE
AR BB P 30 2 K AR R M B v 1 431 U I P )

* et
16d m wm——m
) [—.. L 10000
1.4 i
D | -9500
Sl 2 o
g [ E
E01.07 0000 5
) 1 0]
" v
5 0.8
= 3500
0.6+
- L8000
0.4
0. L7500

0 12 24 36 48 60 72 84 96 108 120
Time/h

2-10 NaX 7> F P55y 25 R EZ/MTBE RIFEE MK
Fig. 2-10 Evaluation of the stability of NaX-type zeolite membranes during methanol/MTBE separation

2.3.5 RIENFFEFEILHIE NaX 7 FinERINIE R

T I I AR TR OARAE i s S R K AT XRD A, & 2-11 i, @ 4RR
o MAHAKVERIEFIN, FEAELL I 8 TR MAE G RUE TR, & BSOS IR A
13- ZEEEAE 7K, BT 1,3-0 ZRERRAR 1 & BSOSO 40 H 70 IS RIS, & R
VTR NPT IR A A B BORAS o TEA/K & I b & U R K 1Y) XRD A7 5 NaX 43+
i B IR 16 (JCPDS SC14#38-0237)— (& 2-11a), F B NaX 4310 di A 7E 4l /K & B =
PR EAZ I K SR, B 2-11b NFE 20(v)%IH) 1,3- 7 B A A T 2 KR AR 1
XRD, {X7E 25°%% 35°H — AT, BLAT& BB H i R EZ LB I REE, JLF
B 53T, 1,3-8 Z BRI BEAR T A A 324 Hh 40— 07 it s 1) RROAZ R A KT 2, (R
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FEE BRI T BUE A 70 70, 2 W1 4804 5 T AL 1) 45 il A R S 20(v)% 1,3-7 —
WA R AR TP AN TF]

Intensity
|
]
L J
o]

., PDF#38-0237
20 25 30 35 40
20/degree

~}}‘ A__A A A A ~ «A_..\.._n.._ . 4
. | L |
5 10 5

2-11 (FELRKERBRTF AR A, (D)7 20 (vV)%HY 1,3-B B & RiA R+ & BA AR F(c)7E
20 (V)%HY 1,3-R Bz & AR iR & B 5 FIRARAY XRD
Fig. 2-11 XRD patterns of (a) powders synthesized in pure water, (b) powders synthesized in 20 (v)% of
1,3propanediol, and (c) zeolite membrane synthesized in 20 (v)% of 1,3-propanediol

10% 1,3-propanediol 20% 1,3-propanediol

25% 1,3-propanediol 40% 1,3-propanediol 1,3-propanediol

2-12 BHESNEAE Z B A

Fig. 2-12 Substrate-solvent contact angles with different solvents
NERFCIE TS AR B IRE RS, BEAT AR 5 A R Z R it A, Wi 2-12.
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Fig. 2-13 Surface tension test results
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V%1, 3-AEML 1, 3-AEMNREE IMhZ%. BERERT ELIRK
Fig. 2-14 Atomic Force Microscopy Force Curve Measurement (a) Approach force curve for pure water; (b—e)

withdrawal force curves for pure water, 10 (v)% 1,3-propanediol, 40 (v)% 1,3-propanediol, and pure 1,3pro-
panediol. The inset shows the enlargement of the dotted line
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Fig. 2-15 Withdrawal force curves in the synthesis solution measured using AFM
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Fig. 2-16 Schematic representation of the formation mechanism of zeolite membranes
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Fig. 3-1 Schematic diagram of membrane preparation process (a) Traditional hydrothermal heating method; (b)
Interface transformation method of this work
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3.2.1 LU RRHFI{LER

AN T T B SRR R 3-1.

% 3-1 LIEH
Table 3-1 List of experimental raw materials
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Table 3-2 List of experimental instruments
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Fig. 3-2 Schematic diagram of synthesis device
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Fig. 3-3 SEM and TEM images of the original clay
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Fig. 3-4 XRD patterns of original clay and support precursor
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3-5 [RIEREAY SEM F1 Mapping
Fig. 3-5 SEM image and Elemental mapping of the top view of the protomembrane
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Fig. 3-6 TEM image of the support precursor

h\\ '.,,,"
e A
. ! o

~ NI A

‘\V ‘w‘. ¥, L) .

s m20qm
|

\

o P \ S § :
3-7 IE NH4F IJ%E@%%U%H%E’\J SEM [& (a) 0.2 g; (b) 0.4 9; (c) 0.6g; (d) 0.8¢

Fig. 3-7 SEM images of zeolite membranes preng;et(jd\)/vg)t.r;%iﬁerent NH4F contents (a) 0.2 g; (b) 0.4 g; (c) 0.6
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Fig. 3-8 XRD patterns of zeolite membranes prepared at different temperatures
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3-9 FELEEHIZHS FiFiEAY SEM & (a) 140 °C; (b) 160 °C; (c) 180 °C; (d) 200 °C
Fig. 3-9 SEM images of zeolite membranes prepared at different temperatures (a) 140 °C; (b) 160 °C; (c) 180
°C; (d) 200 °C
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Fig. 3-10 TG and DTG images of support precursor and (NH4)2SiFs
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Fig. 3-11 XRD patterns of zeolite membranes with different reaction times
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Fig. 3-12 SEM images of zeolite membranes surface at different reaction times
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I 18] (O AR SEE 0, o0 T iU B K A 2, SO SOERAS NS, &SRR R
T U 1 7010 2, 2 5 LSBT G 0 L 2 7010 it A 5 4 0 i SRR T o 2 45 A
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3-13 RE & RZEYE)HY 53 F i R E SEM
Fig. 3-13 SEM images of zeolite membranes cross-sections at different reaction times
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Fig. 3-14 SEM images of zeolite membranes prepared by different template assembly methods
PR T AL A 701 U B PR o 5 I R P R R B — 3, MARGR AT EA 51 201U A
RIS E, IR ARR RIS AR A RR L (TPABr) 1E R, T
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AL S B T R B BRTE, A7 A A R B, 2010 A e T v SR IR AR I . K
F— DRI B 1 LR AR AR - DA R NHF S J5 H il SR, it 5 R BB 36 T G 1
O e R WONBCIR 2070w A, (ELBR R T A S R, mT e AS DR ASAR IR 50 A 78 73
GYHGNT, BERGRILE S 23 AT B R AL o IR BHR RV R I ] e AR SR PR S, A
H N8 VR IR NEGH ) LB, AE2E 18 LT A RE A b [0 AR 5 T A 1 2R i
5K TR 7345 B AR IR IR AR T, 5 ] R R I R AT D AR IR TR A, HA K
AR BAR IS o IRV AR ) LI ORI AL FE B R T, P LR T = 4% I B e
FERE Rz EHR, BRI BRI 2B A BCIR ZSM-6 7310, Ha k5004, 584
8 i R AR o PRI, 0 P PR T o R A i PR R T

3-15 REHEMFIRE 89 FiFRAY SEM Bl (a) 20 w%; (b) 10 w%:; (c) 5 w%; (d) 0 w%
Fig. 3-15 SEM images of zeolite membranes prepared with different template concentrations (a) 20 w%; (b) 10
w9%; (c) 5 w%; (d) 0 w%
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I TG ZSM-5 73T kb, R WIBARGRICE 73107 Sb /R (0 Uz R ke 25 SR, R TR
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3.3.5 SRS EX ZSM-5 D FiERE 2200

0.5 mL

3-16 FRIE/KEEHI& S FIHIZAY SEM
Fig. 3-16 SEM images of zeolite membranes with different ammonia water contents

3-16 N5 i AR A INAN R S B 2K Bl 46 70 7R SEM &0 et 2 il ve s 22 &
IR, BRIT T &K S EX 0 7 IS AR A . M E A RN EKEEN 05
mL i, 27 IRRUR T O A R JRBR T, (HRH TR RGBSR . B2k S8 1 mL.
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1.5mL. 2mL B, 707 EE R A, 7T EE A8 3 pm. 3.3um.
3.5um.,

& 3-17 [RERZREE AN 20 pL 7KE9BR A
Fig. 3-17 photo of 20 uL of water on the protomembrane

NSRB[RI N T AN FEHARREIK . SEIG AN 20 pl HIZK A2 A
T o R R, Wil 3-17. [RIMAT AHEWT, 1mL fIZUKAE R S8 b L DU S S FE v 7
mEME . R RNEUK S BRI R R R . R INEUK (BT 1mL) sefsE R
JFUE, SRS R HIBE I, (EREE TR o e Dy o TR R AR, TR GBS T E
HEOKEEA LR, JFEER VI, WIS TR NG TR, I
ST IRRORL TGV T OB SR . DRI, ARIERCRZR L e 2R TIR)E, G Rk
FRFEI 2mL 2K

3.3.6 L5 ERIMERT ZSM-5 S FiEE A 20

BE
Fig. 3-18 SEM images of membranes after crystallization of different liquid environments (a) without liquid
(b) 2mL of H20 (c) 2mL 25 wt. % NHj3 in H20, the protomembrane coated with template agent was placed
downward

NIRFCEE G BN ZSM-5 73 TR A FE I, AEAS RIS R X IR Bt AT itk , dnfed 3-
18, A i B A AR SR BB AL SN2 T, AEANISIE AT U A 16 5 T 4E 180 °C F itk 5
hJe, JRARRE A, (EIFBCR B AR T ik . e R B 2mL 4K
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AL Bh JE, AR I B I B ZSM-5 7 1t A, (HBCH TR RO . R i ARG R
RT3 B AT RS, MEMBCIRI) ZSM-5 43I BURL 34 &) 0 A 18 JR IR i, AR A2
S, TERRECE TCRRE R 70T T 2 o 2 W CR RIS AE 7 1 0 1R AL R R A2 e ZE 11
SKAERE 1707010 it A e A ) o e v 81 B B A AR AR
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3-19 FEILBETFHFNMAEY SEM Elfg (2) THEWK; (b) ARBRIRFINANFRNES B KNS
EEHRNE(C) EEBRKFFREENSES FAIES HIRR AR

Fig. 3-19 SEM images of stainless-steel mesh support under different treatments (a) Stainless-steel mesh; (b)

Stainless-steel mesh coated with template agent was treated in the autoclave with the container containing 25

wt% NHs in H20 but without protomembrane; (c) Stainless-steel mesh coated with template agent was treated
in the autoclave with the container containing 25 wt% NHj3 in H,O and protomembrane
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W T 5 IR AT 73T el AR A o R WD TR P S 7 ik O RE B AL AT 70 TR AR A I 3
T, JEARMEE G, SRR 210 A2 R R B R AL A s, thaR 1
i e P AN S L SRR 2 SR B I

=

Intensity
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| al I|” 1 I|I . ‘.I.I 1L
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3-20 EIL/ERIRA XRD
Fig. 3-20 XRD pattern of the protomembrane after crystallization
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3-21 [RERFREAM 0.5ml Sk EBEEHESEZTEMINS FIFIRA SEM
Fig. 3-21 SEM image of the zeolite membrane synthesized in the autoclave with silicone oil covering it after
adding 0.5mL ammonia solution in its surface
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IKZER, RRNIRBEE Ty, TES R bl 2 2UK B R R R T . &1k 5h 5, BR%
(Y] ZSM-5 43— UKL 73 BO7E B AR THT, 2 B S5 o 1 36 2 2 R TS S O B 8 Hp i) LA AL
VF s T LN

N
B

3.3.7 HIFRRE—IL ZSM-5 S FIRERAVZIE 5 B 1 REI 5

T |

3-22 FIHIERA (a) KEERAT; (b) kEKRE
Fig. 3-22 Images (a) before calcination; (b) after calcination

HH & 3-22 i1 3-23 AI %, dndb J5 43I AE 800 °C K5k% 6 h JE R HITEI AR K AL,
Bith B K AR AR BT RE R AR R B e K 8. B IS MR, Bk 2 1A 1
BRI e, TR A M s IRFLBR S5 M I Ak o« FEAFBROIR 1K) ZSM-5 7371 dm A 38 51 4
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AER AR,  HAT A I ok R - Rike e 7> 1l XRD 454 (& 3-
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3-23 — L5 FimARAY SEM F1 XRD
Fig. 3-23 SEM images and XRD patterns of integrated zeolite membrane
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3-24 HFIHFIRAVFLEEND (a) BMSWRBERE; (b) E5R IR
Fig. 3-24 Pore structure of zeolite membrane (a) nitrogen adsorption-desorption; (b) mercury intrusion
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Fig. 3-25 p-X and 0-X permeances and corresponding separation factors at different temperatures

FEAFIIRERHELRE FERTT p-X M o-X HIBE 7 B 1EIL. Wil 3-25 Fiw, BERHEEEM
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wJE, p-X AW E R, Ty Eae s, SFEuEE BT, BRI 150°C J5, BiER
TFARTGE PR, 190 °C B PEK % 8x108 mol/im™?s?Pat, 7 BIIH F-P4 4 3328, PR NIREI &
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Fig. 3-26 p-X and 0-X permeances and corresponding separation factors at different feed pressures

i R e YA TR L2 E R, AR 3-8 WAL, FIRERSE L
ALFE i B p-XI0-X 518 M 3 B N 15 B AR ) 285 SR . p-XJo-X 14y B TN T Dy 6039
2 6471, T E Ty 6263, RHI A EEVEIER] T 70%. IR =LHFEMI p-Xlo-X 73 E
7z fik T 6000, H p-X &R EE T HAA M. 7T REZFONBGR R H A2,
SRR XA 7 7 AR KA TSR, TR, SR EVERE TR, R AERE B
K1, (HE R SCURUEN]Z T REH ATAT 1

*® 33 NTHENESER

Table. 3-3 Repeat results of the zeolite membranes

Number 1 2 3 4 5 6 7 8 9 10
p-X IBiE %
10" mol-m?s*pa’
0-X BiEH

10 mol-m?s1Pat

134 093 083 132 09 105 201 437 672 3.87

212 154 135 204 152 166 323 4840 2350 11.2

a (p-X/o-X) 6321 6039 6148 6471 6316 6325 6223 903 2863 3455

¥ IR -EANFE AR LE 150 °C. 0.5 kPa #EEL % ) N #EAT p-XIm-X 1123 70 B, Wil 3-
27, p-X RSl i, SEGEZER AT m-X [IBIER . p-X FIF2E %R N 1.45%x107 mol/m™
25pat, m-X KB N 2.39x10 mol/m2stPa?t, p-Xim-X KI°F3)4r B K14 6100,
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Fig. 3-27 p-X and m-X permeances and separation factors of the membranes
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3-28 p-X/o-X 5T B MRS ERIRIER) MFI JRAIEEER
Fig. 3-28 Comparison of the p-X/o-X separation performance with other reported MFI membranes
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3-29 S FIRRRRT p-X/o-X SRAMS BHRRE 44
Fig. 3-29 Long-term performance of the zeolite membrane for p-X/o-X mixture
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HHEFEF TR RELIRERE, BERANBHETFAELN, 78 FFFETE 6000
BEAT, 5 A AR e PEAS B T A SR e A it s T A SR M g5 & ), b T i
J7 A L B 7
3.3.8 RIRTIATI R EEUHIF ZSM-5 53 F It EAIH IR

yEBNRAR S/ g e N L S ST B R A O = @2 K8 1y P (2 N a1 S A B
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J& TS Si-O-T(Si) 43R 01, 720 cmr b (MR Y T )& T+ SiFe? ITRBHE, B
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3-30 RNELEERETEIRIS FImRRAILISM ik

Fig. 3-30 Infrared spectra of the zeolite membranes with different crystallization times
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I () FRU T, U1 T T e A 6 A SiFe® MR AL 5iR LSBT Rk 55, JFAE 2 h R LT 2k
IR WU A R A (NH,)2SiFs 7245 IR PZ i 0. IR T NH* IR L 1588
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3-31 FE4LE AT EIAI 4> FItAEAY UV-Raman itk
Fig. 3-31 UV-Raman spectra of the zeolite membranes with different crystallization times

3-32 ZSM-5 43 FitBRAY SEM F1 mapping B (a)3kmE; (b)&KmE
Fig. 3-32 SEM image and Elemental mapping of theZSM-5 membrane (a)top view; (b) cross view
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%% 3-5 Jykli Ao T R AR T AR T SR HEAT EDS M, AN S R TR, AIRER W,
FE RN 5.7, o TIRIEZEEER EL N 40.67, BT DAHERT S 4k 1R 2 - e kR S
N BRSBTS 22 B 1 T 70 0 b AR B Az AR

% 3-5 LR FIRARREAY EDS 45

Table. 3-5 EDS results of the clay and the surface of the zeolite membrane

it Iy IR SR THI
Si (%) 85.51 97.6
Al (%) 14.49 2.4
Total (%) 100 100

KRBT %z 3w (DFT) M E 75, W R R (NHa)2SiFe 197 i 7 fift i 42k
17T AL, Wl 3-33 fiw:

(1) (NHa)2SiFs 52K 84 i Si0s? FH NHaF .

(2) (NHa)2SiFe EL# 5 %040 )\ T4 S S AE BU(NHa)sAlFs FT Si0s”
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PO z
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° M
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b Gt v p AH=3.21 g oo odo
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(NH,),SiF; Alumina octahedron (NH,),AlF, Si0;*
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Fig. 3-33 The optimized structures for the decomposition reaction of (NH4)2SiFs.
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