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1N this project, the effect of support physic-
chemical characterization on the morphology and the
greenhouse gas separation performance of the CMS
membrane were investigated.

In the first year, several different pore size
distributions of alumina supports were synthesized
and used to evaluate the effect on the morphology and
adhesive properties of CMS/A1203 composite membranes.
The tetradecahedral shape of the substrate achieved
at the sintering temperature of 1400 °C was found to
be suitable for the prepared CMS membranes, which
exhibited a H2 permeability of 1300 Barrer with
H2/CH4 and CO2/CH4 selectivities of 174.16 and 56. 44,
respectively. To optimize the substrate structure to
provide a cost-effective and highly productive method
for the deposition of brittle CMS membranes, this
proposed procedure can be used to improve the
mechanical strength of the supported membrane for
enhanced manipulation.

In the second year, the MFI and Ti02 were acting as
intermediate layer to modify the interfacial
adhesion. After modification with MFI silica, the
CMSM supported on 1100-MFI-1 substrate shows better
H2 permeability of 2223 Barrer and an ideal H2/CH4
selectivity of 260 due to the crosslinking reaction
between polymer chain and Si-0, Si-0-Si groups. The
results indicated that the permselectivity of carbon
molecular sieving (CMS) membrane fabricated in this
study can exceed the 2008 Robeson’ s trade-off line.
Then, the alumina support was modified by Ti02 nano-
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network. The surface area and the total pore volume
of substrate were increased, which is benefited for
mechanical interlocking with polymer chain. Further,
PEI chain was bonded by the Hydroxyl groups of the
Ti02 to improve the chemical bonding. The mechanical
strength of the Ti02-modified Al1203 support was
enhanced from 187.4 N to 215.9 compared to the
original one.

In the third year, we change the polymer solution
temperature to adjust the viscosity of dopes. The low
viscosity of dopes will penetrate into the substrate
to improve the mechanical interlocking, but the
permeability will also decrease. When increasing the
polymer solution temperature, the polymer chain was
rigidified due to the high volatility of solvent.
Therefore, the membrane became much dense. The d-
spacing was decreased after carbonization and also
resulted in low permeability.

carbon membrane ; substrate; intermediate layer ;
Ti02 ; roughness ; viscosity
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Abstract

The CMS membrane has an amorphous construction, which consists of micrometer-to-
submicrometer porous channel. This idealized bimodal pore distribution ensures high membrane
separation performance. However, the selective layer (carbon) cannot be bond well to the Al,Os
support due to the different properties between them. In general, during thermal treatment, the
interfacial stresses are relaxed by forming interfacial gap due to the shrinkage of organic phase. Thus,
in this project, the effect of support physic-chemical characterization on the morphology and the
greenhouse gas separation performance of the CMS membrane were investigated.

In the first year, several different pore size distributions of alumina supports were synthesized
and used to evaluate the effect on the morphology and adhesive properties of CMS/AIl,O3; composite
membranes. The tetradecahedral shape of the substrate achieved at the sintering temperature of 1400
°C was found to be suitable for the prepared CMS membranes, which exhibited a H, permeability of
1300 Barrer with H,/CH, and CO,/CH, selectivities of 174.16 and 56.44, respectively. To optimize
the substrate structure to provide a cost-effective and highly productive method for the deposition of
brittle CMS membranes, this proposed procedure can be used to improve the mechanical strength of
the supported membrane for enhanced manipulation.

In the second year, the MFI and TiO, were acting as intermediate layer to modify the interfacial
adhesion. After modification with MFI silica, the CMSM supported on 1100-MFI-1 substrate shows
better H, permeability of 2223 Barrer and an ideal Ho/CHy4 selectivity of 260 due to the crosslinking
reaction between polymer chain and Si-O, Si-O-Si groups. The results indicated that the
permselectivity of carbon molecular sieving (CMS) membrane fabricated in this study can exceed
the 2008 Robeson’s trade-off line. Then, the alumina support was modified by TiO, nano-network.
The surface area and the total pore volume of substrate were increased, which is benefited for
mechanical interlocking with polymer chain. Further, PEI chain was bonded by the Hydroxyl groups
of the TiO,to improve the chemical bonding. The mechanical strength of the TiO,-modified Al,O3
support was enhanced from 187.4 N to 215.9 compared to the original one.

In the third year, we change the polymer solution temperature to adjust the viscosity of dopes. The
low viscosity of dopes will penetrate into the substrate to improve the mechanical interlocking, but
the permeability will also decrease. When increasing the polymer solution temperature, the polymer
chain was rigidified due to the high volatility of solvent. Therefore, the membrane became much
dense. The d-spacing was decreased after carbonization and also resulted in low permeability.

Keywords: carbon membrane; substrate; intermediate layer; TiO,; roughness; viscosity.
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Pressure Concentration Temperature Electrical
difference (activity) difference difference potential
difference
Microfiltration  Gas separation Membrane Electrodialysis
distillation
Ultrafiltration Pervaporation
Nanofiltration Carrier mediated
transport
Reverse osmosis  Dialysis
Piezodialysis Diffusion dialysis
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Category

Process

Status

Developed industrial
membrane separation

technologies

Microfiltration,
Ultrafiltration,
reverse osmosis,

electrodialysis

Well-established unit
operations.
No major breakthroughs seem

imminent.

Developing industrial
membrane separation

technologies

Gas separation,

pervaporation

A number of plants have been
installed.

Market size and number of
applications served are

expanding.

To-be- developed

industrial membrane

Carrier facilitated

transport membrane,

Major problems remain to be

solved before industrial

separation technologies piezodialysis systems will be installed on a
large scale
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Polymeric membrane

Inorganic membrane

Carbon membrane Zeolite membrane

e Knudsen diffusion>10 A

Separation Solution diffusion
mechanism o Surface diffusion<50 A

e Capillary condensation

<30 A
e Similarity
Molecular sieving<6 A

Advantages Low production cost e Excellent chemical o Create uniform

stability pore structure at

molecular Level
« Exhibit catalytic

property

e Surpass the trade-off
between permeability and

selectivity

Similarity

Excellent thermal stability

Disadvantages

¢ Poor chemical

resistance

e Arduous to beach the

trade-off between
permeability and

selectivity

e Poor thermal resistance

Vulnerable to « Difficult to operate in

adverse effect from bulky organic environment
exposure to organic e High material cost
contaminants and » Reproducibility in the
water vapor synthesis method
e Poor processability
 Difficult to synthesis
membrane with a large

surface area

Similarity
Brittle
High production cost
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(3) = g 4 5% (Capillary condensation):
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(5) % % #HHc (Surface diffusion)
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oC 0°C

~-D 1

ot % ox? @)
A i #(LC) M (2) r i HiEE(B.C) £ (3)
I.C: t=0,C=0 )
B.C : x=0, C=Cy; x=I, C=C; (3)

B % FLrT AR Bk Ak (Pseudo-steady-state) > “’r’( =0) B&ED Qg - ¥#H . PNQ)=
= 3 (4)
d*C

=0 4
0 4)

Flr @RiFEFT RO FMAF EEEY ERAS GRG0 B E A8 (5)TT o
C-C, _X (5)
C,-C, ¢
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d Ficken% — 34 2= (Fick’s first law of diffusion)+ » F %8 il & 4058 (6)#77 o

_ oC — (Cl_CZ)
J=- D[axlo_og ; (6)

FEET DR AT ORRELETE  E2THERIG 0 SR
g B (D) 1S (7)o

5_Ldn (7)

dOT AR UR AT Y LA B E Q)R o Tt d 54 (6)E 5 (7)F #54(8)

Ldn_ (G-Cp) (®)
A dt l

£ &4 % Jl 2 E(Henry’s law) » C=Sp

% 2 TR T 51=5,=5y (10)
E5(11)

1@:[) (81p1_52p2):D S (pl_pZ):PQAp (11)
A dt ‘ 1 ey 1

Fobo BRRERT RO EEFWRE(PVE0RT) - RIEH
7815 187 (12) % 4 (13)

_pv (12)
RT
dn=| — |d 13
{RT} P )
#-50 (13) 1%~ 3 (11) 7 2 (14)
_%XJ%:%M (14)
dt !
EMHERLET 47 57 (15)
p:Pq;LAL (15)
9 | dt |AAp RT
£ A2 % (16)
R}z{dp}_zélgy__ (16)
dt |A-Ap-T-p,
H
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(%9=;£~ PR A SEFPER ng T
Ap LN L 0 R ”/"@ 4 g’_(cm-Hg) °

B2

I: 5 ;.‘Biﬁﬂ%)i(cm) o
A G i (em’) o

Vi %5 R A (cm?) -

&

F]pL s S xF“'v",_‘g‘_:j '?%E)j%/fg@” uﬁfg@&m%«,u B AR -7 FAEL A m;o_Lj? [ADN ;h(]_G) y W
EROUR L F W% hi(Py) 0 2 H = 5 Barrer
010 cm® (STP)em

(1x1 cm?-s - cmHg ) % &% E R H ¥ =% Gas Permeation Unite, GPU
(1)(10-6 cm (STP) ) ’ \'j ]%1 2-3 ¥ ,L Fg %’é?%}g\g 7 ,L__?: :'.1 AN ;\: o

cm? - s - cmHg

TIME LAG PLOT

Transient State ~ Fseudo Steady State  Towards Equilibrium

} > I
-+

Pressure

B 2-3 TAERRA FIE

Mo fa g (A~ B)2 %3 Gl @0 B iE 3 T B(Selectivity coefficient, aag) R 14 Pa/Pg

FY A+ & 1% %% (carbon molecular sieve membrane » CMSM ) £ - & & 4% % 5% > o £ FE
‘ PR AARMERBETAAG S EEFRRAE MR FEECEX
*HT%*oyﬂ’mﬁiﬁﬁiﬁ@4’maF&f%§$£§%$§Wﬁ%ﬁﬁ@’k%
FREERF R Y UAEFAN A TR F MEFIAME T - A
BAFTHPEL AR E o IEJ_’(, LB At 5 - Rk B HE[24] 0 Ao 2440 B -
Agpigat orle A o B0 BRIt 3 & f Ao B A Y aRdATi 4 0 @ AR R

1]
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(c)
Ultramicropores

Y= w

S E

2 &

E = Micropores

= .2

Z 8

Pore size
Bl 2-4 B+ @8 F e B3t F SHEr LW (B

()34 B~ (©)34F & T - [24]

A G EFE R HARR AR A G A EW[ZS] 4e®] 2-5 47 0 B R g EHY F o
PR WA SE AT R LG RILAH I R F AR DS SRR
@ R R g R AL Do 5 B4R R 0 W RIRA F EE D 0 e s
R A enf MR AR w SH e 7R -

(1) 54 E8

1 EI R SRS T EE R TSR ﬁﬂﬁﬁﬁ-fa{— BIXE R b4 2 g A3 5k
FERE N aE 'ﬂ”“f‘ff‘“?’%gﬂ s‘z”fa‘&% I 3 Al e KT E 2 I B
o e o Va8 S H[26] 0 R F MBS E AT RS - WE AT ERL B
AW R A S UEFERME S A FIERT Ftt* P "“’Fbélﬁ’ s‘@ﬁit’ *gAd R
(liquefy) ¢ @it i (soften) ez 4 » ¥ @ . £ 4] 1 8 & 2 32 Ka% 4 ¥[27] - A A BRgr F & £
G E A A R B Ci ety S %%‘jr WAk B £ 5 EHT R

T ERY 0 FEE g S 2 A F HEE N MRS
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(2) A+ Wa e

BASWL R G h B EEA TG EUE P A LR RS A
BB REEEREY A E K o BB A F R GIAM L R G S R R
(Spin coating)# 7> i ~ % & [ H » ¥ |_F 3 f""J— By E s wARR AR TR R AT
B H S LR EZBAFRRENAM LY LD FERERIAZRT DR EFI - B
3 enEm29] -

(3) Ewem e -

WO e JR A & R A O R T AR iR SR 2 R TG W SR 2
SR R EEEN RS SR o e Klsukl £ ?%é&%i' TRy F LG ED
JeJR A R T RRI T P g S g IR g o kR B A A oK [30] o m AR R S

GRS - ERTE SERET EF R ?#Mw’ﬁﬁﬁ“*ﬂzﬁﬁﬁﬁﬁ SR
S EERt Y-S R LR R R IR R SESHE TR o ) LR s I IS S R
i LY SAEE = E N A

(4) % v A 2 /o

Eﬁﬁ%ﬁww;%$ﬁﬁiﬁﬁﬁ%’ﬂ%é;%ﬁﬁﬁﬁﬁiﬁ%ﬁ%ﬁTéfﬁ
fRIR @ 8 B FEEDE AT SR 2 BRI BT AR DI <] 2 A o R R
(TALESBEA L REF SRR cRECET  FAAE RS fok A £ 53]

pUFERER S (TR A B i BV IRd BRI SRR - %H‘J?*éil“ﬁm
PRAHARARET LG RBAFEI R SR AT (S F LR EI S R
ARl BOL AT o gmw“%%ﬁ@%%%iﬂ&ﬁ%»ﬁﬂ@}%ﬂ@fbgﬁﬁ,a
Z%ﬁ#?Zkﬂmpﬁﬁﬁ%@%ﬁﬁ’ﬂ&’Q@?éﬁﬁhﬁjﬁEﬁmﬁﬁmﬂ B
TR B F AR E R OB F S Y BBt F Y R REFRAMR
ﬂjr};omw{ﬁﬁ’*ﬂ F¥ 1 iﬁ],ﬂ’i%m«l"y}‘v”i# %%'d fs % 1 31 4 f2z 5'?’5%7\#?&“5‘

R A N

A
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(6) # R B et

W 2 s AR FMAERRAR BT o T 2T 2 L2 e
o B A R R K e LR R AR 0 2 I Y i iF

— R A R

Precursor High-performance
selection carbon membrane
F 3
Y
Polymeric Module
membrane construction
preparation y'y
Y
Pyrolysis/ -
Pretreatment y y . Post
carbonization treatment

Bl 2-5 B 3 i iE EenE A2 R [27]

2-5 FEuS
2008 & Robeson AFIZ 1&g 48 4 3ri sy 3 44 41 upper bound trade-off line »
4r®] 2-6 - upper bound & ECH F M A Hrka ) FLo . SLP R R F TR FAZAR D
P W“?«”"F?Z FREZZ AT LA RS éﬂw B 3 ?{b & AT
2

AIHA B AR 2

1000 - S .
3B NG & ‘.\P‘ra@m UF per B ound
(e 714 ¢ ‘
{o] d@ e :
6% Q3 :
100 L-id 0% Py N\
i L AN
5L o:é?a .
~ ® °Q TP gdp o
< ¥ 10 ; R Hido
E Q X ° %3 o EaN 55 e
- =~ 3 | P . T
< I (oS g e 1¢) o 8 i \\ -
o8 0oB% % \\ H
g e © o égQg Sa\\
1 ¢és SN+
e &
3 N
. Prior Upper Bound
01 IR | B
0.1 1 10 100 1000  10° 105
P(H,) Barrers
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2-5-1 "’F*t’* * R

ESSEEE S EES ST T PR Sy FY R Y TS PR
i 7 KR Aez § it (silica) ~ 7 (zeolite) 2t 2 KAk F ¥ o B A R F ML BB NS X
éﬁ %H?*néﬁ%*?% a4 o REFERNLS O RFIFF LA S 2
B %S S e E S WA BRI AR 24957 > doNiKE 4 [32]7 4o B F vk et T f
EEECS > T U R COrid 5 8 2 COY/CHyerf A E e 4 3 Lluifﬁ A 1710 Eo-7 B
® st T ;‘vZ«ﬂ]‘%v BAFRRY > RERERT WA ;Vir)'éé:ﬁﬂi’«‘ﬁ’ AR L A %ﬁﬁ
ok it B E b i N B AT A 4 R A E RGBS S 4~ E R S M
SR A TR G AR E R B s T %% PR ”]‘ L3 A ST P
Brecd MBS ER 2 BGTRE  o

Z
=

gl
-an\

%24 ik o EABH B S I M R

Polymer  Material Performance Rrf.
Permeability Selectivity

Polyimide MWCNT PCO,=866(Barrer) CO,/0,=4.1 [33]
PAA Zeolite T -- -- [17]
PSF 3A zeolite  PH,=1121 (GPU)  oH,/CO,=1.53 [34]
PPO SBA-15 PCO,=2420(Barrer) aCO,/CH,=63.8 [35]
PEI SBA-15 PH,=667.5(Barrer)  aH,/CH,=75.0 [20]
PSF MWCNT PH,=290(Barrer) aH2/N,=6 [36]

2-5-2 FEHFAE 2

AT EALAIAF & AW E R 5 R R B SRR R SV AHA T LI
M R Rk R [37, 38] 0 £V iR T RER K L AL IR ES *a’ﬁ[39'41]m9 RN
FIUb R TN T S A b N - B A2 HEAIRTE A - et
R A L5 W2 g § a5 2 R F RAR(PES) ~ FAR(PSF) & - @ m i L ¥
HRIG F PRI A B D5 e 3355 B 2 N R e g
e 255 o AL N - B BAFHAREOPRERRF L EFE TR K
ity BAMEAER LR A T ARAFHA R T F BRE o R R
B FISCR G o mHAAEEE s ipiland m bW ek AAE T L S ENA
4 Kao F o i m?}]?w ARG e g2 e » P B EEFTZA » ok 2-6977F o

MO A B E RS M ERHAI N R IR FH L 0 AP R A 4 s
MAGLFE A EFEENOREERT > L GEF L F R F AW TS R 8
B A FEREEZREL R AV A A 5 A SR G AR P A A S e R

= 3:34 oy “-ﬁ, o
- Ygl-i
-an\ e

PR A 3 R A A)[20,42] 03U A L4 g T SuERE AR R g~ B I [43]
FHEniLi R %“ﬁa« DI el Y L e OB A o A T B R W AN
B ok BT LEERMBREAT L PR TS B AL BRSO R
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2B HRGE A 0 doHong % B K [44] FEd AF 4EAM Y R A [ ATRSTION & 0 RiEA 8
WEF b RBPFRFAL KRG HRANABIET > 4 S5 R T F DUEIE S B REEER
51400°C » § i 48/= § 145 £ 14 95/56118.2 MPaF|4& <1 if &1+ 5 T0/30P% 17 3| & § i 58
gmmwmﬁﬂmwigiMﬂM{ﬁJ%“ﬁﬁ%@%“i@w,méﬁ,wmﬂ?~4ﬁ
B BB EE EY P FRE TS N EEL RN o KA o B RhAFE L AR
foo LOUFIBT PR AR o T LT kb § RSP L wfl? iR £ YSZ
PARIFAM REL G EF TR AE A FRE*Y B R YSZE & DA
TR R e gkt 51400°C S iR & T Al b R B 110 51600 CT RIS 138 0 @
FLgh R BYSZE 4 B 5 2WI%PF § Bk s A 0 X 140MPa ig it A 4o YSZah 1 21400 C
PEH B 512 > 1600 C#H B 11481 o HiF L0 e d 2-T957 o

F 2D AREESENCEY Ot WA A

Selective Polymer precursor Supported Application  Ref.
layer materials
Polymer Polydimethylsiloxane Polyethersulfone  H,, CH,4, CO, [46]
(PDMS) (PES) and C3Hs
CMSM polyetherimide (PEI) Alumina disk H,,C0,,0,, [47]
N2, CHy4
CMSM BPDA-pPDA Macroporous Pure He, [48]
polyimide carbon support COgy, Oz, N,
CH,4
Polymer Matrimid polysulfone Pure O, N2 [41]
(PSF)
Palladium  -- Porous stainless Pure Np, H, [42]
steel
Polymer Poly(vinyl acetate) Alumina tube Methanol/MT  [38]
(PVAC) blend with BE mixtures
poly(vinyl pyrrolidone)
(PVP)

CMSM Poly(2,6-dimethyl-1,4-p Alumina tubular ~ H,, CO,, N, [49]
henylene oxide) (PPO)  ceramic support and CH,

17



F2-6 pted B 2 RS E

A 5 Ref.
Fitdg ABRMIEICFORE O CFPRETIRAGZ [50]
BN EH 8 H At E S R A dnB 5 cAMFLE 5 o
Er & B R AN AR HAPRREF BERL R B [51]
FRE S ATI-OHA® » 7 8582 227 H g o
F v 4E ﬁ@%i}i%étéH‘WW—$”FﬂW%’Twﬁ [52, 53]
= =4 K2 L 2 bihE % rwsilicalite-13) & £ v o
Fivgr %G F I 5(SZ)Y BT TR LAY [54]
Slazengl > Fpt v 3% F MFLE wengg 214
4 T A &4 pas silicalite-1i 7 A M 0 B3 AP [55]
ERLE R S LR R
%02-7 Az Fbﬁig
A I e FER SR FRBERN R [42]
A A G R - HaviwpRgaE o WK DR
PR = I I B Y1
§ i 4m ook R v b 5 03ume ® % 03umer B M eniEE e [43]
02pumeng L 4rH frkk R 7 F1F L 4RIVIFE S @ S E R
IV R R . 7 oF WSIREA
§ iv4r i CAEAMIR LR SHREERAEd R AD182 [44]
IO & » ieA fE4F & MPafk = 549.4 MPa -
PLELERFEFE YRR
LB E LT o
§ 1 4x %bYﬂ%%%&?%H’ BE G2 Biri s [45)]
#HEG RBhidte Rk 5B ¥Ap KRR 108 -
‘f‘-’"!ﬁ‘i\lﬁ-fri
§ iv4m Jl* MRS CEF FEBRH P AESEAL [20]
(R S RN A g R ERRERK DL G > K
U T e =T
3 it 4m fl+ B RESZ 5 4R +@r§ BEE A HEIY [47]

B 3 B

mioe B AR NS & A
R4 g WAE R A
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2-6 AHBERDOR G AER L

Wang % & X [7] & 247 4 ¢ B0 - 4% 044 T BRI S 0(D) BRI 42 #
FB) M HEESD) THIG) mrA B P o T G s et BT bR b
BAFIRELA G ¥ Ladbiisd] o i 4 chA 2 Al R E AR LT B AT RRER
LGB FP R HF A F AT U EAT LG o PEEDE LRGN AME A
BN 2 MR hA 2 o R T IR AR o R L B RIF A L g B e &
S FEIEEEHN R R A HAM R E A i 2.8 4T o

noJ !
.. Epoxy
'i: Resin
i ———————

Al

Bl 2-8 %4~ 24544 %o 7 & B[56]
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% 2.8 s 7 f AR A1 7 R

IR EW s 23 IRt %% e
BT 4 EEWE AN FeT R AR R 2 [42]
k- kg v AGIS o B ENR T B
Biai W hH
HAM I RE SERBOAMTIREFZF A [57]
2. JeJE FRFMESE N REFEDRE A
LS SIS R 2 S
LB gk e A FAIwWEr AR A L F e [58]
Bipse- AMFL %0 @ @305 gl 2]
Are FR B TR F MRS g
EF o
4t GAHEANRE TiOk i1 &6 27 [59]
4o~ TiOo® B R OHA 301 = 4 4 F Rb-pwbw o
ZSM-535 3 -
F1% 2 b ehdh e A FSenE C4EAG FF B IEAD [60]
WSk g oquOHu N BER P

MR B & Bk S
l@ﬁﬁkrfq.’“%*@de’
¥R eTdg/y EHF o

gqﬁgggﬁ%ﬁﬁggﬁ%z,x PAAAPZ A A B FE Ak R EE S

B RERR A2 B ? B A [42,50,61,62] 0 FFd o dm kbR S e 1 F s 0 e

AL o bo Meiling % 8 % [59]91% % f TiO,* B ARAH AW AH2 BPi=

i d o 4eR 299757 0 K- BAA S - BT F DG o F 13 b-ppBen it 7 4 K

f[;{;}&ii—'_— BAL HWE AP BFamaild o @8 ppiieg Bfaz FoBRARE- BEBA
HAABMAA M LS P > B2 BERAPRRELFTT T LENDF F;:bﬁhﬁkramZSMS

o EEER e Lin 2§ F[62] e !+ BT BWE LG RSB DL R

AttenaviF Bt Gofe kbR 2§ BRE PR A 0 s g g Gk u‘—éﬁ o g FF R

Pate R HE%RS in N R éjl%#ﬁbbi% PR R RO o e 0 g B P 3t

%ﬁﬁﬁﬁ#%ﬁ*ﬁﬁﬁﬁ”’ﬂ%ﬁiéﬁﬁJﬁ%ﬁT’$E$i{ﬁﬂWW%’#ﬁ
M W & ey B I Y BT RS A SRR B Rt R S £ F

RBFHFESF L2320 G WAEF FUBEEFER L0 & 150E > 5 243 S ot
AFREA Y T LT
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l 1. dip coating

l 2. UV irradiation

OH OH OH OH OH OH OH OH

l 3. in-situ growth

[ N N e e ————  pooriented ZSM-5 zeolite membrane

TiO, layer after UV irradiation

Bl 2-9 b-#hP~w (1 ZSM-5 & 3 & &4 = o1 & BI[59]

Eﬂ’AjﬁﬁggVﬁ'%&ﬁﬁﬂ%ﬁ&ﬁﬂ&Gm’%ﬁ“%F@ﬁﬁﬂﬁﬂﬁi

B RER R AM L s FaE Y 4EE G £ F kR SO{OH
PR RE DA G T “)U.Trs & BT I S ’f%ﬁm%@?fm PR B
FONSHIF EHES oWang® B F[T]Rsc Rk BRI PangR L A o F R A FEG
WA AR R AT S WE N R EEHF MEEN S L P RO RAERS 2 AH
Fla ok i MR Ao Dk hao § BN RGAT & R L 18 A REE FH e o

27 F AR F BHRBFRAS

EIE % B U 'W»? VDR A AR Bt~ 2 F A RS o BE
W § AR ACE RUEA FAM R Y 0 FIF R PR & AR R g
ﬁkﬁ’ﬂ“”#¢ﬁzﬂ;m %”%%xHV%Q:%%H [63-65]- 4% 4= 3| § 1 4%
AAFAG S I RS A CUE oA WE AR SRR 1‘* CEYES B AR
HFinter)® o § MAPSESAILE  BHEFERRAY EXTF I AR FAFTRE > ot
(Green Body)z_ 45 ~ b &x 2. Al j ~ ERBIEE R -

~HBEAHALPEFEMLF R SR RS AL W L i B R fft’q%
R ARG BT o BB EALE T -k Aeh® Y 4ok e 1 (coarsening) ~ fy k=
(grain growth) ~ %2 %8 %% % i* (densification) % > t“ = ﬁé%‘i‘- JETN R A o B A E 4 gg@ﬁ_a %

FERT §F A RO FR VIR AR AR ARF MEAI L RS R KRR
VOEE PR 2 IR A e mﬂ
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T OEBLEAT L LY P H s R B WA ET

ER T b RMUR AR R 5 g B RSk o B A &2 SR AR

FEANE Flend F g R @i i onds o gy 2RI B Rk o
@%&W43AmW§*Wﬁ*%¢ﬁ?fﬂmﬂ FRam PR R+ €d 2 R
Bt kBT @ 23 BRI Ao e BAE-RS MBIk R AR F kP £

m}*}%y.g-\g'_;}%%}gy.,.)fﬁ %ﬁdzp;. T4 B m RIS £ AR 4B 2-10 fror o
AABERLY TG M EBEL B R KBRS

L& R imdasdg
2.k mEHsE
IRA-AR AR
AMBUBERABRERT)
SHENBERAKRORET)
AR B E(EMERT)

®]2-10 3f sk E 54~ Hp 2. P it 5 [68]

(2) ¢ # :

IR R L AL P PR R T D L FAUB IR e T
PREEY TR AR I L B BT A Rkl R A o B A SE 2
RUER T W R R PR IV S g B R R X enerAR T Rk T Y R L 4R
Wiz bR o LR AR R S 00%  AERT & B K P ER L L 62
k484 L 4B 2-11() 7T o

(3) 24 :

P kB PE o R AeE 2-10(b) 0 KB (2 R Mg W2 d SR 0 P Wk
ot e BRE 4 oIk R L P R DI PR A 0 Dt T IR RR)  RIA
Zoa R ELAZEd R R s B i P A
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Bl 2-11 %P EOEAA] A ()¢ 29 (D) A 29 [68]

Chen 3&%‘3—*‘# i’!éff:q)i’3?“‘}5*”L4i—'éiz)§‘{%“=)‘$&7§¥)§_ BREREE HRABEE

1‘}‘3# o dd IR B AU T W AR e Bk oG /r'ﬂﬁi* P FRF B 4 o @

B g Padfeit o it 23Rl g L sapa £ AT u—} s BREA 2 B it 4o
2-12 -

1100 °C
1200 °C

1400 °C 1500 C
Bl 2-12 % K3k 7 R H[68]

a7 g %3‘1 FHOE U2 F Y gER R EFES REF VAR R E KPR
R s f ) ¥ ‘*%jp 7 |L{rg§p=f1‘?“‘%;§;<ifg » mn Hp gﬁ_/ﬁ%ﬁ;}f_#}'_l“iﬁ% SR IRt U
B ®x 2 a i FRARS T 14000C  F AR SRR R S IFAARCY S L e 6 1Y)
PURESHER G RT 0 FHZ s g3 AR B REAS D 1500CH - § i aEspp
SR G AR R B IR G 0 FRMICF S §ERFCE T A FEAT ST 1600T ¢
REOEIIRG A SIS 24 F M ERR SRS 2 AR
BB 28154 B) 2-13 #ro o [69]

EHOAE R 2 SV AMA TS 2T R EY i@ﬁ%l“é SN3 I  egl
Biz413t 1600C M T » Mk 5 CAEAM T EEEFZEA AL ORB O EFL BB R
m@%ﬂ?°
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Density or _.
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(n {mn (nn
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BOO 1100 1400 1700
Temperature ("C)

Bl 2-13 5 4ppElp Ay RARZE Nk o R RE

2-8 ¥UEAHBH

FIUESEERS A F > id 3 VP 85 V4R 2 S @5re s s A e E8
2 RS SIADY ~ Gt ¢ R § RS BB o - AT F RS
AYIM™[(Si0y) - (AIOy),] - ZH,0 » & A% 7w 5+ » m+2 7w F 3 2 i > yImPl 27 I 2 15
B g B[70] > A3tk L A A3-13 BT & R BAH G e B BHEF®A[T1,72]
BAE 2 2HF €77 Si-0-Si~Si-O-Si-OHE * F 7w &k o ¥ 2227 245 LTA~FAU »
MFI~LTL = AFl 4% > £2-9 2 B2-14%757 > 3§ e p g2 B3 o+ ~ B4+ fa

A -

229 7 b B2t F [T, 74]

& 48 A FLig Ao B ERLh P ST
FAU X %k & 4.1A 1-15 Na”
Y # ik 5 7.4A 1.5-3 Na”
MEFI ZSM-5 5.6%5.4A =5 Na®
5.1x55A
Silicalite-1 5.6x5.4 A BIRA
5.1x55A
LTL LA# 5 71A 3 Na®
it
LTA AREL 41A 0.7-1.2 Na”
AFI ATPO4-5 73A - wh B AR
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F2-14 7 % 7 B4 F(@QFAU ~ ()MFI ~ (©LTL ~ (d)LTA ~ (e)AFI

Fof L2 AT A AL EXA > TR AE T BRSO RF BT Al LE AR Y
AR FIE R EERF B AT 1 E2 4 MFLg Y chZSM-52 Silicalite-13] 7 7 - 7]
Pé_fgkbi%lﬁmﬂ VA AR 23R P MFEA A £ w kR 900°C 2 %R 0 3t pH=4-102_ %k B
TS RFE L o [TA] T 2 AR g ¢ E A MFISilicalite-14 7 MR G B AR AN 2 2 K B

MFI# 7 2 % 48t 4]l 5 53 & 1=« » 2 ¢ Silicalite-14 7 2 #7 4p1 2 @'+ » o h & 3 &
FAEos FR Y 2 g A Tl N2 A TG R R MEEA 2 R - A S
F s = AR 0 3V 4 ] 9 425051 nm-0.56 nmF > 4o B12-15(a)#7% o d B¢ A 2 i 8
5% o b e ¥ (010)%7F ~ar e * (L00)AF ~c* i i-4a Fa*(10Ll)ix o

//7/¥

Wf// -

uuuuu

®)

F2-15 MFI & 12150 % - &S H0)F2 &% ﬁ;

25



FEF LA T WURZERYRAE S 2SO WEPNFF e FHER BHEE A
B BRIFEFE UGV ALZBRE S DFEY Q3P Q) hd £[7T5]% o 4o
B2-16 #r7 > F FH PR R(- B S o AP @B 0 TEOS) § -Kfa2t-kd o o FRRd o r
TR A R EF RS S ES AT AL T ke 4 KR E R E A
Yo A2 % FI[76] 0 gt pErA S 2 B BADRMRE AR Y o RS SR 5B B
R FFPHEHELLEIP T ARSI 2 REFFORAE LI S X RHA E[7577] -

kFE Az B L RF AN RE R I AR TRARY X RINFREEZERE
SO NTHRERZ G NBERALES o 32 7 LECR2-1T rE 0 FAENAHL P
SR B AP S AR PR A s R TR A 2 PR iR AR Y ¢ RS R
FRFFS AN S AP R FRASE  RFNFBAAMEPFMEIL SR

¥R 4w [78] -

—
>

5 . 90 45 1% 9 6 (KM

.
" é »
n-*‘“‘.- \).{(‘

o L )
L G S R

&
\
-

B12-16 MFIl #* 7 % & 77 R B

26



° [m— X

(Y {
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3. REAREFAELASD) FHRKH

W

4. @& etk

B2-17 -k # & 2 7 % B[82]
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2-9 TIO, Wt rgpr &

7% -5 % (Sol-Gel) £/ fé 4 22 v Bk ik B endl 1 i A7 0 B F BN 402-1~2-3 > 5 - fEIRS
PRSI HM R E A S ML BB AL RSB L KRR 5 F RS B[79-81] -
MSMEFRNEFFER LAY LR SRR A EF R R R ERE
FIZABRAIT 52 RE A RH AR T 2ok ﬁ’*vk’%‘uﬁpﬁ J& eig & A R
ﬂ“?f;é_ FEER ~ AR S pH E~REAR M E CER 7 e B E F1E TR ¥ %ﬁt%‘i#'li%“%i
+ o] 2 e E[82,83] -

7% " (Sol) Z_J, >t % 4k 48 (Colloid) eh— #& > & + ] 1~100 nm "4+ 353 £ T ehs §73t
- @AY o F R A ST Bl o @1 SREPALE SRS R & (BRSSPl L
(Gelation) & Jigfs » & F HEA, 25 B B2 bt @ SERESEBA A A AT 3

+ 2 X FR[BA] o wip SR Tildg 3D 3 AT RS L aa i A - SR R R
BARE A2 ik Bt childe > 4o §]2-18+7 77 [85] -

(1) Hydrolysis

=Ti-OR+H,0 — =Ti-OH+ROH (2-1)
(2) Alcohol condensation
=Ti-OR+ OH-Ti= —> =Ti-0-Ti= + ROH (2-2)
(3) Water condensation
=Ti-OH + OH-Ti= — =Ti-O-Ti= + H20 (2-3)
Colloidal “:::}):‘:;cm Polymeric
gel route / precursos \ gel route
SOLUTION
soL: -eie //\j\T
—— . gt LS o
1 .’ ® s ™~ inorganic’
. . polymer molecule
Colloidal particles + l
liquid POLYMERIC GEL

COLLOIDAL GEL :F @,/(

Y

DRYING and
SINTERING

.

Power, fiber, coating , membrane, monolith

B 2-18 2 "-52%% @427 R BI[85]
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TiIO L 5 = & d & &f{a v W] G Bk (tetragonal) hdn 4% 7 (Anatase, A type)ir £ = %
(Rutile, R type) % &L= & % (orthorhomblc) eHE 4% 7 (Brookite, B type)o — 4k f iR (hf iR T > TiO,
H_ " ads A (Anatase) b AR T 0 A 5 B R BT HN600CHFR g RS FRBETANECT
(Rutile) & 4p - B]2-19 5 ¢t & ﬁ oo T B

(001] Rutile

1946A titanium
%‘\ N ) oxygen
VAL
=@ [010]

[100] 1953A

[010] 100
®
N

Y(oo1)

Anatase

[001]
'

|
L g1}

B 2-19 4r4x 7 (Anatase) fr £ ‘= 7 (Rutile) 2 5 1£[86]

- 4@ 3 > TiO, % 1 * Sol-Gel ;2 @ #% > Sol-Gel F i afats ~ ¥ M~k ET 355 B (7K (3
FREATEF oot &3 R pHIFE S R JRAEE i F 0 B o BRI T KR SR

e 4g 6 @ F gl 9 S e 3 AR A R S D BRI T R RE e RHEE R TR
BooodF AT A L S Pl EL L SERE S A B R 2 4oB] 2-20 Ao [87] o M F B AR
BeehpH B $E kR frig e @ g FALROR T F B FERM GF AL D
FHe Al -

MONOMER

DIMER

TRIMER

TETRAMER

CYCLIC

pH < ¥ OR pH 7-10 PARTICLE
WITH SALTS

PRESENT " pH 7-10 WITH
A/’ Ao N\ SALTS ABSENT
/ e 5 10nm B\

dnm

100nm

‘IHgEE—DIMENSICINAL

EL. NETWORKS S50LS

2-20 Sol-Gel F Jiz &7 I ok i % T 2 3542+ /] [87]
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2-10 * prib¥

Zd it [;Je? 7 %0 g A = & i & % carbon molecular sieve membrane ) 1 & 3 @ B & -
FEACEATHERR P AFFALEAEIE FERS L TE KL LR - &
A EEETL L3 5 AN A FARAUE > A S
24t f@?’?iﬁﬁwi% BT AT A L 2

":';‘ )
6 E I 2 B R R R *ﬂﬂ%
R BB R R A Y S

S L RS~ BEIR BN SASER T H S
Oz %

b s i kd ?'[;J%F"fg'ﬁrr"ﬁi/)—?”é S
AR FE’%@}L\H
IH - Baipy

. F’“ﬁ;«ﬁ?if’}ﬁ/] dod B A A
mév\zfnb > m - *‘[:.Kfﬁﬁ# ‘t ) ’B&
W K

Flet s ALY R g A AR ERER D WA RV A G 2ZAEAMS A Sk
AP -RE AR £ A 0 Y B RSP S Bts ek Jimie @ At o
FERER > T PR B A FANTR 2 B A o F b BEWRE (T - kP i e (4 F BB S
8% ~ AFM ~ SEM ~ XRD %) » 127 2 AH #5316 ~ B2 B8 -

= T'%ﬁr_} T 2 %%
SEEIE U SIEE SARIENE 3 t8 X
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31 R%E &

1. polyetherimide (PEI) - Sigma-Aldrich Chemical Co. USA -

2. N-Methyl-2-pyrrolidone (NMP) » Mallinckrodt Chemical Co. USA

3. w R ps it4x > Sigma-Aldrich Chemical Co. USA

4.  p'p& > Sigma-Aldrich Chemical Co. USA

5. #CKIEH 0 B A F RS €4 0 Japan

6. = ¢ ¥ % Tetraethyl orthosilicate (TEOS:>CgH,0Si0,) # &’ & & 99%- Fluka’ Germany

7. [ & F “48% % Tetrapropylammonium hydroxide (TPAOH » CsH7)aN" < OH ) 1M -
Aldrich > America

8. & % ™% Sodium Hydroxide # &% - & 95% > § A #F kN g4 p A o

9. A3 F R ASRS UL WERBRALSF U2 S

10. §§ 0 % 99.99%  LEFHKREF S
11 F 4 > A3 99.99% > L EfFHMEEF S8
120 - F v R 99.99% L XFREKREF > LA
13. "> $% 9999% > LiXFMKRBE S

14. & 4 > & 9999% > A FFMRET > 54

3.2. AHER D I

ARG AT 24 s thd § I 4R ST B ok R LeER 4 4o R 2 ] o P18 4 92(Green body)
fe B IR B it fs BRI ERIE o 7!\,};3 Tk F 2 65 ¢ 5 R A (1100,1200, 1300, 1400,
15OOOC) = /J!.&—t (lZSlOOC/mln) ’%LL/JL/)‘EQ‘F'&(Z:; hr) , T' —r’\)%t—l—lé Ké‘:j‘_ ;}./_w_ :M—ﬁ J% e
A AH AL AT 2 A M

3.3. p/ﬁiﬁ’ﬂf# 2R

R - 233087 %5 EBEE 582§ MRS SEE LY - ks
7 148 & 4 (MFI-1) o %11 ﬁ-’l‘Fzz WEP P BE AN > WEEFF LT L AM -7
A 4 TPAOH 3 fa&»t 4 g3 -k @ » £ i § a4 » TEOS(# i) » & *x ¥ 44512 1000C ~ 24 | péf
B SRR E S PN T G E RS 0 T B o P R AR S L K P E R R
Eo BRI RFFI0 A REAT LT AEONEH Y o MREIF F AL f*fa;fé%“gs i
GEER 1S 0 B 5 400°C HE T T F - Sk S 2 2 o 4R A (MFI- 1)

SECKBESPIEAM W FRREAI R A2 A B RREUF LG IRRZ
TPAOH:TEOS:NaOH:H,0 2 & 3% ¢ » ¥ & = 1 110°C 48 /) prie {7 = =i -k# & &> & 600 °C
R TE - SR E L X 2 4R A (MFI-2) -
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3.4. TiOzlﬁFE-’Hﬁf’E BAE

Ry - EFF 785 S8/ G SR § YRS AR EHYZURM WY
TiOz® R A - 5 5L » #-14.65 mlrﬂTTIP% % 4e » 100 mlshg -KIFpE # iR & 0 Su s 304 4 i
HBafais F AN 201-03-05mIE=f7 ket appiz Imld gk > e gan
bo# 3-190m o BT HFMAED ] PRI 0 R RO e 5 24004 0 L RIS S f G Y
Aitd e o ARG F2-3040 o feEIE RO T BAE YRR FEE U E S5 CoH B 5o
A 2400C » £ #FE2) P TT @I AT P B

s - EFE 7 %% EHPEIF A F 55 G5 ML HH 2 5 5 o § 4L #PE
B AR E10%R £ R RER G2 BF A FRRBIEG AT CAEEM Y 2600
Cer 2 i F5°C/minig 7 el i 42 5 o

35. APk 2
Bt U 14pe8u2 R F) Mg 3u2 HBT R pe K At & oo Pk PEARE) M O Bl o
AN ENE IR 0 T %A - B TR RSB TT o

36. WlHAA T BHE

WL AR Y @K T e B 10% RR T =(PEN)T SRid o #-PEI
% & % 22N-Methyl-2-pyrrolidone(NMP);3 3 4c #3884 — < @ H 323 0 & 15 » v 3gdd % 7 72 (spin
coating)#- A 3393 hF AP P o T EFR AR G R N F A EN o 8% F 4
B RE TR R LORIEEE TR L 3 B IE R S 240CHIE6) pRITE AJL
£ HEI600CEFTARS > FES | PFE > FIRE > TEIRAF HFEEN

37, EAWERA
(1) 3% 54 5 ;5 B e st (FESEM)
AR A HE S 2T S RELS ﬁﬁirr'%\ BAGECFE AN EWAG 2 Rl B
TfRAN N PSR RS TT B 12 A S 2 P e

(2) m=++4 %ﬁzi:tﬁ(AFM)

? | % BRI RESHA AR Tl XA T BE TR
E %EL AR B A (e R A on) o B SR R ALY LR 4R
'zP'Hfﬁ“’k’ﬁwz\» 2R I3 Er s AT HITAFMA T AT EFE2 45 F AR ek
Phdic > FE A A o R R R A 2 B

(3) ‘= b smfz k# R(FTIR)

£ % F i i (functional group)>t IRk ¢ E 3 3 2 Tl 5 o H|%7IRZ F v 18 - £ 2
é‘. _'};' 5 g;‘ E?(.QL—-X ray)frp'-: 2, L&r’ dr e A‘*,,,7 ,_LT%{_
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(4) 7
AETT A ERERIET R L RS HE A R R AR oo A R Y AR B
24T Bl 7 15 16 Stokes-Einstein = £2.;% JE F[88]:

KT
- 6mNR (3_2)

¢RI kA EE m
K icg % 8 JK
T &R K
n
D

et

DA R AR Gl Cp.
D OSEA2 PR Bl mPfs

(5) # 317X % 5t 4 47 & (XRD)

AFAF AriE A 47 R B 5 (XRD)Bruker D8 SSS > #-% 5% > % B¢ 12 CuKa (A=1.5418 A)
BTSSP ERIE S B Rl JILPF > 11 Scherrer's equation 3B B d K o) o a5
D=0.9%//\206cos6 (3.2)

bRdd RS A L EmLinmokh Gld F 5094505 X k4 £0.054nmoBE L
02 5 53 Bmd B > BEFDTESRREFLE > FREZ FThELF ~331 ¢ 7
#2528 < ] m(grain size) o

”"T’H’“ A1 * XRD Y M & 2 FV R TR A T 0 AT B 2R S AR SEST L SR 0 PR
EE > XTSI R AL G A SRR SRS m F S AR E T o d PSS & T
FE XL g Ape p i KR L R EDERHE A2 ERMEF o 24T
2dsin@=nk (3.2)

\_ﬁ

do Bk BEE > 05 M8t d - MG A& - XK 2 SEW LG m o N F R4 ~ 614 ¢ 43 Mot
Ao FIR T R Rk PR -

(6) BET ' % & # A 47

FI#* v 2 & F# 4 7 & (high resolution surface area and porosimetry analyser) 4 47 # +4 jr $83¢
R E IS A B ARt S % Ry o AT L EHEF iRl 22 (nitrogen surface area)
B A e 2Rl M-196C(TTK) 2 § f SR SHAFEFRIE EEFL TR T AL
110°C r2 F 4 #410-) P2 0 B2 L #3 nﬁe R F BT o

AR BN RF A F O R Bl EAF S R S E M ks RS AR A
2 Pk 2t © 3~ Brunauer Emmett Teller method g vt & & ff &4 4772 R & otk &2 B3t
TR~ ARG R IVIRA AT F T IRIVF L) By 0 3% 2 Trlangmuir st G A AHD
RiUGHEFHAR S 5 RS G o M3t & o fF ki * t-plot4 +fm‘é ETEE ¢ IV R MAE A ORI
Barrett-Johner-Halenda*74 & 2. BJH= ;& » A% v i3 ¥ 3+ 8 £.178.51 1500.03¢ /= 4 Bl 2
R AR LIV AR A T R EMPE > R f““ZOASU’%%]F\ 2R AR IR REAE -
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3.8, EWF WA RIBR G

i ”3*):%: RWRE PR 3558 J;S*—‘_‘:H__g« ©OR A Hrok s e
HRIEE MR o Pk A o F ) E o T AR SR AL
2GSRI B R F BT BAF MRS R R RIS R R R g
FIR @ FWTEE TR R F ek
PR ST o

e

WA AP TR REHREACHFROAFE 0 A T 28Ry
R R E R

3
P : § %5 5 (barrer) (barrer = 1010 EM”_(STP) cm

cm?® cm Hg s
((Zl_f) ;;;E’:H T @J == .g:]{]ﬁfmrﬂ (kglcm S)
AP : ; W ng__‘f& WP ERE TSR GRS > (cm Hg)

Upstream

Downstream

1 - pressure controlled 6{3 % - }@ 3
2 - pressure sensor

- values
- Membrane cell

QQ S
- data catcher
-PC

- vacuum pump 7
- pure gas
9 -furnace

[ RN e NV, I SN OV

BI3-1 # WS FRA W (p oX#)
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T~ BEAEEH
41 F v 4m3 i A

AT 2 F aEAH o ST a-F CER A BRESAZFE 0 A5 18 mm
BB % 5125 mma ¢ gacB4-19057 o A4 2 MR A 1T BlAc 43907 o BT HF R L 4F
MR RS A R 5012 ume B4-25 F i 4e2 2 XRDA 7 Bl 0 5452 Bl (JPCD

46-1212)+ $HsFE T 5 § 1V AR2 HpcE > H B pcd A w5 25.58°(012)~35.12°(104) ~37.76° (1
10)~43.34° (11 3)~52.52° (0 2 4)~57.52° (1 1 6)- %5 Scherrer's equationz* & & 4~ /|- % 29.54 nm -

Bl4-1% 454 235

* ALO; *

Intensity

| L

T T T T T T T T T T T

0 10 20 30 40 50 60

2 theta

Bl4-2% i 45k A XRDA 17 Bl 3%
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.-
<"

N

X~ E9

Fl4-32 5 e BAEA H7

42 BRiF ity LEAMP L LB
24-15 259 % 2 RS HRCELER LB A EER)UE 2 A B -

3.4-17 F QA2 a2 2 A4

Sintering condition

Sintering Hearting Soaking time(hr)
Support code Temperature(°C) Rate(°C/min)
S1100-1-2 1100 1 2
S$1200-1-2 1200 1 2
S1300-1-2 1300 1 2
S1400-1-2 1400 1 2
S1500-1-2 1500 1 2
S1400-2-2 1400 2 2
S1400-5-2 1400 5 2
S1400-10-2 1400 10 2
S1400-2-3 1400 2 3
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4212 HFH A5
4211 H &4 ¥

ARG S AT SRR o RN AN P A2 B 38 d XRD(X-ray
diffraction):& {7 ~ 47 -

PR FRCHE AN SR Skt 4 R dwRl4-42 24-2977 o d AT RIGH
(273 FEZERRE S B|)ZScherea V93t B 2 it e % B> BHGEE St +&%
X R AM 2 Bkt 43034083798 N X A FPERIERZ A A G PRS-
PPN A AP T ILERERT AN RY VBB ATERERIVE R FINESIEEZ 2
moA SRR E2 I

2
z
z
é ] waS1100-1-2 | L v
= e 1200-1-2 - | A .
] a1 300-1-2 N JL.; | W
", S1400-1-2 L N _AL_FM :'_,,_., »
i eal200.12 o st Vo) bniod it simnsnd st
T T T T T T T T T T T T
0 10 20 30 40 50 60

2 theta

B4-4F C4ERAF 57 BIESE R RIS 2 XRD ¥E5 ] 3%

7 4-27 e pax.}iéfﬁf LRt 1 2232 —23'-3

Support g f = ] (nm)
S1100-1-2 34.08
S1200-1-2 35.85
S1300-1-2 35.85
S1400-1-2 37.50
S1500-1-2 37.98
S1400-2-2 36.82
S1400-5-2 36.33

S1400-10-2 36.49
S1400-2-3 36.01
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42125 H kR0

ALY AR ASE RS AIL L § RS L -ALOsE A R ]2 4

o F2 nMAY L FEEAEE BB RPHRE IR a2 ERE DR E
p Mﬁiﬁ%ﬁﬁ BEELSS N R F VLA - LA AR RBIEFL RS

AV N INEHEE F S AT B R R

Bl4-25587 FESRERZ AJEAH G4 5 A8 o 4oBl4-5 (@)% (b)#rr § EEER A
11002 1200°CP# > A+ 3E 4238 % > @ F 42 (L % 5 24 [89] A B 3f e B (v 5 F b 2 IV >
&%ﬁ@?%%ﬂ“*ﬂ@°%@%ﬁ&ﬁ#ﬁlwymﬂ%@¢%m?ﬁﬂﬁﬁﬁﬁﬁﬁﬁ
’T PSR Arda p ¢ TR TR G P BN 0 2 TR % [89]° BI4-5 (e) 5 W55 IR & 1400°C
P2 it & oo A 0 7 IRE R4 5(a)(b)(0)§»%ﬂﬁihki B S “f? i v pR[67]8 Ay
YRR R 21400 CCH MR L S 6 2 B ﬁﬁﬁﬁLﬁgip?g’ﬂﬁ*g
w@wvogm&ﬁdiwm%wﬁwsmmww%mﬁﬁﬁwﬁﬁigﬁﬁ,yggn@
SR ARIT A R 1V [68] 0 FIU AR F 2 G Lt IR % o

@4 5(f) (h) % 551400°C~ % fe 2 R 3¢ F B2 § (Y 4F A M ehd 6 ) L B AR o 4o B 757 >
F AR Fd 10 °C/minjk i 3 1°C/minp » § 1 4B3Edet P ARS < 2 AB% s v i 2 Rk
B %—yz; CARRE R SRR R IR 0 om R HApkoe it o B45(F)E ()~ W 5 F 4R
51400 "CH#RIE22 3/ PF s end & ) f M) o do B 97T AR pE T A 4 Fi?%m‘ifﬁ <+
PEEH v eI G > 7 e d SN RF CARRERER S e o B2 FRRE > Fa FRIERE

(A

w

@45wlk%%§ L g2 2 ifﬁﬁﬁm%m%ﬁﬁﬁﬁ



4213AHF BHEAMH LHF 47

br#4-397 7 o REF LR A J 1100°CH 2 1 1400°CRE - § L 4R A Mt £ & £ 4 5.9 cm?g
T 116 cmi/g o T 3a3v s d 78.634 4 2 107.4 A - 3t F 44 I Y 0.0116 cm®/gi - 1 0.0043
Cm/g ;B A T o I SHEEFEBEA Y A A G g A 2 (o Bl4-6(2) ) o IR %
Tl hd MARIERFIXBIRASE  a p P AR 2 AT I G 3 4 o i a g AR
A2 BRI EATE )G AR T BB BRI & R e n REETUF A T 5 ERAH
ARAEERIRAE TR 00 e i §A|203%§;~’%%@i1400 °Cp » BB 44 2 )
R % ﬁﬁ%‘u LG A2 A 0 P PFALOE AT R R R B V2 T 0 BRI EIE
JARE G 'T‘ (R R AR i ¥ i ézjh"% 2 i ek R %< 3 1500 °CPE 0 AlLO;
kA e Ak frﬂ;-“&?ffh o @ R R H TR S o b B % FESEMA & 4pe & o

d £4-318 50> A 44301400 °Cie (AU S AT PF 5§ 2R Fd 10°CR > 21°C § 4B
gl & G ;fg . nrjb,}g%ﬁ;ﬁa B3~ ¢ 32 it endb B 7 AR A kg o *%&;‘—r g 2R
EFRERF AN LRI FRRE > &7 R meﬁﬁhaf—r FRES A G et
E oG AR A L F] o TU *ﬁi#ﬁ“% 5 (o ®4-6(b)#7om) o @ § 2 iR# 5 3 1°C/minpF > H ot
oM VR A TEITER L o

BTERMEEY VAV DI F SR LA BT e R 43977 o FRITERR A 2
DR IS R LA G TF AR TEA T AP A2 LB (WeR4-6(C)H ) T
L A2 RS R AT o BEF RIBCERR LR FEEREAE D
BEF 2 BMEPFROPE S VRAERRERZ i3m$ Mo ¥F AR IYF B
2 R RE -

%43 A P ESSEHAM AR HF IR LS I FHFEL
BJH adsorption cumulative Pore Volume of pores
between 3.5A and 1000 micros Radius (cm®/g)
Viotal Vmicro Vmeso Vmacro
S1100-1-2 5.9 78.63 0.0116 0.0021 0.0082 0.0011
S1200-1-2 4.3 76.54 0.0084 0.0017 0.0058 0.0008
S1300-1-2 3.1 80.16 0.0061 0.0011 0.0044 0.0005
S1400-1-2 1.6 107.4 0.0043 0.0005 0.0033 0.0003
S1500-1-2 N.D. N.D. N.D. N.D. N.D. N.D.
S1400-2-2 4.3 74.22 0.0080 0.0011 0.0063 0.0005
S1400-5-2 5.2 66.48 0.0087 0.0012 0.0062 0.0005
S1400-10-2 5.2 66.00 0.0086 0.0012 0.0068 0.0005
S1400-2-3 4.3 74.10 0.0080 0.0011 0.0062 0.0005

SBET Dpore

Code (m?/g) R)
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5.5x10™

5.0x10° . —— S1100-1-2
o] B $1200-1-2
" 4.5x10 — ‘ $1300-1-2
g 4.0x10™ R S1400-1-2
7 1 o yw o e $1400-2-2
§ 3:5x10° 7 $1400-2-3
> 3.0x10" - §1400-5-2
O N E i N s $1400-10-2
O 25a0"+
&) 2
S 20x10°
g 1
T 1.5x10" A
1.0x10"
5.0x10°
0.0 T T T T T T T T T T T T T T
10 20 30 40 50 60 70 80

Averang Pore Diameter (Angstroms)
Bl 4-6 7 P gif R 2 A+ T3 it A i B

421A%H 3 %R S WH HF A

AETHT ERARE R AL FREERALOAYE AR 0 ok 445
7o I AHELE R J 1100°CH < X 1500°CPE 5 % A& o 5.174 g/lem®yE 5 3 6.932 g/em® o
;t\zguuaej?v BERPPEOFF CAESEEFIRERR A AL - kAehR R BB
en ERBREF PR 2 2 R 4[68]

L4 AHE HRED

Sample code Density(g/cm®)
Green body 4.280
S$1100-1-2 5174
S1200-1-2 5.576
S1300-1-2 5.604
S1400-1-2 5.827
S1500-1-2 6.932
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B4-T5 5% b liisg @a‘xzﬁﬁmfﬁfﬂ ks ﬁ"’ LB d BT AT ﬁdr AN
FE B = 51100 °C-1400°C » - FE B F 1 EATAR T 1t 2 £ RTHAP 2 R G 18 i SRR A o
51444 % @ % = FpER) 51400 °C-1500 °C » 4 FFEATRLA 2 2R AT 1 R
AR S 2R g MR CES T 216,55 % -

20

18 -
16
14
12

10 H

D,/D(%)

T T T T T T T T T T T T T
1000 1100 1200 1300 1400 1500 1600 1700

Temperature(°C)

Wl 4-7 Zk'l%pzm}ié%ﬁfﬁﬁﬁﬂif /’7\‘%%53]

421554 4 o kR A4

Y %ﬁv’ A5 RF A BAREAFM) A 4T At G fekk % BRa~-Rqg-Rz> 27 > Raz:
oMok o RO fEkER B R T HE( G kR 0 Rms)» m Rz L BT iae
HER o Bk e 45007 o F AHEZE R Y 1100°CH 2 3 1500 °CPF 0 A H & 6 etk ik
Rqgd 55.4 nm3#g +r T 136.0nm o 58 d >+ F F L 4R R & 4 1100 °CH 2 21500 °Cp* > %
CARSER RS LA s AT RS e g M BTSSR 0 A 6 (F
At A G e A BOH 4 0 )L % T FE-SEMA 475 % 4ave £ o

F 457 AR 0 0 AR IS CEAM A G RERE DR ek ity 0 F 2R F
d 10 °C/minjg i 1 2 °C/minp¥ » 48 & H 4 o ek % Bcié-d 67.6 nmj > 142.8 nm > #3258
#F 51°C/minpFE &2 169.7 nm e L% 2w A 2 %PL DRI ARE T A e £ Bt
VAR AT A G AR 2 FIR 0 F 0§ MR )b § A enat TR TR Al
FEERDPETS o hok 4507 o F R 5410 OC/mIni)E\‘.E‘g?;LZOC/minB? v § (L 4B T
B RE 0 T "‘f TR AR 2 G L o TR FIVF B LHER A TR
iiép FRAMOF UL - F TR AP LRI BEERN 0 ERES
%10 °C/min% 2 °C/ming% » Jblﬁﬂ?ﬁﬁi LR A ek Glcend R F)S oAy D RERF L
°C/minp& » 3fkde (b eIk % 3 48 44 TeRIR g B ¥ > Tl o Tl s 4 o
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#4552 PR ERF L Akt d AP P RERFAIUEFTD 2 ) FH 413
PP > e (i dicd 531 Nm34c 2755 nm o S F G B RE TR € B RE AR R R
(LESE I SR A RO R EA LR (s R

%45 2 pESIEEZ A4 G ek aidc
Surface Roughness(nm)

Ra Rq Rz
S1100-1-2 38.8 55.4 102.0
S1200-1-2 57.2 72.1 149.0
S1300-1-2 60.4 76.4 160.0
S1400-1-2 69.7 89.6 171.0
S1500-1-2 103.0 136.0 231.0
S1400-2-2 42.8 53.1 112.0
S1400-5-2 61.0 77.8 156.0
S1400-10-2 67.6 117.0 187.0
S1400-2-3 59.4 75.5 155.0

% & XRD ~ BET2 FE-SEM 4 17 % % 18 40 » 48 & H 3t . uﬁgg TS S BH oA F T
FoMBEAHIF SHRPLL T AB-R4A8r T LR FALELCming AR
45 1100-1200 °CPé» § 485+ € F *Ekde it Z SV AR D 2 R 8 2 54 B R 1 2 31300
CRE - F IV ARk A 2 EATHAR G 0 R AR T RS ERIVFREHEF T mﬁﬁ‘b ;g
BAEKRZLT1400°CHEF M ARsER B s S G B BT 5 R4 ERIGFMBE LR TE
%ﬁ&ﬁﬂiwm%%’wﬁﬁwﬁ@aﬁmiiﬁﬁﬁ,wW$ﬁ%ﬁ@%@o

K

1100 °C 1200 °C 1300 °C 1400 °C 1500 °C
F4-8 § i 4FAMUEF P UERIE R ARJIL2 )% A

42



et AR RJEEAR Y o AR R AE A A G B AR o ekl S S AT R
T{&%‘F* TR EREEAM AR AR ek RET o d N PR TIR AR
% % 1°C/minp# > 3 e i@ 24 ﬁbﬁ’%‘rﬁl‘*m" FlF 56 YR R 51400 °C o g G
10°C/min~2°C/minp¥ » 3¢ &8 f# crcis 5 B 5 3 Phe kbR 0 fie 715 o

4224 F G ¥

4.22. 8% 4 & ) 8 A
%@%%’ﬁ9+%wmmkﬁim£¢mﬁﬁ’ﬁqwﬂ%??' SH o ¢ W

P ofem ke @ ple A
ﬁﬁﬁyaggqﬁ34ﬂm,
" L {EFEE’H’ b'aﬁi\ni\ A 2t

*FET
4-97 F AW AN EET P2 gL 2 B G 3R 0
wmﬂ;*wmaégmmﬁ%%ﬁiw’ﬂwW%ﬁﬁ*ﬁ
BBz gk L 1500°C2. A+ 0 AT i24.815 ume ek TR
AL T A T EFE R o

¥R - RA e REAHT

(al) M1100-1-2

(b1) M1200-1-2

(c1) M1300-2-2

(A1) M1400-1-2
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tel) M1500-1-2

r

(1) M1400-2-2

(g1) M1400-5-2-

(h1) M1400-10-2

Image of Fig. 8

(il) M1400-2-3

B4-9p A 5 & 92 4 5 % )6 2 i A ACH) (@) M1100-1-2 ~ (b)M1200-1-2 ~ (c)M1300-1-2

(d)M1400-1-2 ~ (€)M1500-1-2 ~ (IM1400-2-2 ~ (g)M1400-5-2 ~ (h)M1400-10-2 ~ (i))M1400-2-3 -
D% ~Q®rH -

422289 K W EES 4 6 R A

R 1 E(d-spacing) T & 22 p R B cpEAE > BolE L ) VRS HETRLIL S & o) ik o d
X-ray i fvs & o~ 542 58045 0 TR T F IR 220= 20°~26"F - R Apkst > KA R
¥ 2 53%Bragg’ s Law :n A=2dsin @ 3+ % & > ¥ g sEand-spacing & e
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hod 4-647 5T 0 B B EESE F ORI R 0H o0 B IR B Ao 0 R e 0T
SHER > AR I W CAEA M B BARR o Aot A G - T IVF A Z £ oo
BT A ove £ oo P R BRER Dk BTEE . R G o0 i Bl F STl o d STk /Y EE
GABAF DR ERMIRE P RPTEHEE LA PFH S FL 0 F AT EER
At R Mg BRI B EE . - A T A A G ek § 4 3 dae
A7 EARR  saghh W BT A F 0 FI R ST E R REEE R g o

e R AP A Y - R F]F o - AT I HF g 0B
A G REER AR 0 F B R~ A M eIt Y A F I RPBEH  F 2o
AR R AR A A G AL FORR T R g TR o S S
P oo Flpt o SFE A TRV S TV R AR o A A w ek R R RO B EET F IR 0§ 4F
A M B B S ASE T 1300°C/MingE > d 3t F ARk hE ATy 0 G AV I hE A 0 B A
FAAR R APMIVH A BRI T A A G o # EAK BRI WAL 15 (4
Bl4-9#77 » 12M1300-1-2 5 1) °

1.4-6 BOTR T EES YR S~ B R R HR ROE A B ek (2 B %

d-spacing Viotal OF support  Rq of support Rq of Membrane

Sample code A) (cm®/g) (nm) membranes Thickness
(nm) (nm)
M1100-1-2 4.47 0.0116 554 81.2 4.237
M1200-1-2 451 0.0084 72.1 112.0 4.219
M1300-1-2 4.32 0.0061 76.4 61.3 3.722
M1400-1-2 4.64 0.0043 89.6 88.7 4.144
M1500-1-2 4.02 N.D. 136.0 203.0 5.550
M1400-2-2 4.32 0.0080 53.1 62.2 4.800
M1400-5-2 4.62 0.0087 77.8 120.0 4.500
M1400-10-2 4.76 0.0086 117.0 150.0 4.313
M1400-2-3 4.64 0.0080 75.5 81.5 2.981
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A B TH - F BRI FH R éﬁ SHNF MBS A E ki 2 B - §14-10()
LA REEER AT AHEHENREFEE > v IR E A4 1100 °c b2 %1200 °Cps 2 35
B 4e o B ¥ Hod 2112.23 40 3 2304.8 Barrer » CH, R ¢ 376.9634 *c X 543.57Barrer ; @ 4

BB A 21300°CHF > % F R T "E48% > Hyd 2304.8 "5 385.71 Barrer © CH,4543.57 *#
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B4-10(0)F 5 7 Fr 2R i# 5 22 AHHRA S F G ERZEFRE T 'ﬁ‘ g AR S
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A4 s (8151 < 1150 nm)2 e pE TR gy G P AER S 2R % > Fla IRl 2 BB E o
Bl4-10(C) = * P AR AV A+ GFERE I P J BI7FREFHR TR L
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47 % @ 2008 Robenson + # 11 Upper bound 2 £ £ [90] > 5 &5 f 82 % 5 E 4% ok
2 EE 0 A ERE R RS ER TN 2 F . Mﬁ& 5 doBl4-1197 5% 0 3 R R S
ERERGL T AT RFZRG > B LES Eﬁsfﬁ Rl g " d 7 ars §R B
i

|
I

PEE R g#g—l cd AL 2Rk VHRA G MJML DI X L 1
Ho/CHa2 7% 3% 5 $ i “ﬁ% M1100-1-2 ~ M1200-1-2 - M1300-1-2 M1500-1-22_ & %o g g i 3

Ho/CHy2_ # 2 o @ 32 COo/CH, 7" 7 % 3 © § M1400-1-2 ~ M1400-2-2 ~ M1400-5-22_ {& #%-if 3
COYCHyz i o d it & T F AT ;M1400 2-25 % 3B EE N 0T b PFA24%2008
i Robenson# & #% #1Hp/CHy % CO,/CHaz 38 » F]p+ %47 § ¥ TM1400-2-22 éﬁ SN o)
R 2 F kA o

(a)
1000 3
Robeson's 2008 upper bound
M1400-2-2

2 O

R o - —P

5 >K.\°<M1400-10-2
E 0

: M1400-1-2
M1500-1-2

é 10 M1300-1-2

()

e /.\
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O M1200-1-2
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0.1 e e
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(b)

10000

- Robeson's 2008 upper bound

H)
= 1000
= g

5]
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D
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g 100 F 1\11430-2-2

o o
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Bl4-117 F 8205 2 9 & 2 78 % #&Robeson’s 2008 upper bound* # B (a) Ho/CHy (b) CO,/CH,

424, o) %
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PR - & S ﬁl% il a2 FAY i EAMERER - HREF &
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FESEMZ AFM % {4447 o A2 7 B %3 T 0 § M4 H e [ 2 VB A 7 5 LR S A H
2GRk R ) R FE > M E AR A it & 73§ f&ﬁzbrﬁ %4 4

<P d A F A FEPE RIS E A7 P FI R A 4 R R B EER ﬂ}
Wi RO PFF M Eo kA LR o AP F B 0 AR AT § 5 RIE1400 °CH I ;}%’_
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43, F 4 MFI¥ B R 2 5%l
4.3.1% I4E R H BHA

PR MMF.WL,MM S IEAY AR IEAM AT RS G BT A
oA R RFREF AL o F TR AL F EE R AR ’Kf? A2
BAM AT R sm RAFFGLE > a2 EERE A ki © 24753 B R IEA
el B IE 2R S o

3 47 P leE ket i s it

Preparation conditions

Sintering  Hearting Rate  Soaking time  Hydrothermal

Temperature (°C/min) (hr) growth
Support code (°C)

S1100 1100 2 2 --
S1100-MFI-1 1100 2 2 Primary
S1100-MFI-2 1100 2 2 Secondary

S1200 1200 2 2 --
S1200-MFI-1 1200 2 2 Primary
S1200-MFI-2 1200 2 2 Secondary

S1300 1300 2 2 --
S1300-MFI-1 1300 2 2 Primary
S1300-MFI-2 1300 2 2 Secondary

S1400 1400 2 2 --
S1400-MFI-1 1400 2 2 Primary
S1400-MFI-2 1400 2 2 Secondary

4311 #ERHEBHS

AFE 3 i % 1100-1400 °CHe e g2 2§ 4R > 2 AR ko m B4 0 BI4-125 # /4R
A TRl AcR 7 5 F CEAMELPEALS AR LG T HERG P LPan &
Pk TELum A FAMEF D SRR THERAM AR RSO MREES
Yerd e o RPN E2-3 umeo
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Y4 5.

) 1100 - abyMi0

s

B 4-12 7 /48 M A 17 (1)A105~ (JMFI-1~ (3)MFI-2> 7 I 458 & (3)1100 °C ~ (b)1200
°C ~ (¢)1300 °C -~ (d)1400 °C

4312 #FlELAF L4

AOPRAMER RORBEFFEEBAL T2 AL BRI E MEYHEd Xoray S5 RiE
FEARA AT o drB 4-13 #51 > ARG (@A G2 CaERAT O 2 (QEHPEMR S (3)- =
KEE N2 H IR O XRD SESTR] o S0t HF eI Rl B RIESE G R kg
L ARAF L% b5 ook T d B 4-13(b) ~ (0) P AT 20=7.906°(1 0 1) ~ 8.856°(2 0 0) ~ 23.029°(5
0 1)P 4 AT eIl > S0V SR TR R S/t = w Bk E 5 MFI % 2 B 4
[17] - = B pcE ~ B R 43 b S22 &2 % 0 J5d BE &te Bt B apikh k)2 w)
REzZB>w (1015 acin> wihkla > (200)5 adhd 2 b > (501)5 a2 chw>
Gl o RHY Cph2 fo FIERE > d B 41307 » PHER > FAME D kL 2120
*+ 7.906° - 8.856 ° ~ 23.029 ° 2. MFI ' #7 # ficid % § PP B3 56 2 T % » #* &7 Hasegawa ¥ & - ¢
2006 & [13]#= 7 % 4p 75 & o
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S - ke I-"b'l-lW-MI'I-'l
3 10 2o ) 48 s a

(4]
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Ibinsdy (iu)

I
'Il-.-....m\_.'._...-...ﬂ.-n"h.lu._.___,_pl_._JL _al. PR | N | -
S1400-MF]-
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= aa 3 )

Z thera

B 4-13 # /48 XRD 4 5 B(a)Al,03 ~ (B)MFI-1 ~ (C)MFI-2

43.13. F IRt BH K ZHA

2A48L A2 v A G I F L SRV F A ST ok ot > THERE AH
ERAP BP0 AMZ A R RIVRMA G P ET 8% > 1100°CA M 2 £ G ff o
8.0m%g™ % 1 5.6 m’/g » L a3t = jK65.16 A ¥ 2 3 7441 A » &3v k44 R4 0.0131 cm®/gT *
%0.0105cm%g > & * 1200 °C -1300°C A Hp¥F » 7§ An ke 2. 48%t o ot d SEMA 4758 % 7 # 4
BB EE AT £ 5 2 B Prenfdl o Flpmes b A 4G 4 B h skl B ) <
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24-8% bR gEAM Y A G fF TR LR S IV F A

BJH adsorption cumulative Pore Volume of pores

S D

oF PO between 3.5A and 1000 micros Radius (cm®/g)

Code (m°/g) A)
Vtotal Vmicro Vmeso Vmacro
S1100 8.0 65.16 0.0131 0.0026 0.0096 0.0008
S1100-MFI-1 5.6 74.41 0.0105 0.0020 0.0074 0.0010
S1200 6.4 70.63 0.0115 0.0021 0.0084 0.0008
S1200-MFI-1 4.2 80.46 0.0086 0.0016 0.0060 0.0009
S1300 6.9 69.88 0.0122 0.0020 0.0094 0.0006

S1300-MFI-1 3.6 82.20 0.0074 0.0012 0.0053 0.0007
S1300-MFI-2 4.9 70.90 0.0087 0.0017 0.0061 0.0007

S1400 4.3 74.22 0.0080 0.0011 0.0063 0.0005
S1400-MFI-1 6.1 61.13 0.0094 0.0012 0.0075 0.0005
S1400-MFI-2 5.1 70.24 0.0091 0.0014 0.0070 0.0005

Perbod A0 0 TR Y 1400°CHA M- KokB A St A2 & fd 43 mg
F 2 36.1mYg T ast s 7422 AT 5 16113 A 33k 8844 I ¥ 0.0080F < 3 0.0094 cm¥/g>
B @* MERZ ARG KREFE £ S AHIVFERZ RS 0 40 F i 51400°C
2 RHRG KBS fIREIF o REAL GG ISP ST R T EA e
ERJITFHFF HRA 2R, -

SR E X2 P IERAMIE B w4847 F o T aog AT kB E R
(S1300-MFI-2)fh 2.+t % & f d 3.6 mY/gt 2 3249 m’lg » T 3534 ;2 j%82.20 A = 4 3 70.90 A >
34k Rk AT 0.0074 cm’/g k4 10,0087 cm®lg 0 4 F AL Fli S 4 £ 2 MFLSF B A 5§
PR EH o e ERAMZIGFHA AT P 2L AR o At % 1400 CA MR T S
Sk s AP A G fd 6.1mYgT E A 251 mig s T3 861.13A F 2 27024 A 5
PCFEARE S DL R o T R TR RNERAM L G DR PR (KR VF BT ) H
S TR S ] 0 E AR AR O I e 0 @ 4 T T35 [14] -

43147 k4 0 kR A7

d 24P IEFEA M A G RERAEA T HFR > FRY A R ERAIZ AHE- I kB LI
Rz 4o jekkthdicd 5P A 2 2 484 4rS1400-MFI-1 2 4 ehfe 4k 2 #cRqd 53.1nmt = 3
209.0nm > @ F A S KRB L S IR > AH A vofekk iy 3 B FRRART > 4o
S1400-MFI-2 2 1 e #k 7% icRqd 209.0 nm+ = 3 342.0 nm > H 44k 5x 40 I 2 485 o 1t 2
g% d PESEMMBHEA T T F AN SR PHEAL L §HEF - FHF HPO B P
Cd B AT Elumoien ERAHMZ LG ek L oA AME S kR ES S LG
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fekk il RN RFZ AN A G PSPt RFDERFE A d SEMitE A TR
B w2 A RREFTE S @ Tk &2 i E o

24-9 ¥ I5F At 4 o AR R A 4T

Surface Roughness(nm)

Ra Rq Rz
S1100 22.7 28.9 58.7
S1100-MFI-1 87.5 145.0 191.0
S1200 29.3 38.1 83.2
S1200-MFI-1 157.0 212.0 380.0
S1300 30.5 39.5 65.0
S1300-MFI-1 210.0 270.0 655.0
S1300-MFI-2 272.0 339.0 825.0
S1400 42.8 53.1 112.0
S1400-MFI-1 158.0 209.0 363
S1400-MFI-2 279.0 342.0 1013.0

432 A HRPHEA N2 FWEEA
43218 A EWFT-IRE i &4

LR IR A 23 4 3 E i ?%ﬁé%‘ Lo %‘gr} FT-IR@. %> H 2 % 4o @l4-14%77 o
Bl4-14(a)%gw MFLs % 3 = 45 o8 > 1138 %1066 cm-1 ~ 800 cm-1% 547 cm-1 > 4 %] & MFI
B 24 % “-H#Si-O-Si ~Si-O7F v £ 2 MFIL 3 “i%ﬁ ; Bl4-2-1(b)pLzd) > PEIg » + 1 & £k
IRt 1775ecm-1~ 1717 cm-1 ~ 1353 cm-1% = B i ¥ » 4 %] L C=02 $#4L ~ C=O0%4-% C-N
T oav & [15]

d B4-14(c-h)? > B2 A IRMFL: % 2 i % > e v d B Y #FIRPEIR » F h 2 FHd
WL HHEC=0 « $HAEC=0% C-N# b chig R 305 35 0 7 i 52 FIF A3 g A H A4 1
Flrdts o R {EPEIR A F R hdF kg 5;;}*;‘./)%‘9; P LIRS 5 R A ;H# 1 &
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#4-9 B R #2148 A 2 B ed-spacing &

CMSM d-Spacing (A)
(20=18-23°)
M1100 3.99
M1100-MFI-1 3.88
M1200 3.93
M1200-MFI-1 3.89
M1300 3.82
M1300-MFI-1 3.61
M1400 4.04
M1400-MFI-1 4.08
(a) *
* *
*
* 0-ALO;
* *
Muwl@::

2 theta

®)

Intensity (a.w.)

B14-15 % 4577 145 At 2 plt > & 3% 3 e XRD Se 54 B 3%
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4.3.2.3 B R B A 7

RET G R R AR AT PR K B 7 A G e G loA 47 0 A 47 8 % do £ 4-109 7
TR TS PR R S SR AT L A H R e ke it PR S 2 48
F > 4rM1400-MFI-159RqiE d 10.9 nm* 2 1152 nm » 5= K-k & g2 is Bl B4 164.1nm;
R 40F AR R o BT A TP A T AR R R4 A D T R
Wedo e kA [16] - $£¢+@%mﬁ*%ﬁ%&%’¥%ﬁﬁ%&@£ﬁw%é$$¢4
A 4 AR Reptandrly o ENDT R R 0 BA 2 ek g MAs R g S ek Tl 1R
B g R o

gt oh s A d-Spacing A 17 R T OF IR R A G DB R G B RO FEEE T LG 3
BFIRR G TR EREGS D AW R o 0 SRR B EEE M o Flt > 4042225
i LFNE A FRACCE FIER ) ORI L R A @R P AHA S P Fe Tl o

44-10 # lar A 0 & 2 B4 o ek Gl s 7
Surface roughness (nm)

Sample Code Ra Rq Rz

M1100 34 6.5 19.9
M1100-MFI-1  19.5 24.6 84.8
M1200 2.9 3.6 3.1

M1200-MFI-1  14.9 18.9 29.1
M1300 3.5 4.9 9.0

M1300-MFI-1  11.1 14.8 66.8
M1300-MFI-2 42.0 52.0 154.0
M1400 6.8 10.9 22.6
M1400-MFI-1  11.3 15.2 33.7
M1400-MFI-2 50.8 64.1 110.0

4324 BOTRCEHA ¥

AFTHRAE R A2 P EEA M A FAREE T LG 2 RG2S 1T 0 d B4 16?};\
oo FW2 2o 3 REGRENHE T AME G 0 HRI4A-17 418 RV FIR 0§ - K F -
ke R EWAG 2 RS EOT AR AR KA A d R T AR :ag;_r
TR AT AG T EFH AL 0 5 - R LR

PP AT - B AW SRS 2 B ok 4110 0§ A - Aok
Sk BE ST WG AR AR Y AR A 2 WA AR G PR R 2 TR o dr
BIF TR T i G R BAFEI RS A BRI AT b REF A IR B
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AHRI; F - RS AEAM ASIFO-SIESI-OF it AEF A F4aA 4 4E - BT F A F4a
LR % ERAEWR RG> 3 b 2 Tged BEA T N oad WEAS THER
5B BT £4.987um -

# 4-11 MFLE "2 05 A 45
Membrane thickness(pm)

Substrate 1100 °C 1200°C 1300°C 1400°C
Al203 3.994 4.05 2.794 3.188
MFI-1 4.519 4.969 3.975 4.106
MFI-2 --- - 4.987 4.837

Bl 4-16 L4 xgp itz sl s + G E Fwd 5 2 5 EHER (D4 5 ~(2)R % > (a)1100 °C
(0)1200 °C -~ (c)1300 °C ~ (d)1400 °C -
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B 4-17 L 4520 [E A MFI-L 2 g 2+ G W4 6 2 Rl SR (D& 6 ~ (QRle -
(a)1100°C ~ (b)1200°C -~ (c)1300°C ~ (d)1400°C -
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Bl4-184 #0# hE A HMFI-22 B2 3 835 594 6 2 5 SR (D26 - QR
(3)1300°C ~ (b)1400°C

4.3.3 B F M A Freis 2 453
4331 BEAFEH

Bl4-195 @& * MFI# [4e A 1 & 2 RO 5 S - BRIV H IR § 58 - R E 22 A
AR T R A G AR UA LA T EE RS S AR o BERE
M1400-MFI-1& %5 F 2 4% 7t H, d 1267.25+ 2 1 1346.19 Barrer» CH4R7€15.83 + 2 1 17.32 »
RARERG PR M2 ARE o 0V A FlRUEE RIEE R > FRBBELLR -

peek o Bl4-1977 B or MFI-2%7 [4e A L & 2 % 35 5 - o @]v‘ FHRE AN kR
R TR LRSS RE R RRG ST G LS Pl - R0 2 1300°CR MiE A R
2O WA AW B 55 BF o Hyei% 5 5 d 1297.88 Barrer + = 3 3066.70 Barrer » CH,

RI€5.39F = 1 89.33Barrer o ¢t ¥ gy Flo R #MTA A2 MR RE > Sh2 L2 iR
5.3x5.6 A2 B F3tif 2 5.Ix5.1 A48 kI F[1718] FRA AL { F F OB Ay R F

FEFF A Mg o

*E G 7 A HL/CHy ~ Ho/Ng ~ Oo/Ny ~ CO./CHgiE (735 % 5 4834 > B14-20 5 MFI-1# [4 £
HEE2ZREER S > d BT EH S “f M1400-MFI-1% ™ " 2 % » Hy [CHgf%_
115147 "2 2 77.48% » HAp g M A F HemE R F % 3 L2 R % o 2V L F1B A F 48 F A4
A4 RBITR 5 FE w2 B ’ﬁii EY ,T %o %rﬂ:,ﬁj&a Pt ABH o F 20 i * 1400°C
T R d BETR &7 8 AL TV F A2 v 4 5 7}%“’ G PR A R R
SIA00° CHAHM SR AL FIAHRIRZ R EF APRZEITIEEIVFZ R FRF LA
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b iR RS L S AR R FERSG TR

phek o d R14-20% SMFI-27 AR A R 2 BOCE R F > F RIFwAH S T arila 2
BEiE 3 0 B R MFI-Le 148 A+ | 2 g Ap v UM 1300-MFI-2:8 3% 5 5 P &;5 “?ti'%",‘%
#h (Hy /CH4#£251.557 * % 39.91) » @ M1400-MFI-22_ H, /CH,:% #% % j€115.14 + < £ 120.87 »
PERARL S FRBELIFRRFEAS AR

4000 | 11100
N M1 100-MFI-1

Pemeability( Barrer)
5
b
Pemeability(Barrer)

2
2 2
2 2
L

Pemeace gas

Pemeability (Barrer)

HI co2 02 N CH4

Permeace gas

(e ) (d)
F14-19 MFL® /48 4 H 395 887% 15 2 8/ 35()1100 C ~ (0)1200 °C ~ (c)1300 C - (d)1400 C

350 e
= 120 e
300 . M1100-MFI-1 120 =S s -
1104
250+ 100+
200 80
- - = 4
H £ ]
£ 150 2 gpd
k] & 504
1004
50
ol
H2ICH4 H2MN2 oamz2 CO2/CH4

H2CH4 H2mMz o2m2 CO2/CH4
PP,

@) ®) o

Selectivity

H2CHS H2MN2 ozNz CORCHA

© ‘ @
B14-20 MFI# /48 2k 4 %38 %05 19 3% % 2 8% %5(a)1100 °C ~ (b)1200 °C ~ (c)1300 °C - (d)1400
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4332, BIF WA 52 VR

FEIH2Z Ay L EBE TS S ERF AR > R 41297 0 T A
FRBAEFE A2 BRIV F A edspacing B B o s S AR IVFHAE M E T A A
BLFE R FRAIGEZ R EE/ TG RS DRG o T EEAM S AUk R
ZEFF ARG P REVRFEFEREDFEOZESFIEER T o

24-12 3 R IE RS AT R FHA TS

Sample Code  Support  Support  Rqof Rq of D- P2 Praicha
(Dpore)  (Vtotal) support membrane  spacing
M1100 8.0 0.0131 28.9 6.5 3.99 3503 32
M1100-MFI-1 5.6 0.0105 145.0 24.6 3.88 2223 260
M1200 6.4 0.0115 38.1 3.6 3.93 2653 47
M1200-MFI-1 4.2 0.0086 212.0 18.9 3.89 1501 119
M1300 6.9 0.0122 39.5 4.9 3.82 1192 147
M1300-MFI-1 3.6 0.0074 270.0 14.8 3.61 1297 251
M1300-MFI-2 4.9 0.0087 339.0 52.0 N.D. 3066 39
M1400 4.3 0.0080 53.1 10.9 4.04 1267 115
M1400-MFI-1 6.1 0.0094 209.0 15.2 4.08 1346 77
M1400-MFI-2 51 0.0091 342.0 64.1 N.D. 1947 120

AR g - W R-R B e % 2 2008 £ Robeson £ i % 112 Upper bound % & < e
2%:%’% b SR T g B o] 4-21 T ”’?Iﬁl*\k’ﬁ FI* 7 YR R A AR

FoRFE S ZFEEAP TG LA F &E B B HCHy % 5 2 3E 48 v 3 424% 2008
Robeson’s Upper bound > % 77 ~47 7“7 8 if 2 B UARAR R A F 3 S F-E R F T4
2 "] o

B4-225 % o Gl %2 A EH 2 B A F & E %% Robeson line CO,/CH, " # B » 3 IFL",/‘ K
M1100 ~ M1200 ~ M1300-MFI-2 + M1400 ¢ H & 2 4 5+ ] % 2. B4 A 5 &5 % COL/CH, » % i
4z 4%2008 Robeson’s Upper bound % # -

&
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1000
g Rebesorts 2008 bound M1300 MFL1  M1100-MFIL1
> obeson's upper boun
5 \LL300 /1200 MFL
S \ [ ML00 L2
%100 F M1400—_’9 M1300-MFI-2
2" o
E  Lirc
) — 0
e (I:I) 1300°C
<10 - 1200°C
an 0 1100°C
Q L
[
an
1 L L L Ll L L L L L L L
10 100 1000 10000
H, permeability (barrer)
B 4-21 % Jo B & 05 2 A2 A 5 & iE & % Robeson line Hy/CHy v $i /8]
10000
.'Ei Robeson's 2008 upper bound
= 1000 | .
= H M1300
= MI300-MFL1 M1100-MFI-1
w
E 100 } M1400-MFI.2
& x
5 MI1200-MFLT i~ MI400-MFI-
= g | oem0ec MI400_7 A
ST B0
© 1100°C M1300-MFI-2
1 . . . .
0.1 1 10 100 1000 10000
CO, permeability (barrer)
B 4-22 7 [ ] & 1% 2 0] & 2B A 3§ E 55 % Robeson line CO,/CH, +* # 8]

4.34.) %

AR T AR iR A hb RS S FEEE2 Y SR F A E
A RS o G RERFEEI HE A2 ?it%?lért?zt’\ﬁ ‘*1‘#’ x
i A E A %V?k—é"a‘ﬁl;‘ii‘é%i’ - FE AR R A E T L B T
FAEAMELSER A RESF S RWERFET Z TS HEAEAM 2 BV E s e o

FrSEgm oy S 3 e A2 B3V F WAL dspacing B 5 M o 4R =
SOKBGFRFRF AT BAS TV AS LEITF A PRV b gD %ﬁﬁmiﬁﬁﬁ‘?ﬁﬁﬁ‘

A5 ;ﬁd 2008 # Robenson %—*“a% Upper bound #p +“ & » #2148 A+ 2. Ho/CHy % % % i

m
ﬁ st ¢ 42 4% 2008 Robeson’s Upper bound » % 77 47 3 #7 8] & 2. g W% M AGAR B & 3 W%

EEFT G A2

4».
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44, F4TiO¥ Bk 2 %k
4.4.1 TIOJALOs & H ¥ i 454 45

4411TiOxk 2 4 A E Hdp

#F7 % A1 Sol-gel 25 Wk 3 A E s R 0 P ERR PH A Y 5 5(TiN5) ~ 4(TiN4) ~
3 (TiN3)2 TiO, ¥ & @ R & » #] . Sol-gel shil % #2 7 ¢ pH & § B kg é & 5 2 ffpes o
;%ﬁMPT}JMiiﬁﬁ’Eﬁbiﬁﬁﬁﬂﬁ”*W&Hﬂﬂﬁiﬂm%¢’u&%MPT
S ESUEAE ST 2’"5 @ KRR 0 m F T A 2 e PIE AR S [87] 0 2 T T AR
Tl % TIOy ¥ A5 00 0 s B 4T B 2 B8 bR X T B (FE-SEM) » B2 TiOo # %
LA R B ORT < fJ~ o B 4-23 7 5 SEM g2 TiO, » I #r 4 2 2. TiO, Mok cnvh gas iy
i Ap i ¥ 35 Rk :%fﬁ R KR Y OB IR RS ] T ?];‘,’F So Rl BB e @ fE RE AT
8] 0 @ 4 0.3ml (PH=3)8 ik e Hhd 3 % B o

@TiN5 () TiN4 (c) TiN3

B 4-23 3 kAR 4R & 32 TiOp# % FE-SEM Bl  (a) TiN5 ~ (b) TiN4 ~ (c) TiN3

Wi m 2 TiOp A5 B RARERL > W ¥ VRIS fAdip 0 — B E4ndscFh(Anatase) & 4p >
¥ - B 5 &2 % (Rutile)fs 48 > 1345 JCPDS F#LE > Anatase f» 48 #5s > $E&F4E 1) 3 25.3°
37.8°+48.0°+53.9°+55.1°+62.2°+68.8°22 75.0° > @ * 7 T HEF W K TIO et H B &
Yo 4-24 Ao o KB Y T OUE IR > A e osol-gel Ak e pH B H AT R e 42 R B R T D

v

BB#E’%R?,&“J’(°
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* Anatase

Intensity (A.U)

2 theta

W 4-24 7 AV 4R & 4 2 TiO,#5 % XRD BIs# (2) TIN5 ~ (b) TiN4 ~ (c) TiN3 -

4.4.1.2 TIOJ/ALOs & H % & 5

A FET 1400 CHER T ASL2 § 4R X R TIO R L ¢ R A G B4 B
425 % TiOALOs 3t #eHEA 11 © 4 Wl 4-25@)7 11 F 710 RAeni 4kt 4 5 K42
B F s 2 B B TIO, 342 120 H &3 )5 § P BT - 4o 4-25(0)-(d) 77 » i i
PH i 6 ehsol-gel i i# SRS § 05 %)% 1 46 TIOL | (AT )2 AL TIOL 4

s 4 0 R R G ABR e 0 R iEbrA 4 B A BRI G pH 5 4 chsol-gel 3k 2
T.ozawmwzs(e) @) . wm4-25(a)mfwrz+w%mﬁiwﬁ R
Ak I ST A T|Ozm"s—’é1 g e ¥ b pH B L 32 TiO, TR Rt L &
mggwms i T L RS TG r%ﬁé%ﬂ?t“ T TIOp WK R A ¥ AR
R B4 b ol S TION AR Ao fe iRl H 25 63 7 PG LT 5 b pH e BT
He @Gk G R A G LR /fﬁz&ﬁ*%’i}u}'ﬂ AL ARG xR ) F A TIO,
BB RICRT R R A2 HR 0 &7 W 425(0)~(A)E R PR RARE 0 TR S b
A TiOp # v fy AL B AR B o @ e L AR B 4o P F13 G pH RMATRB T SR A E 5
Bl o I RRRCE B 0 AV R B P A A G 2 5 RILR ALOS TR vt
4 % TR 3 RN e A F #E 2. TiO, & R A, A o
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(b) TiN5-2 (c) TiN5-3 (d) TiN5-4

f
- f 3 Ve Kol 2 .
!

EM X10. n " NCHU 5b80 SEM  LE| 50 SEM_ LEI 10,000

B 4-25 %72 e fert2 TiIO, ® B A A+ 4 o @ (a) Al.Os ~
(b) TiN5-2 ~ (c) TiN5-3 ~ (d) TiN5-4 ~ (€) TiN4-2 ~ (f) TiN4-3 ~ (g) TiN4-4
(h) TiN3-2 ~ (i) TiN3-3 ~ (j) TiN3-4
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4413 TiOJALOs A H % & I & 24 A4

SBRfEAME G TIO AR T3 M4 e anTi 3 & #&i&i7 XPS & m
AR LIRN AR R S 1ol ,__er)a A & g T b]:ﬁ,? ' Ti mm%{ S E
Al Tidot o] dodk 413 9557 - PHRAM A5 0 Ti 3 BT EFE A I
f’v’ﬂi‘%ﬁﬁn‘vi’ii‘%ﬁ P ¥ Ay W 5 37 pH E < sol-gel /a/rﬂ Fendoa TilAl
2 2o BP0 TING # FAF @I g Tio 18855 pH#&RS
IR BT ﬁrﬁwﬁﬁﬂaimﬁiﬁiwéﬁiﬁﬁﬁﬁﬂﬁ%%ﬁéiﬁ@
sl A2 PR TIO K 5 7 % I H pH i 13 ’fn’ﬁfr%ﬁ w@&’q&g &k R

(T3 AR

- S v @18 A G TR G T Bl 338 SEM ATEL R T hIR % 4P
B o
% 4-13 % w2 2 TiO® FFE A4 Ti 7 £ 447
Concentration (%) Ti/Al
Al Ti
TiN5-2 4.7 95.3 20.27
TiN5-3 2.9 97.1 33.48
TiN5-4 2.3 97.7 42.47
TiN4-2 59.7 40.3 0.67
TiN4-3 51.7 48.3 0.93
TiN4-4 43.3 56.7 1.30
TiN3-2 554 44.6 0.80
TiN3-3 54.6 45.4 0.83
TiN3-4 47.2 52.8 1.11

4.4.1.4 TiOAL, Oz +13¢ i A 47

241 SARAM IV EAGH IV FEEE I FHELSITEE o dodk T
VOIS TIO, ¢ F""é; BAFE ST A G R RIVIFRF L 2 DA 0 2R
i3 TiOp 3 S § 5k at i BAE(W 4-23) > @ Wi+t M7 2 4 A
gt &5 ff 2 st-;wﬁff FObE UOEIRE AR pH B K BoehAd o H &
BRI A LR AR o @ TRV S Rt oG e kb s 42 TIO, %
TR Bcd 2 RS 3K T B A D TIO R » dVF 2 ¢ B T HAT hE
Hteo e A AR fh s T T el 0 A f PR G B e D
4 R pEFatr LAk TIOp 3p g = & > pLpF § FApR bR iTia s > R WA
AL G AETE 0 THEIVE A enlEa) e § ok e v pH EiER o TiOp Rk
Y R R g &5 et o TiO, & B 4e > € & 24 S vt Log ff o
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r—] “\{gj; U ég-ﬁ T F % oenv F’“%] pH uaigéc ’f;f%*"“%\mﬁp § iR br
ikt g E

nm ¥ 3U % >50 nm E 3t 5 i ><2nm 0 45( “i‘a%vmﬁ\%‘“% = ’w&FTi]‘”mT'OZ

SO E AR BRI o g N g a2 Y o BT

14 B A A HE S R

E RV o S R BNELE IR X F

Code Seer Dpore BJH adsorption cumulative Pore Volume of pores
p

g @m) between 3.5 A and 1000 micros Radius (cm®/g)

Vtotal Vmicro Vmeso Vmacro

Al,O3 4.3 74.2 0.0080 0.0011 0.0063 0.0005

(13.75%) (78.75%) (6.25%)

TiN5-2 9.3 385 0.0902 0.0017 0.0445 0.0438

(1.88%) (50.44%) (48.55%)

TiN5-3 130 27.1 0.0885 0.0024 0.0487 0.0372

(2.71%) (55.02%) (42.03%)

TiN5-4 38 176.3 0.1686 0.0010 0.1071 0.0603

(0.59%) (63.52%) (35.76%)

TiN4-2 106 811 0.2150 0.0018 0.1295 0.0836

(0.83%) (60.23%) (38.88%)

TiN4-3 182 622 0.2833 0.0032 0.1998 0.0801

(1.12%) (70.52%) (28.27%)

TiN4-4 164  60.6 0.2489 0.0025 0.1471 0.0992

(1.00%) (59.10%) (39.85%)

TiN3-2 13.0 296 0.0970 0.0024 0.0500 0.0445

(2.47%) (51.54%) (45.87%)

TiN3-3  31.0 9.6 0.0746 0.0046 0.0420 0.0278

(6.16%) (56.30%) (37.26%)

TiN3-4 192 465 0.2238 0.0029 0.1093 0.1114

(1.29%) (48.83%) (49.77%)

4415 TiOJALOs & % & iR & #

B14-26 277 5 F1% B3 + B (AFM)A 47 A H % 5 2 4ok #c(Ra) & % o
d B¥ R AFM “rEEIL Y & 3D Bl F v ot #E 5] 0 SEM Bl4p 01 o
Fade R TiO o0 0¥ 1 47 (M) 4-26(a)) Az Ak 5 56.8 nm > @ F] 5 fl s 4o £ 4R 1L
o AH A G BREAR TIO Bk TRE L EFAMpEEF o Eibrd 2 P i
Blxes T BRE G ke kbR F Hte a8 E o A G pH & 5 4 TiO 1 0 & Rdn
%Hwﬁ%&&W%tﬁ@umamm HEF L TiO, B4sad § (L4817
Wk 2o B EH LG Aok y TE¥ o ﬁ’»w g pH E S 30 TIOy (6 » #7HF
Flenftt 4 5 SHE pH=4 % 5 4p v > K 3D B¥ 4 il?a’r"«rjrtﬁ/ﬁ! i ERE R
W Xtk SEL KA en R G T RS
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M At E w A g%%}%;ﬁz FERES AR EEA AR T LG It E R
J4peni & RgEZ - o SRR R m%m i g A

45 5 BRI bt’ftkﬁm;fsﬁwa@“ﬁ o ek L ;@;‘Hmﬁ&
?%%ll;g’fé%ggagﬁﬂ%f:ﬂyét’ 7:,\.&53':&\ V‘\’.\'%K% ]l{o]E {.‘i’— ’E};fi"?_

MR XBEZLIRABAY G P A ——J-é;éj"-r,ﬁlrﬁ BTG LR 4A gAY R

ORI AR E *wll“

() Ra=56.8 nm (b) Ra=26.2 nm

(c) Ra=56.3nm (d) Ra=99.1 nm

(g Ra=36.1nm (h) Ra=49.8 nm
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(1) Ra=47.2 nm ()] Ra=40.7 nm

Bl 4-26 # I TiOy % i & #icz &+ % o d2 e A 47 (a) AlOs ~ (b) TIN5-2 ~
(c) TiN5-3 ~ (d) TiN5-4 ~ (€) TiN4-2 ~ (f) TiN4-3 ~ (g) TiN4-4 ~ (h) TiIN3-2 ~
(i) TIN3-3 ~ (j) TiN3-4 «

442 TiO,¥ B & $HCMSMA iF oki el 4
4.4.2.1 BB 21 g I B

FEA T 8 E R Y ALOg 2 TiOJ/ALO3 4k +1 ¢9 SEM Rl %oh A 45 » 4
Bl 4-27 82 % 4-15 #57 © FIPEl p74 a4l 2 4k 0 sk o B 7 g
TR E Y 5RO R A RO A o A JRIARE Y § 2 R4 ALRO 5
APt 8 e G TiO, ¢ P A B AR 0 AP BRGE 0 2 R
Floi Ay ASESA IPPRFOFRED BB AL IEEELRF TR - GY W
TiOy ® B & 14 > B ¥ KR Y 5 IV P AR 4o T RE R A A 5 o A AR
4-28 B £ T A Blr T UG R g R ARG TIO P o E s 5 i AR BB N 5
BT BEWE AT AP LK > Sa g TiO? B &> Flz F TIOEA &
b A MR P A N A G BASRT EdekkG > R BATRT BB T
FORA BAERE T R AR R T @ RRT AR
B iS5 eiE
4 4-15 BEWR A 49

Code Membrane thickness (um)

Al,O3 2.13
TiN5-2 3.01
TiN5-3 4.20
TiN5-4 4.50
TiN4-2 2.62
TiN4-3 3.60
TiN4-4 3.64
TiN3-2 2.27
TiN3-3 3.09
TiN3-4 3.60

70



(al)A|203

(c1) TiN5-3

(e1) TiN4-2 (€2)TiN4-2

B 4-27 % 5 2 F TiOp ¥ B & chik#t 4 & (1)% 2|5 (2)FESEM B : (a) Al,O3~(b) TiN5-2
() TiN5-3 ~ (d) TiN5-4 ~ (e) TiN4-2 ~ (f) TiN4-3 ~ (g) TiN4-4 ~ (h) TiN3-2 ~ (i) TiN3-3 ~
(j) TiN3-4 -
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(@) AlL,O3

2 w
LEI 3.0kV  X5,000

(b) TiN4-3

NCHU 0 SEM LEI

B 4-28 % ¢ B2 AorlEm e+ FE R RS * F(a) Al.Os 2 44 & 5
o ‘(b)TIN43§»ﬁm«‘%Jﬁ °

4422 BRI BN =R

A&7 4% EDS hline scan 45 R G B > 4ol 4-29 #1570 AP AT | T e
BRI GREPAR 2 ge AR & R % uc)i » s f{’lﬁgf*‘ S F o BT P EREIIAL
i3 &7 e AL Os #8425 VR R BF > @ TINS 3 477 & P B die TINA ~ TIN3 i< » iz8 _F] 5 =
Eor I TINS Flo e @ Rl GRAML G PR B > FNEGHE» 33
RPE O RELE O~ o e F S BRI éﬁt#ﬁ@lﬁ]ﬁ‘nli » @ TiN4 22 TiN3 7] immTlOz
PR E A 0 WA MR R s i R 2 R hg
AEEERE B PN T RS RIGERRS oA V-2 TR kG2
I & ficie 4p e pH & 0 TiO, ¥ ﬁ%&ﬂ#ﬁ‘ BERBEL A A Fp T ik b4
TiO 4 | 21 3 i SR FB R T H P R il & R Flo ¥ b v 18k 4-16 W05 2273 ~
RV B B ER R RS R RIF S § R - AT 0 1 A
I WEI A4 5 ALO3>TIN3 =TiN4>TiN5 -
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(@)

(@)

(©)

(€)

Counts

Counts

Counts

Counts

50

(b)

404

30

204

= Aluminum
— Carbon

o

I
’.\N.\/\. e
8 10 12 14 16 18 20
Position (um)

(d)

140

120

100

804

60+

40

20

—— Aluminum
—— Carbon

7 f T
4! 6 8 10 12 14 16 18 20
Position (um)

(f)

140

120

100

804

60+

40

20

Aluminum
—— Carbon

T T 7 T
|4 6 8 10 12 14 16 18 20
; Position (um)

(h)

140

120

100

804
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(i) )

1404 —— Aluminum 1404 —— Aluminum
—— Carbon —— Carbon
1204 120
100 4 100
@ 804 @ 804
[ =} f=)
3 3
o 60 S 604
40 40
20 i ' 20
'
0 Q

T L T T T T T T % T T T T T T T T
0 2, 4, 86 8 10 12 14 18 18 20 ] 4, 6 8 10 12 14 16 18 20
——1

22 (um) Position (um) '2 2 (um; Position (um)

Bl 4-29 7 I A4 @& 2 FEDS o #F4 B © (a) Al,O3 ~ (b) TiN5-2 ~ (c) TiN5-3 -
(d) TiN5-4 ~ () TiN4-2 ~ (f) TiN4-3 ~ (g) TiN4-4 ~ (h) TiN3-2 ~ (i) TiN3-3 ~ (j) TiN3-4

% 4-16 SR IR AR 2 EE

Preparation conditions

Code Membrane Interlocking

Thickness (um) Depth (um)
Al,O3 2.13 2.80
TiN5-2 3.01 1.60
TiN5-3 4.20 1.40
TiN5-4 4.50 1.40
TiN4-2 2.62 2.20
TiN4-3 3.60 2.20
TiN4-4 3.64 2.00
TiN3-2 2.27 2.40
TiN3-3 3.09 2.20
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4423 BG4 I

A AL G A3 E SR T IR FTIR R #g  def] 4-30 #f
7 o PEI B A3 4 & % i 1775ecm™ ~ 1717 ecm™ ~ 1353 em™ £ = B =% > A wl i
=0 L $4L ~ C=O #4452 C-N F it JA[89] = o W1 4-30 ® 5 F| » J 4 18 45 e Al,Og
#3?,@9;% g mﬁ’**'ﬁ TiO, tﬁﬁFmZtkﬂH BE #\’?Iﬁng)z Bk AR > 2T d B
PFEILPEIF A F R 2 PFHTAE 2 AL C=0 ~ $4E C=0 2 C-N % 4 chip & § 35
ABE > £ 0 A_TINS otk 5§l 4-30(D)-(d) > ¥ vt g D14 A 7 OATAEF O R B 4 A R
BoHBLAEAIWEAHAS LR @ pE| 3O R R L 5 R R
PIRRAT R F RN ARE {5 ,T 2o F ¢k 5 TING 2 TiN3 ek &-82 28 L 9 R 33 e
TR PR e ANEF Y wéjﬁxf@wa SRR B8 5o T4 SEM B £ XPS
A5 44T PH 3 5 TIO ! A TS A ER AT AT RS SR A T
# % TiOp 22 PEI B 4 F 4% » F'J:FT-IR Blahe % hip RREMA > @ pH 5 32 4¢n
TiOp I FI2% 520 & 6 chE > o prif 33 chig R P AT © Bt d FT-IR Bl ¥ 148 fo 5
AR AMTALCFRES S RETEAMAAPL T I Fatd A kiR
PR AT AR R RS R R pH R GG W s
5 TiIN5>TiN4>TiIN3 >AlLOs * % i 4 k>3 k>2 K -

1717 cm-1 1353 cm-1
1)) 1775 cm- =

L A fﬁw\ﬁﬂwﬂf/ AN
M

Abs.

T T T T
2000 1800 1600 1400 1200 1000

@
Wavenumber [cm-1]

Bl 4-30 % I A+ E & 2 &% FT-IR B:#(a) AlOs ~ (b) TiN5-2 ~ (c) TiN5-3 ~ (d) TiN5-4 -
(e) TiN4-2 ~ (f) TiN4-3 ~ (g) TiN4-4 ~ (h) TiN3-2 ~ (i) TiN3-3 ~ (j) TiN3-4 -
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4424 RiGiew 4 3R

@iéﬁﬁﬁﬁﬁﬁﬁ%*ﬂﬁ“%béﬁﬁﬁsﬁ%&ﬁg,@wﬁsgg%w
VOB LA A6 (7] M 0 0 fRELE TIOJALOs B A L L8 s
Bk epir A4 - PArles o B - HBLe A3 md &> F
FH Ao P R FLAMA R T A Ao REREe R ET ARMAR > F 2R
EHIL DT N AT KR ER A NS A2 Bl 4 kA e A
Zoo B K ] o AR 431 F M R4S E AR A iRl & S o) (0=105°)5:8 12
A fs e F @ € B4 B B 4 (0=12.6°~21.0°) i £ %1 5§ ALOs &4 % i TiO & 15 -
B A E AR A R F o & G PR Y g Hmge b B
18 gl & M RART B TR (B e kb B A 1t 0 BT kA AR B e grdRr
RN EE > RBRF B PRAT IR G T g H e g A FAEDEY BR R B B A T4
4 ¥ endral o # d-spacing EH{ 4e o AP F LA b AT E IR > R 4 2 AlLOg >
% iw TiOp ® R R 182 &4 -

(a) Contact angle : 10.5° (b)Contact angle : 12.6°

(c) Contact angle : 20.7° (d)Contact angle : 21.0°

(e) Contact angle : 17.3° (f)Contact angle : 16.2°
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(g) Contact angle : 13.4° (h)Contact angle : 18.5°

(i) Contact angle : 16.7° (j)Contact angle : 16.2°

B 4-31 &+ 4 5 278 & B A 45 (@)ALOs ~ (0)TIN5-2 ~ (¢)TiN5-3 + (d)TiN5-4 ~
(€)TiN4-2 ~ (A)TiN4-3 ~ (g)TiN4-4 ~ (h)TiN3-2 ~ (i)TiN3-3 + (j)TiN3-4

4425 #t B4 =

e e A [S6] 0 A AR G g Bl R DA P AL S Bk 2
T Flakt RS ETHA A e A2 RSB R A E A o i s
AT i F A I T B RS B W F A T BEE TR 2 TR
TE TSRS e - i TgEET o

AT S RRRGTI A OF AT ETY R dod 4-17 17 o 4P A
[ARGRE ﬁil T Rhs AR s B 1 AlOs A H R > 1 Tg & 212.5°C > e x pH
54 TiOx 18 > T Bherwg 3 4e a4 » 1P x 0 5 = k0 TiNA-3 2 % 1 218.26 ',Z;xﬁx
5o B A g G TIO, ¥ B R SR R A ARk b R s*:é_ f

FE A AR NER A2 AL BB EFWMEE RS <] & A|2O3
>4)§; >2)§1 >3k o g i 3K TiOy ¢ B A Tl & chiEns» 554 93 B4
EFole] A HE T a4 > ¥ F B4 S 4R ihb AR TR o

3 417 G & B TIO, e A 5 R T (R A (Tg)

Sample code Tg (°C)
Al,O3 212.5
TiN4-2 216.65
TiN4-3 218.26
TiN4-4 216.37
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4.4.3 B FIHE WA E A
4431 A HBFIHB S F ol P

AT R* A2 EEEE T AIR S22 §F YA W S A AL AT
R TH - FMIBERIROFEFRT R AH. ‘*f?*ﬁ*“% %3 L E v 2. B 5 B 4-32
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Y }9@

ol BT BRI ke o B A T 0 LA RN R
& H2>C02>Oz> No>CHy» 2 & &2 5 gﬂré’t&% o Pt b K Rl & T OB ILEMIE G
ig*/zﬂ'ﬁfr;ﬁﬂ;,ﬁwcgig%c vm G TR ARR  FAANPTY UFRE = b pH EPEF D
1 TiO, 3 4 {5 & i %7%32%'—"?% 7 #EHF’ P ST P ﬁﬁwﬂ TIN5 > H %35 5 p &g
< * TiN4 22 TiN3 > @ TiN4 x -] b5 B >t TIN3 » /%% 5 < -] 5 TINS5 >> TiN4 > TiN3 -
A E = BARSY] BB BRI Hor R CERERAE T M TEBRI 4R
ﬁ I~ 1“%“3&}%,;55};3% 3 &gm;xm;ii,4< o §— 3 g AipE IJ'F,—“'J }%'ﬁp%?:“ 3
&7 2_ Al,O3 fﬂﬂf‘ﬁiﬁ’i”’\ CIENFRBB AR RIIEET 0 B TR G B e A
FOLR Y f T AlOs 33 Rt i B Sk i (G AT G do e ¥ e AT
ﬁum,ﬁﬁaﬁn%%%%’gw$%ﬁﬁ*iw%’ﬁ%%ﬁﬁﬁ%@ﬁ$’@”
RAEE E LNV EY SRR SN BRCEEE SR

T AP RT U R EF TIO G K b BB BRI SRR 0 e g
e pH EE G2 EBDTIO HHI HURRT & 5 <81 > FP RT3 Bik
A H IR Bl o FIS F AT bR M A G N TIO AR S » FlaEEA) S ¢
% PEI gt %35 > aAple pH BT > chrEEE 8 6 K BoH 4o P RDR 35 SaBE > 7]
DR S N E SN R S R R e ERECLE 02 T
4 o

B BB 4 kg
R i '}%F%;mzﬁz‘ o T BGE
4SBT  E )

%R r,;\ = i3 eﬁﬁﬂAlzogﬁﬁvxw* 4 g i TIOy @
i%éﬁ% SUABE > T BT A H T e i
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(@) pH=5 (b) pH=4

1200 1200
A0, .0,
TiNG-2 I TiN4-2
1000 TiN5-3 1000 + I TiNsg-3
[ TiN5-4 [ TiN4-4
= i = J
e 800 L & 800
© & _
8 o
2> 600+ > 600
3 5
3 S L
£ 400+ - £ 400 !
5] @
o o
200 200
0 T T T 0
H2 co2 02 N2 CH4 H2 co2 02 N2 CH4
Permeance Gas Permeance Gas
(c) pH=3
1200
1000
E 800
©
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> 600+
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£ 4004
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o
200
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H2 co2 02 N2 CH4

Permeance Gas

Bl 4-32 % % 7 I & B2 sol-gel 73 % “T & 2 A% % 5 pH=5 ~ (b) pH=4 ~ (c) pH=3 -

443288 9F WA I 2i v R

57  i&— % %2 Robenson £  ** 2008 & *74% 12 Upper bound limit i 7 1+ #[90] -
H % 4o F 433 “6 0 B I AR § FELE 2 A HyCH, » HaCOp 2 15 55 8 48 iy
% it 4z 4% Robeson’s 2008 upper bound 2. *T ogjz’.; b fdics AR A g
BRI R AR G TIO ! B A5 E T R ki L4 5 AlLOs
AT LG R AL A'zos ’fi? ok iR R LR g
@}Fﬁeﬁ”ri’t: FAERAIENRS PSS Bt ® ALOs it B4 i 4 b -

B EH RN

@ b g Ho/CH, @ TIN5 ~ TiN4 2 TiN3 thi= % 335 » TiN4 2 TiN3 =3+ TiN5 12
b R A SRS e A R PR D R T R W
FITING 3 f B > 5 2 224k B § 3 g RE R TING 2 TING 4 42 0
FHPEE S o ¥ et TINA 2 TIN3 e B 48 3R 0 3 I RE 30 TiN4 g b TiN3
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FRFEET SR AL E TSR Mo FITING chi- F a5 5 R 2 TINS 5
FIotE oL plde A H S BT o
¥ - 3 Gt Hy/CO, ¢ TiNS-TiN4 2 TiN3 i % 4 3 TiN4 2 TiN3 =% TiN5
ko rj&{gi@m ERNA SRR RBEEBRI GG M FIRI Y
PR gen FPRE ERET > 2 RTINAZ TIN chiz B3 > TiN4 I 3% ¢
WOTING § B eE S 0 IR B TINAchit B4 s RTINS B M o
Wi ARV R E L R > B ssoga 4 o

FlpkE L b

(@) Ha/CH,
1000 [ .
- Robeson's 2008 TIN3-3, o »TiN4-3
L upper bound TNy @
2 TiN3-4«—8 O s riN5-3
=2 TINZ-2+—®2
*5 // * .
5} TiNs-4® v\ TAqinsa
) Al203 %
@ TiN4-2
g 100 |
uJ L
=¥
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w0
@)
.
(e}
o
10 100 1000 10000
H, permeability (barrer)
(b)H./CO;
1000 ¢
2 Robeson's 2008 upper bound
E 100 -
E
— TiN4-4
2 A L TIN4-3
é 10 h & _»TiN3-3
5] " do— > TiNa-2
Q,.: @ 0 AN
o ATiING-2
O
a1
s
0.1 1l 1 1 1 1 1l J
0.01 0.1 1 10 . 100 1000 10000 100000
H, permeability (barrer)

B 4-33 7 I @l & % 2 2 j& %27 Robeson’s 2008 upper bound +* i

(a) Ho/CH4 ~ (b) H,/CO; -
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(a) AloO3 (b) TiN4-2 _
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Bl 4357 b AH & 2 FwFuRE R (a) Al,Os ~ (b) TiN4-2 ~ (c) TiN4-3 ~ (d) TiN4-4
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R RS R S U AR et SR S R SR
e ® %ﬁqa FE o £ WA TIONE A S > 8- H hif
A 2 FAF A P TiO 4 £ ~ A | 2 F3 3

F Ay A “”E’m EE A i
AP RO A
B e 5 o
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BEFE A 2 TH AR AT %m“ﬁ“’*Eﬁ?i*’%ﬁr‘é/?*a"?%#"h’%ﬁ
SR G R B s BRI S A B 2 F”mwé«rﬂ}l%wﬁﬁp’%
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45 Ak {iE s -4
AS5.1/ M 1 s lE o 45
451144 % 6 A

B14-36 = ApFekis G TiINA ¢ & S~ 7B - KR P 7 12 p? Mg R
Ak TINA At 4 5 % IR K & H () 4-36(a)) 1o A 41 £ 548 14 F) M7 48 {4 (]
4-36(b)) » % & B o & RIERAR BT HOR e o 3# i€ 8u RSl SR RN O
RERAR N A G ASABT B o BB R RIS S AT REFFAE > ¢ ERR

N&%%ﬁﬁﬁﬁ%%ﬁ’ﬁ%$mi§ﬁ%mo

(a) TiN4 (b) TiN4-14y

30kV X5, 000 14m WD 75mm

30kV  X5000 1xm  WD72mm C S /m WD 7.4mm

Bl 4-36 1% # F ok T2 ) e AT 2 4 & 6 1R 5B TiNG ~ TiN4-14p -
(c) TiN4-8p ~ (d) TiN4-3p
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45123+ % & AR & 7

AR IR PR R ST R R R A Lo e kA T RS 4 RS (AFM)
&35 A 20 # 5 ek T Bic(Ra) o 18] 4-37 3 A1p) 1 endk 5 3D WI4R § #F 02 ¢ it SEM )
T EORAM R B A G B & A G ERER S ot Y R OIS - R AR > Hoekk
BAE s Y 14u s Ra=99.1nm-~8u=Ra=749nm %2 3u s Ra=29.1nm-

(@) Ra=45.9 nm (b) Ra=99.1nm

(c) Ra=74.9nm (d Ra=29.1nm

Bl 4-37 1 b fT2 B EFT B2 A A 6 e ke R A5 () TiNA ~ (b) TiN4-14p ~
(c) TiN4-8y ~ (d) TiN4-3p

4513 AHIF FHA ¥

24-18 5 7 Ak AH ot L6 T IV R IV WA A TR R o dok 1T
TR AN 2 SU R AR B chkdt o BAeARR Y A o g R A G fiTE M T et
ERAe > FIS pRRMR S B TIO 3523 AMFEM Y RFHEAM > wt Ao fi
Koo F b ndti nen TiO dpde > RIFI Gk = B st 71 p > i@ T 3aa
AR BB RS oo AR RO F S TIO, 5 SN § i Tl 2
Bk SRR R M AR A A RT koG 4 RIS A RT
FUISE L Ol IR ORI 2 P GV e 0 BV o
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% 4-18 7 et R A £ fF ~ FUF LIS E VR A

BJH adsorption cumulative Pore VVolume of
Code Roughne  Sger  Dpore pores between 3.5 A and 1000 micros Radius

ss (m?g  (nm) (cm®/g)
(nm) ) VtOtaI VmiCrO VmeSO VmaCrO
TiN4-3 45.9 18.2 62.2 0.2833 0.0032 0.1998 0.0801

(1.12%)  (70.52%)  (28.27%)

TiN4-3-14p 991 130 2964 0.0970  0.0024  0.0500 0.0445
(2.47%)  (51.54%)  (45.87%)
TiN4-3-8p 749 182 2868 0.1309  0.0032  0.0689 0.0586
(2.44%)  (52.63%)  (44.76%)
TiN4-3-3p 291 370 651 00604 00048  0.0406 0.0149
(7.94%)  (67.21%)  (24.66%)

452 FwEEs
4521 R RS NE AT

BT G E RS R R R P 15 Sk H o 6 2 R5 MR o o)
4-38 #7om o SR B SRS N B 2.3 um e AP WA 4-19 ¢ g 1] HaEH
Bris e MR R R AR S ST E R S g AR

Forh s WL ¢ B RE R R 7 § B e d-spacing &+ 4 TiN4-14p ¢
jekE R 5 99.1 nm oo #r¥t s d-spacing s ek o ek R 2K BEER A S I o K0 i
AATE T LAY AR ST R R RER S A AR A TR A G Gk
REPF 5 % Q;&éﬁﬂﬁﬁ'%’ B A iél’?ééﬁ'&”ré_ilﬁ‘ﬁ'g ‘ﬁ LR e kR
¢ PR K BRG] o

% 4-19 AR~ WO SRR R EE2 B (%

Ra of support Membrane d-spacing
code (nm) thickness A)
(um)
TiN4-3 45.9 3.60 4.34
TiN4-14p 99.1 2.90 4.77
TiN4-8u 74.9 3.09 4.49
TiN4-3u 29.1 3.18 4.29
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(a2) TiN4 % &

NCHU Sb80 S 3.0kV ¥5,000 WD 15.0mm 1um

(b2) TiN4-144 £ &

NCHU Sb80 SEM LEI 3.0kV ¥5,000 WD 15.0mm 1um

(c2) TiN4-8u % &

i

NCHU WD 15.1mm 1pm NCHU Sb80 SEM LEI 3.0kV X5,000 WD 15.0mm 1um

(d2) TiN4-3p 4

Bl 4-38 11 % e bR 2 B SAT RS A& A % eniE 4 g (1)3 25 (QFESEM Bl (a)

TiN4 ~ (b) TiN4-14p ~ (c) TiN4-8 ~ (d) TiN4-3p -
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~F 7 41 * EDS frline scan 44 & SR o B 0 4o B 4-39 #1om 0 AN - i B B ek
BAFIAD L IR S RS IR 0 4 BRI 4R

KBY 7 54 FI AR MR A ;‘;’,’35; % B 5 TiN4-14p (4.6 um)>
TiN4-8yt (2.4 pm)> TiN4 (2.2 um)> TiN4-3 (2.0 pm)» i&22 % & F1* AFM #7389 4o kB =
‘] % d-spacing * -] eFdE % - 50 A 4f TiINA-14p e R B~ 5 99.1nm> 3 4R 3 &
4,6 um > TiNA-3pde kR & 15 29.0nm> 3 4R R R 5 20 um> #FP ke » 358
FordERo- BER DTG o AR RGP FI0T RS s o
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Bl 4-39% e A+ Gl & 2 FEDSR & #45 B (@) TiN4 ~ (b) TiN4-14p ~ (c) TiN4-8u ~ (d)
TiN4-3p -

4523 M HERR F TR

OB A 2 F A A RS 5 FTIIR B @ PEIF
A AR AR =% 5 1775emT 1717 cm™ - 1353 emT £ = B =% o 1% PEI B A S R
2 Pk g C=0 » $H45 C=0 2 C-N % jk# chsg B i 55 48% > 0 j2 7550 A 44
FFenit B4t & o d B 4-40 ¢ % 3 TiNA-14p chf e 56 B 5B > sl B L 4
5 R B33 0 @ TIN-Bu e sty R % > B A H A aug 2% B F > i@ A
H R e 25 & ik B 5 TiN4-3u > TiN4 > TiN4-8u > TiN4-14p - @ 54 £ 4o kk R crAB % 4p
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Bl 4-40 7 b A W E 2 FFT-IR B3 (a)TiN4 ~ (b) TiN4-14p ~ (c) TiN4-8u ~

(d) TiN4-3p -
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Dope temperature ('C)
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code Viscosity Membrane d-spacing
(c.p.) thickness A)
(um)
TiN4-10°C 135.2 3.33 4.57
TiN4-30°C 72.3 3.60 4.34
TiN4-50°C 31.6 3.17 4.14
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Asymmetrical thin carbon molecular sieving (CMS) membranes exhibiting good mechanical strength and
high separation performance were prepared by changing the physical properties of ®-Al,03 substrates.
The physical properties of the substrates, such as pore size, pore volume and surface roughness,
significantly influence the penetrability of polymer solution and were systematically modified by
sintering temperature, heating rate and dwell time. The tetradecahedral shape of the substrate achieved
at the sintering temperature of 1400 °C was found to be suitable for the prepared CMS membranes,
which exhibited a H, permeability of 1300 Barrer with H,/CH4 and CO,/CH, selectivities of 174.16 and
56.44, respectively. To optimize the substrate structure to provide a cost-effective and highly productive
method for the deposition of brittle CMS membranes, this proposed procedure can be used to improve
the mechanical strength of the supported membrane for enhanced manipulation.

© 2013 Elsevier B.V. All rights reserved.

1. Introduction

Due to the demand for gas separation and purification tech-
nologies [1-6], inorganic membranes, such as zeolites [7-9],
carbon molecular sieving (CMS) membranes [10-12], and metallic
Pd membranes, have progressively grown in prominence. These
materials have molecular sieve structures, which have applications
in hydrogen purification, carbon capture and oxygen/nitrogen
separations.

CMS membranes are fabricated using an amorphous carbon
matrix that derived from polymer precursor. These membranes
exhibit hydrophobicity and thermostability and are resistant to
corrosion from planar molecules (e.g., ethylene, formaldehyde, and
benzene). The pore structure of CMS membranes consists of micro
and ultramicro pores, which can improve diffusibility and ensure
high selectivity, respectively [11,13,14]. However, the primary
disadvantage that impedes their commercialization is their brit-
tleness, which requires careful handling [15].

CMS membranes can be divided into symmetric and asym-
metric types according to their structure or shape. The symmetric
types generally have insufficient mechanical strength to meet the
various demands for high productivity and efficiency in industrial

* Corresponding author at: Department of Occupational Medicine, Chung Shan
Medical University Hospital, No.110, Sec. 1, Jianguo N. Road, Taichung City, Taiwan,
ROC. Tel.: +886 4 2473 0022; fax: +886 4 2324 8194.

E-mail address: hhtseng@csmu.edu.tw (H.-H. Tseng).

0376-7388/$ - see front matter © 2013 Elsevier B.V. All rights reserved.
http://dx.doi.org/10.1016/j.memsci.2013.11.039

applications [16]. In comparison, the asymmetric-type membranes
typically consist of a support layer, a top layer, and/or intermediate
layers, which are beneficial for producing thin, selective carbon
layers [17-19] and allow excellent separation performance and
long term operation [20,21]. Haar and Verweij [22] proposed that
the mechanical stability of the deposited layers strongly depends
on the properties of the substrate and should meet the following
requirements: (1) a narrow pore size distribution, (2) the ability to
withstand the operation temperature, (3) similar thermal and
chemical expansion properties as the top layer, (4) a permeation
mechanism that is independent of the mass transport resistance,
and (5) sufficient mechanical strength. At present, numerous
researchers have used different substrates to prepare CMS mem-
branes, such as stainless steel, carbon substrate, and ceramic
substrate. However, the effect of substrate properties on the
mechanical stability and separation performance of CMS mem-
branes have not been sufficiently discussed.

Several researchers are making efforts to estimate the influ-
ences of substrate properties, such as surface roughness and pore
size distribution, on the polymer and metallic membrane fields.
Hamad et al. [20] used porous polyethersulfone (PES) as a
substrate to prepare polyphenylene oxide (PPO)/PES asymmetric
polymer membranes. The greater surface roughness of the sub-
strate caused the bottom of the selective layer to be closely
conglutinated with the substrate, thereby improving the selectiv-
ity of the selective layer. Wei at al. [23] coated a polymeric
membrane onto a ceramic substrate to overcome the expansion
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phenomena. The expansion was limited using a cross-linking
process, which strengthened the adhesion between the separation
layer and the ceramic substrate, especially when the surface
roughness of the ceramic substrate is greater. Huber et al. [24]
explored the O/N, separation performance by polymer plasma
deposition onto the alumina substrate. These researchers studied
the effect of pore size distribution in the substrate and found that
evenly distributed pore sizes led to enhanced carriers. Moreover,
the even distribution of pore sizes enabled the membrane to
completely cover the pores of the substrate during deposition. In
combination with the above-mentioned results, the pore size
distribution of the substrate is conducive to the formation of a
thin, continuous and defect-free selective layer.

To strengthen the mechanical stability of CMS membranes,
porous materials, such as alumina, are typically used as a substrate
for membrane fabrication. According to previous work in our lab,
when an alumina substrate with relatively large pore sizes was used,
the polymer precursor easily penetrated into the substrate. Dense
and defect-free carbon membranes were not easily obtained, as this
process required several coatings to form a defect-free top layer.
However, when an alumina substrate with relatively small pore sizes
was used, the polymer precursors could not easily penetrate into the
substrate, and the marginal adaptability between the top layer and
the substrate was reduced, resulting in a decrease of the membrane
selectivity. Therefore, when using alumina as the carbon substrate, an
appropriate pore size distribution is essential to the construction of
the asymmetric carbon membrane, allowing high permeability and
selectivity to be obtained through a simple preparation process. Lin
et al. [25] have studied and compared the effects of a- and y-Al,05
support on the separation performances of CMS membranes. The
Al;O3 support possessing a smaller pore size and smoother surface
might be helpful for forming a thinner and better quality of the
membrane, due to the reduce of thermal expansion mismatch
between the carbonizing layer and the alumina support during
pyrolysis. However, the effect of pore size distribution of Al,O3
supports on the separation performance was not evaluated.

The pore structure of the alumina is mainly controlled by
sintering conditions, such as sintering temperature, heating rate,
and soaking time, which affects the particle arrangement and pore
size distribution. Wang et al. [26] have evaluated the effect of
sintering conditions on particle arrangement and pore size dis-
tribution of micro-sized alumina. The results indicated that after
the sintering treatment, the alumina particles were coarser, and
the pores became larger during the early stage. As the temperature
increased to 1400 °C, the alumina particles were transformed to a
vermicular shape (also known as a tetradecahedral shape). This
structure was relatively loose, and the total pore volume was
increased. When the temperature rose to 1500 °C, the alumina
particles gradually became denser, resulting in a significant
reduction in the total pore volume. The pore structure completely
collapsed above 1600 °C.

To optimize the substrate structure, we modified the porous
structure and surface roughness of the «a-Al,Os substrate by
controlling the sintering conditions, including sintering tempera-
ture, heating rate, and soaking time. To prevent the gas transport
resistance within the alumina substrate from increasing due to
sintering at high temperatures, the sintering temperature was
maintained below 1600 °C.

2. Experimental

2.1. Pretreatment of a-Al;03 substrates

The green disk-shaped nanoceramic «-Al,O3 substrates with
approximately 23-mm diameter and 1.4-mm thickness were

purchased from Ganya Fine Ceramics Co., Taiwan. These green
substrates were prepared by compressing «o-Al,03 powder
(purity > 99.5, Japan) with particle sizes ranging from 0.1 to
2 pm. The surface morphology and X-ray diffraction pattern are
shown in Fig. 1. These substrates were sintered in air in the
1100-1400 °C temperature range with a dwelling time of 2-3 h
and a ramping rate of 1-10 °C/min. The sintered substrates are
hereafter referred to as substrate SX-Y-Z, where X, Y, and Z are the
sintering temperature, ramping rate, and dwelling time, respec-
tively. In the course of the experiment, the substrate sintering
temperature was kept below 1500 °C to prevent an increased
substrate resistance to mass transfer, a result of the sintering
process which results in an increased density that impacts the
overall mass transfer behavior of the membrane.

2.2. Preparation of CMS membrane

The asymmetric CMS membrane was prepared by a spin-
coating method previously described [27]. A 10% polyetherimide
(PEI) solution was spin-coated at 1000 rpm for 20 s on a substrate
surface. The coated supporting polymer film was left overnight at
ambient temperature for solvent evaporation, which was followed
by curing in a vacuum oven at 240 °C for 6 h at a heating rate of
5 °C/min. The film was subsequently heated to 600 °C at a rate of
5 °C/min and held at that temperature for 2 h. Subsequently, the
membranes were slowly cooled to room temperature and were
stored in a desiccator containing silica gel. Prior to aging decay,
within 24 h, the membranes were subjected to a gas permeance
test. Hereafter, the resultant CMS membranes are renamed by
replacing the “S” in the original name of the corresponding substrate
with an “M”. For example, the carbon membrane fabricated with an
S$1100-1-2 substrate is designated as M1100-1-2.

2.3. Characterization of substrates and CMS membranes

The porous structures were measured using N, sorption at
—196 °C with a PMI automated Brunauer-Emmett-Teller (BET)
sorptometer (201AEL). The crystalline structure were recorded by
X-ray diffraction (XRD) using a PW1830 X-ray powder diffract-
ometer (Philips) with a Cu-K,, source (1=1.5418 A) in a wide Bragg
angle range (20° <260 <70°) with a 2°/min scanning rate. The
surface roughness was measured by atomic force microscopy in
the non-contact mode using a C26 Dualscope/Rasterscope scanner
(DME, Denmark). The surface morphology and cross-sectional
images were examined by field-emission scanning electron micro-
scopy (FE-SEM; JSM 5600). The mechanical strength was mea-
sured by biaxial pressure mode.

2.4. Gas permeation test

The gas permeance experiments were performed using the
steady-state gases H,, CO,, O,, N, and CH,4 at room temperature
(25 + 2 °C). The permeate side of the membrane was degassed in a
vacuum before testing, whereas a pressure of 2 atm was applied
on the feed side. The gas permeance was calculated from the slope
(dp/dt) of the plot of pressure (P) versus time (t) using the
following equation:

- dP VT L
Permeability, Q = (E) X AAP TP, 1)
where dP/dt is the rate of pressure increase at steady state, V is the
downstream gas permeation volume (in cm?), A is the membrane
area (in cm?), AP is the differential pressure across the membrane,
L is the membrane thickness (in cm), Py is 76 cm Hg, Ty is 273 K,

and T is the measured temperature (in K).
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Fig. 1. (a) Surface morphology, (b) X-ray diffraction pattern, and (c) FE-SEM images of green disk-shaped a-Al,05 supports. (For interpretation of the references to color in

this figure legend, the reader is referred to the web version of this article.)

The ideal selectivity coefficient of pure gas A/B (aas) is defined
as the ratio of the permeability of A to that of B:

Qa
app=—H~— 2
AB=0, @
The average values and standard deviation were determined from
six samples of two batches.

3. Results and discussion

3.1. Effect of the sintering conditions on the chemical-physical
properties of the substrates

3.1.1. Crystal phase

The influence of the different sintering parameters on the
crystal phase and crystal size of the alumina substrate is shown
in Fig. 2 and Table 1. The crystal size, calculated by the diffraction
patterns (use different sintering temperatures as examples) and
Schere's formula, indicated that there was no significant change in
the crystal phase and size of the alumina. Each substrate had a
crystal size range of 34.1-38.0nm and exhibited no change
between different sintering conditions because the «-Al,03 pow-
der used for the spindles had already been subjected to a high
temperature sintering process at 1600 °C. This temperature was
higher than the sintering temperatures used in this study. There-
fore, the crystal phase and size did not change significantly under
different sintering conditions.

3.1.2. Pore structure

Table 1 shows the influence of the different sintering para-
meters on the specific surface area, average pore radius and pore
volume of the substrates. It was found that as the sintering
temperature increased from 1100 °C to 1400 °C, the specific sur-
face area of the a-Al,05 substrates decreased from 5.9 to 1.6 m?/g.
The average pore size increased from 78.63 to 107.40 A. The pore
volume decreased from 0.0116 to 0.0043 cm?/g. The overall pore
structure indicated an apparent loss as the sintering temperature
increased. As shown in Fig. 3(a), the difference of pore volume was
most significant for pore sizes between 15 and 40 A. These
observations indicate that the high sintering temperature results
in a higher diffusion coefficient and thus accelerates the sintering
of alumina substrates [27]. Based on the sintering theory model
proposed by Ashby [28], the curvature around the neck of the
alumina particles during the early stage of sintering and the high
temperatures enabled the particles to diffuse. As a result, the
contact surface between the alumina particles was slowly trans-
formed into a neck shape during the early stage of sintering.
At this stage, the pore shrank but remained in the open state.
The same tendency is observed from past research [28]. As the

0(—A|203
3
S
2
B $1100-1-2
S )
£ e 5120012 N o
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e, $1400-1-2 L N .
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Fig. 2. X-ray diffraction pattern of «-Al,O3 supports sintered at different
temperatures.

sintering temperature continued to rise to 1500 °C, all sintering
diffusion mechanisms continued to occur. During this stage, inter-
particle pores developed on the edges and corners of the grains,
making the movement of the grain boundary unfavorable. There-
fore, at this stage, the grain growth was less obvious. The pore
structure slowly disintegrated and gradually became smooth in
shape. In addition, the grain was transformed into a 14-sided
columnar body. The particles were fast-growing and tended to be
dense (as shown in Table 1, the pore structure could not be measured
by an analyzer). This phenomenon can be clearly observed in the FE-
SEM images in Fig. 4, which demonstrate that the alumina particles
diffused into larger particles. The contact surface of the particles
increased significantly, resulting in decreases of the specific surface
area and the overall pore volume.

The influence of the sintering heating rate on the pore structure
of alumina was also significant. As shown in Table 1 and Fig. 3(b),
when the heating rate was reduced from 10 °C/min to 1 °C/min,
the specific surface area was clearly observed to decrease. In
addition, the average pore diameter increased, and the pore
volume decreased. This trend is also observed when the sintering
temperature is increased. This phenomenon could be explained in
that the slow heating rate helped the alumina particle transform
into a tetradecahedral shape, resulting in the apparent loss of the
pore structure. This result was consistent with the FE-SEM image.
Fig. 4(d) and (f)-(h) shows that the particle size increased when
the heating rate was decreased.

The influence of the dwell time on the pore structure and pore
size distribution of the alumina substrate is shown in Table 1 and
Fig. 3(c). When the dwell time increased from 2 to 3 h, there was
no significant difference in the specific surface area, pore volume
and pore diameter distribution. It is possible that the selected
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Table 1
Effect of sintering conditions on chemical-physical properties of a-Al,03 supports.

Code Crystal size (nm)  Sger (M?/g)  Dpore (A)  Viorar (cm?/g)  BJH adsorption cumulative pore volume of pores between 13.5 and 1000 A (cm?/g)
Vmicro Vmeso Vmacro
S1100-1-2 34.1 5.9 78.63 0.0116 0.0021 0.0082 0.0011
S1200-1-2 359 43 76.54 0.0084 0.0017 0.0058 0.0008
S1300-1-2 35.9 31 80.16 0.0061 0.0011 0.0044 0.0005
S1400-1-2 375 1.6 107.40 0.0043 0.0005 0.0033 0.0003
S1500-1-2 38.0 N.D. N.D. N.D. N.D. N.D. N.D.
S1400-2-2 36.8 43 74.22 0.0080 0.0011 0.0063 0.0005
S1400-5-2 36.3 5.2 66.48 0.0087 0.0012 0.0062 0.0005
S1400-10-2 36.5 5.2 66.00 0.0086 0.0012 0.0068 0.0005
S1400-2-3 36.0 43 74.10 0.0080 0.0011 0.0062 0.0005
a b c
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Fig. 3. Effects of (a) sintering temperature, (b) heating rate, and (c) dwell time on the pore size distribution of a-Al,03 substrates.

dwell times were sufficiently similar for the influence of the dwell
time on the pore structure not to be observable.

3.1.3. True density and volume shrinkage

Fig. 5 shows the substrate volume shrinkage of as a function of
sintering temperature. It was observed that the substrate volume
shrinkage increased as the sintering temperature increased from
0.55% (1100 °C) to 16.55% (1500 °C). Under the different sintering
temperatures, the volume shrinkage rate can be divided into two
stages: (1) first, as the temperature increased from 1100 to 1400 °C,
higher shrinkage rate was exhibited due to particle coarsening;
(2) second, as the temperature increased from 1400 to 1500 °C,
a lower shrinkage rate was observed due to the green body
densification.

3.14. Surface roughness
Fig. 6 shows the AFM images of the alumina substrates
treated under different sintering conditions. When the sintering

temperature of the substrate increased from 1100 to 1500 °C, the
surface roughness coefficient (Ra) of the substrate increased from
38.8 to 103.0 nm. The increased surface roughness could be a
result of alumina particle coarsening and densification, causing the
surface roughness coefficient to increase as the sintering tempera-
ture increased.

With the sintering temperature fixed at 1400 °C and the
heating rate reduced from 10 to 2 °C/min, the surface roughness
coefficient of the substrate decreased from 67.6 to 42.8 nm. The
slow heating rate provided the alumina particles with enough heat
energy to transform into a tetradecahedral structure. Therefore,
the substrate surface became relatively homogeneous when the
heating rate was decreased. However, when the heating rate
was further decreased to 1 °C/min, the surface roughness coeffi-
cient increased from 42.8 to 69.7 nm because the relative surface
roughness became heterogeneous when the alumina density
increased. Table 2 summarizes similar results obtained from
different dwell time conditions. When the sintering temperature
and heating rate were fixed at 1400 °C and 2 °C/min, respectively,
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Fig. 4. FE-SEM images of a-Al,05 substrates treated under different sintering conditions.
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Fig. 5. Volume shrinkage of substrates as a function of sintering temperature.

the surface roughness coefficient increased from 53.1 to 75.5 nm
when the dwell time increased from 2 to 3 h. A relatively extended
dwell time increased the degree of coarsening for the alumina
particles, making the surface of the substrate relatively hetero-
geneous and thereby enhancing the surface roughness coefficient.

The XRD, BET, FE-SEM and AFM results are integrated in a
schematic diagram in Fig. 7 to exhibit the change in the alumina
substrate structure with respect to sintering temperature. The
particle sintering behavior can be divided into three heating
stages: (1) from ambient to 1300 °C, the alumina particles coar-
sened and were subsequently restacked, leading to a reduced pore
volume and increased surface roughness. (2) When the tempera-
ture was elevated to 1400 °C, the alumina particles started to
change to the tetradecahedral shape and increased in density.
Consequently, the pore volume decreased. The surface roughness
continued to increase due to tetradecahedral particle aggregation.

(3) When the temperature rose to 1500 °C, the alumina particles
became very dense, resulting in a notably low substrate pore
volume. The surface roughness was also relatively heterogeneous.
Therefore, a series of phenomena associated with the increased
sintering temperature (including particle growth, coarsening and
densification) was the main reason for the increase in the surface
roughness and decrease in the pore volume.

3.2. The characterization of the a-Al,03 supported CMS membrane

3.2.1. The morphology and d-spacing of the carbon matrix

The FE-SEM microphotographs of CMS membranes supported
on different a-Al,03 substrates are shown in Fig. 8. It can be
observed that these surface images show a smooth, almost defect-
free morphology (Fig. 8(a1)-(i1)). Carbon layers with dense matrix
structures were sequentially deposited on the a-Al,05 substrates,
even under different sintering conditions. Furthermore, good
adherence between the top layer and the alumina substrate was
observed. The thickness of the PEI-derived carbon layers approxi-
mately measured 2.9-5.6 pm (as shown in Table 3). The highest
thickness (5.550 pm) of the CMS layer was obtained from the
M1500-1-2 membrane.

The d-spacing of carbon membranes refers to the interlayer
distance of the carbon matrix and can also be considered to be the
pore size relevant for the transport of gas molecules through the
carbon membranes. As indicated in Table 2, the change in the d-
spacing of the carbon membranes showed a bimodal trend when
the sintering temperature of the substrate was increased from
1100 °C to 1500 °C. The d-spacing values of M1200-1-2 and
M1400-1-2 were larger than that of other membranes. This
phenomenon was significantly different than other trends: with
increasing sintering temperature, reduced specific surface area
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Fig. 6. AFM images of a-Al,03 substrates treated under different sintering conditions.

and total pore volume or increased average pore size and surface occurrence because the permeability through these membranes
roughness were observed, as described above for the alumina are strongly correlated with the d-spacing value (see Section 3.3).
substrate. Note that this finding cannot be explained by random Several effects could be responsible for the observed bimodal-type
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d-spacing value. Because d-spacing value is the distance between
the stacked carbon matrix layers, it directly affects by the physical
properties of the alumina substrate. Therefore, it can be inferred
that the trends observed in the d-spacing values are caused by the
combined effects of both pore structure and surface roughness of
a-Al,05 substrates. Theoretically, the interlayer distance of the
carbon matrix was formed from the gap generated after pyrolysis
when the aromatic compounds were irregularly stacked on the
polymer precursor-coated substrate, thereby determining by the
pore structure and the surface roughness of the substrate. Gen-
erally speaking, when the pore sizes of the substrate are larger, the
casting dope more readily penetrates into the pores of the
substrate during the coating process. The casting dope is deposited
not only on the surface but also within the pores, resulting in a
strong mechanical interlock (see. Section 3.2.2.) with the substrate,
which leads to larger d-spacing values. In contrast, with smaller
pores, casting dope less readily penetrates into the substrate,
resulting in a relatively thick membrane and relatively smaller d-
spacing values (e.g., M1500-1-2). The surface roughness also
exerts significant influence on the d-spacing values. When the
substrate surface is rougher, the folding of the polymer chains is

Table 2

more irregular and prominent, resulting in a larger interlayer
distance after carbonization. Therefore, it is expected that the d-
spacing values exhibit a bimodal trend due to the combined effects
of the reduced substrate pore structure and the increased surface
roughness.

The above assumptions can be verified by the results obtained
from the substrates treated with different dwell times and heating
rates. As indicated in Table 2, the surface roughness of the alumina
substrate can be increased by controlling the dwell time while
maintaining a constant pore structure. The d-spacing also increases
with increasing roughness when the pore structure remains
unchanged. For heating rates in the range of 2-10 °C/min, the pore
structure, surface roughness and d-spacing all decrease when the
heating rate is reduced. Therefore, a decrease in the pore structure
also decreases the d-spacing.

3.2.2. Mechanical strength

Fig. 9 shows the mechanical strength measured by the bi-axial
method. The average strength of 185N is high enough when
compared with that of conventional alumina ceramics. It was

d-Spacing, surface roughness, and membrane thickness of CMS membranes supported on various a-Al,O3 supports.

Sample code Membrane thickness (pm) d-Spacing (A) Ra of support (nm) Ra of membranes (nm)
M1100-1-2 4.237 4.47 38.8 55.3
M1200-1-2 4.219 4.51 57.2 73.6
M1300-1-2 3.722 4.32 60.4 48.3
M1400-1-2 4144 4.64 69.7 64.2
M1500-1-2 5.550 4.02 103.0 123.0
M1400-2-2 4.800 4.32 42.8 444
M1400-5-2 4.500 4.62 61.0 92.0
M1400-10-2 4.313 4.76 67.6 107.0
M1400-2-3 2.981 4.64 59.4 529
#% » o )C—é EE( B — }—
1100 °C
1200 °C 1300 °C 1400 °C 1500 °C

Fig. 7. Schematic of the changing in the alumina substrate structure with respect to sintering temperature (adapted from ref [27]).
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Fig. 8. FE-SEM images of (1) surface view and (2) cross-sectional view of CMS membranes supported on various y-Al,05 substrates.
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found that the strength of M1400-2-3 was higher than the other
three membranes. This could be explained by average pore size,
that it is resulted from the effect of sintering pretreatment, i.e., a
suitable sintering treatment is required in the improving the
mechanical strength of a-Al,03 supported CMS membranes.

3.3. Gas separation performance

Fig. 10 and Table 3 present the effects of substrate properties on
the performance of the CMS membranes based on the pure gas
permeation rate and permselectivity for the gas pairs of Hy/CH,,
CO,/CH,4, and O,/N, against (a) sintering temperature, (b) heating
rate, and (c) dwell time, respectively. As shown in Fig. 10, it can be
observed that the gas permeability increased with the gas kinetic
diameter in the following order: H, > CO; > 05 > N > CH,. This
observation is consistent with the mechanisms of molecular
sieving.

The effect of the substrate sintering temperature on the
gas permeability is shown in Fig. 10(a). Based on the estimated

Table 3
Gas pair selectivity of CMS membranes supported on a-Al,O3 substrates treated
with different sintering conditions.
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membrane thicknesses given in Table 2, the hydrogen permeabil-
ities at 25 °C are 2112.2, 2304.38, 385.71, 1532.34, and 102.67
Barrer for membranes M1100-1-2, M1200-1-2, M1300-1-2,
M1400-1-2, and M1500-1-2, respectively. It seems that the trend
in the gas permeability was consistent correlated with the d-
spacing value, where the gas permeability increased as the d-
spacing increased, and the gas permeability decreased as the d-
spacing decreased. Previously study also indicated that a similar
trend was observed when the d-spacing value was changed [29].
The gas diffusion path increased with increasing d-spacing, which
results in high permeability. The effects of the sintering heating
rate and dwell time of the substrate on the gas permeability are
shown in Fig. 10(b) and (c). These figures also show that the gas
permeability increased as the d-spacing increased.

The gas pair selectivities of CMS membranes supported on
substrates treated with different sintering temperatures are indi-
cated in Table 3. Comparison of the selectivity of CMS membrane
with sintering temperature indicates increases as high as 11.3
times in the H,/CH4 separation factor for the membrane supported
on the S1400-1-2 substrate compared to that on the S1100-1-2
substrate. The observed increases in permselectivity are signifi-
cantly larger than those expected from other sintering tempera-
tures; similar results were also observed for the gas pairs CO,/CHy4
(20.6 times) and O3/N, (4.7 times). The sintering of «a-Al,03
substrates at the high temperature of 1400 °C appears to be a

S 1 d Selectivi . . . . o
ampe code clectivity contributing factor to the increases in the selectivities of the CMS
H,/CHa4 0,/N, CO,/CH,4 membranes.
The hypothetical path of a gas molecule permeating through
3112%%'11'22 ggg + 1% 1-1? e 8%“51 1~1531 t g-‘;g the carbon film on the sintered substrate is depicted in Fig. 11. The
-1- 06+ 1. +0. 4+0. ; : e
M1300-1-2 1705 £ 3.4 2381055 511065 route has three 1c1.engﬁable regions: the car.bon ﬁlm on the surfage.
M1400-1-2 67.31 + 4.61 541+ 046 31.08 + 10.05 the carbon matrix in contact with alumina (i.e., carbon matrix
M1500-1-2 9.05 +6.20 1.51 +1.12 1.86 + 1.40 penetration into the substrate, see Fig. 12), and the pore of
M1400-2-2 17416 +39.05 8.05+0.381 56.44+8.9 substrate. As mentioned above, the influence of sintering is
M1400-5-2 89.32+641 6.73+143 28.63+3.64 expected to be primarily centered around the carbon matrix in
M1400-10-2 57.66 + 18.20 5.12 +0.96 18.39 +2.79 he fi . Th . del i ilized h
M1400-2-3 76.35 1 14.21 5731 0.50 25.44 1 3.66 the first two regions. The resistance mode is L.Itl ized to assess the
effect of the penetration of the carbon matrix into the pores of the
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Fig. 9. Mechanical strength of CMS membrane supported on various supports.
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Fig. 10. Gas permeability of CMS membranes supported on a-Al,O3; substrates
treated with different (a) sintering temperatures, (b) heating rates, and
(c) dwell times.

different substrates on the overall performance of the supported
membranes [20,30]. The overall resistances of the supported CMS
membranes are defined by the following equations:

Rr=Ri+Ry+R; 3)

r 4 G O3
L A @
where 7 is the thickness of carbon layers, P is the permeability, and
the suffixes 1, 2, and 3 of # and P are the permeance routes. The
resistance of the substrate, #3/Ps, is assumed to be negligible
because the treated substrate still retains a fairly high flux P;
value, indicating insignificant resistance to gas flow (no observable
significant difference was recorded for the gas flux prior to and
after sintering). Therefore, the overall resistance of the supported
CMS membrane is integrated with the resistance of the carbon
film on the surface and the resistance of the carbon film penetra-
tion into the substrate. Therefore, based on Eq. (4), a reduction of
the thickness of the surface film should further increase the overall
selectivity of the supported membrane. This effect was verified
by Moaddeb and Koros [30]. They systematically reduced the
thickness of the polymer membrane by changing the concentra-
tion of the casting dope. As the amount of the deposited polymer
was reduced, the separation factor of the membrane increased.
However, for the supported membrane, the actual effective thick-
ness, 71+7¢,, is not precisely known due to the penetration of
carbon matrix into the pores of the substrate. The sintering of the
«a-Al,03 substrates increased the average pore size but also
reduced the pore volume inside the pores; therefore, even a small
amount of polymer could enter the substrate pores. Table 2
presents the “apparent thickness” of film on the surface, as
measured from the FE-SEM images of the cross sections of the
supported membranes. The results indicated that the apparent
thickness was decreased when the sintering temperature
increased to 1300 °C, and subsequently increased by 1500 °C. In
contrast with the pore size and pore volume illustrated in Table 1,
the larger pore size was helpful for polymer penetration into the
pores, but the penetrating amount of polymer was restricted by
the total pore volume, Therefore, the smallest thickness was
obtained from M1300-1-2 due to its larger pore size but not the
smallest pore volume. The penetrated carbon matrix is in contact
with a-Al,03 particles to increase mechanical interlocking, which
has a higher permselectivity than the surface carbon membrane.
So a reduced surface film thickness will increase the contribution
from the more selective composite layer. It was for this reason that
the selectivity of the membranes initially increased with sintering
temperature followed by a decrease in value.

For practical application, an increase in selectivity accompanied
by an unapparent loss in permeability is expected. However, the
M1400-1-2 membrane exhibits the highest selectivity, but a loss in
permeability was still observed. Even considering these values of
gas permeability, the separation performances of the CMS mem-
brane supported on S1400-1-2 substrates are improved by raising

/ | carbon film on the surface
J4 , carbon film penetrate into the
substrate

f 3 substrate without carbon film

Fig. 11. The hypothetic path of a gas molecule permeating through the carbon film on the sintered substrate.
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Fig. 13. Gas separation performance of CMS membrane compared with Robeson's
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Fig. 12. (1) FE SEM photographs and (2) EDS maps of ( matrix distributions in CMS composit membranes: (a) MI200-2 and (b) MI400-1-2.

the sintering temperature surpassing the 2008 Robeson's line [31]
(as shown in Fig. 13).

Fig. 10(b) and (c), and Table 3 show the effects of heating rate
and dwell time of a-Al,O3 substrates on gas permeability and
selectivity. As shown in Fig. 10(b), the H, permeability gradually
decreased from 1796.89 to 1300.3 Barrer, while the selectivity of
H,/CH, increased from 57.66 to 174.16 with a decreasing heating
rate of 10-2 °C/min, due to the stacked, increased packing density
of the carbon matrix (i.e., low d-spacing values) and the thick
carbon film. Similar results were also observed in other gases and
gas pair separation performances. Additionally, these observations
also surpassed the 2008 Robeson's line [31] (as shown in Fig. 13).

Using the upper-bound relationship proposed by Robeson (2008)
[31], this study selected membranes with high gas permeability and
high selectivity. The comparison results are shown in Fig. 13. Among
the membranes prepared using different sintering conditions, it was
found that the carbon membranes supported by carrier bodies at
sintering temperatures of 1400 °C showed the best permeability and
selectivity performance for H,/CH, and surpassed the upper-bound
line. Similarly, only the M1400-1-2, M1400-2-2 and M1400-5-2
membranes were found to surpass the upper-bound line of CO,/
CH,4, Based on the above results, this study found that the M1400-2-2
membrane exhibited a high permeability and selectivity perfor-
mance. Moreover, this membrane surpassed the upper-bound lines
for the H,/CH,4 and CO,/CH,4 gas pairs proposed by Robeson (2008)
[31], which was suitable for H, purification and CO, capture.

The perm-selectivities of selected CMS membranes derived
from PEI precursor are summarized and compared with the
present work in Table 4. The H, and/or CO, separation perfor-
mances of the present membranes are impressive compared with
other membranes reported in the literature, indicating the advan-
tage of optimizing the substrate structure by altering sintering
conditions. Optimization can simplify the coating-pyrolysis cycles
into a single cycle to avoid a complex and high-energy demanding
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Table 4

The perm-selectivities of CMS membranes from the literature compared with the present work.

Precursor/support Preparation conditions P(H,) P(COy) H,/CH4 CO,/CH4 Reference
(Barrer) (Barrer)

PEl/carbon - - 38 - 31.0 [32]
PEl/a-Al,03 Post-treatment with self-assisted deposition carbon segment 811.6 512.5 136.3 86.1 [33]
PEl/a-Al,03 Concentration of casting dope and pyrolysis temperature 198 50 46 11 [2]
PEl/a-Al,03 Incorporation of SBA-15 mesoporous silica 667.5 222.5 75 25 [34]
PEl/a-Al,03 Substrate structure 1200 458 84 33 [35]
PEl/a-Al,03 Modified the support structure with sintering treatment 1300.3 426.1 174.2 56.4 This work

process and to improve the productivity of defect-free carbon
membranes.

4. Conclusion

The optimum substrate structures for CMS membranes deposi-
tion were evaluated with various a-Al,03 substrates. In this study,
nanoceramics ®-Al,0Os, which has the pore size in the nanolevel
was used as the supporting materials. As shown in the content and
Table 1, the Dpore of the supports sintered at different tempera-
tures are between 50 and 110 A (5-11 nm), which is substantially
smaller than the pore size of around 100-200 nm for the «-
alumina supports used in other reported work. Due to the specific
property of the alpha-alumina used in this work, the influence of
support structure can be systematically studied. The physical
properties, such as pore size distribution, total pore volume and
surface roughness of a-Al,0s; substrates, were changed under
different sintering conditions. As the sintering temperature
increased, the pore structure of o-Al,03 substrate was diminished,
and the surface became rougher. When the sintering temperature
reached 1500 °C, a densified pore structure was observed. The
tetradecahedral shape of the substrate was achieved at the
sintering temperature of 1400 °C, which was found to be suitable
for the preparation of defect-free and high performance H,- or
CO,-separation CMS membranes; additionally, decreasing the
heating rate and dwell time were also benefit for increasing the
permselectivity without significantly changed in permeability.
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To strengthen interfacial adhesion between selective carbon molecular sieve (CMS) layers and a-Al,03
substrates, mordenite framework inverted (MFI)-type intermediate layers were synthesized to reduce
pore sizes and improve chemical characteristics of underlying substrates and consequently facilitate
formation of CMS layers. MFI-type zeolite intermediate layers were prepared on a-Al,O3 substrates via
secondary growth of seeds to form polycrystalline zeolite layers with a-oriented crystallites. These
crystallites increased cross-link strength between separation layers as well as gas pair separation
performance. When a porous substrate was treated with silica seeds and covered with an MEFI
intermediate layer, CMS selectivity for H,/CH, increased to 260.9 with permeability towards H, of
2224 Barrer. These modifications improved the mechanical stability of CMS layers and will assist in their

© 2013 Published by Elsevier B.V.

1. Introduction

Porous carbon molecular sieve (CMS) membranes are highly
promising materials for gas separation because their rigid and
uniform structure are suitable for severe application conditions
such as high-temperature corrosive environments. CMS mem-
branes feature thin selective layers that are fabricated from
ultramicroporous carbon matrices with pore diameters (<7 A)
near the size of gas molecules. Thin selective CMS layers are
typically prepared on macroporous inorganic supports [1-4] to
enhance membrane mechanical stability. Supported configura-
tions allow CMS membranes to simultaneously operate under
high pressure conditions and maintain high permeability and
selectivity with ultrathin selective layers.

Primary issues related to commercialization of supported CMS
membranes, separation performance and structural stability [5,6],
usually depend on carbon structure and interfacial adhesion between
selective layers and inorganic substrates. The dependence of carbon
structure on polymer precursors and pyrolysis conditions has been
investigated intensively [7-13]. Therefore, interfacial adhesion
between soft/flexible polymeric membranes and rigid inorganic sub-
strates continues to be a major issue.

* Corresponding author at: School of Occupational Safety and Health, Chung Shan
Medical University, No.110, Sec. 1, Jianguo N. Rd., Taichung City, Taiwan, ROC.
Tel.: +886 4 2473 0022; fax: +886 4 2324 8194.
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0376-7388/$ - see front matter © 2013 Published by Elsevier B.V.
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Several studies have been dedicated to improving structural
stability of composite membranes by strengthening interfacial adhe-
sion [14-19]. Mendes et al. [15] developed single deep coat methods to
produce leak free CMS membrane supported in alumina. Dipping was
performed by vacuum assisted dip coating, where the precursor
solution penetrates into the openings beneath the surface of the
support. Mardilovich [16] has proposed that smooth supports with
nanometer-sized pores are essential for preparing ultrathin Pd com-
posite membranes because larger pore apertures interfere with
preparing pinhole-free membranes. However, smoother surfaces
may weaken adhesion and decrease physical strength of supported
membranes [17]. Wei et al. [18,19] investigated effects of ZrO,/Al,03
ceramic substrate roughness as well as casting solution viscosity on
interfacial adhesive strength of polydimethylsiloxane (PDMS) polymer
composite membranes on ZrO,/Al,O3 zeolite supports. Their results
indicated that rougher supports and lower solution viscosities
increased interfacial adhesive strength. Adhesion of separation layers
to ceramic substrates relies on adsorption, chemical bonding, and
mechanical interlocking, which are controlled by surface energy,
hydrogen bonding, and enchased structures, respectively [18,19].
Generally, enchased structures form when polymer solutions pene-
trate substrate pores and polymeric layers interlock with substrates
[19]. Therefore, decreasing penetrable pore diameters and strengthen-
ing hydrogen bonding by modifying substrate structure benefit
supported membrane preparation.

However, there are few published studies about substrate
surface modification for CMS membrane fabrication. Studies
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primarily focus on novel preparation methods for porous sub-
strates [20], applications such as nanofiltration [21], or zeolite,
metal, and polymer membrane preparation techniques [22-24]. Qi
et al. [20] doped macroporous Al,03 substrates with TiO, to form
Al,TiOs composites with greater mechanical strength and excel-
lent corrosion resistance. Huang and Dittmeyer [23] used yttria-
stabilized zirconia (YSZ) layers to modify porous support surface
roughness for palladium membrane preparation. With these YSZ
layers, thinner membranes were formed without compromising
membrane integrity. However, forming membranes on YSZ layers
improved selectivity but decreased hydrogen permeability. There-
fore, intermediate layers are necessary to reduce substrate pore
diameters and strengthen hydrogen bonding with selective layers.

Mordenite framework inverted (MFI)-type zeolites possess silanol
groups and well-defined micropores that facilitate cross-linking with
polymer precursors and gas permeation [25,26]. In this study, we
proposed a strategy to use MFH silica intermediate layers to modify o-
Al,O3 substrates. The substrate pore sizes were decreased by silica
zeolite seeding and secondary growth of MFI layers. Moreover,
deposition of MFI intermediate layers provides more OH groups to
increase a-Al,O3 substrate polarity. Consequently, MFI intermediate
layers enhance and facilitate CMS layer formation. Effects of substrate
pore size on gas separation performance were also investigated.
Information about effects of physicochemical substrate properties,
such as pore size, surface roughness, and chemical composition, on
mechanical interlocking and chemical bonding with additional layers
is valuable information for CMS membrane module fabrication.

2. Experimental
2.1. Materials

Tetraethyl orthosilicate (TEOS), tetrapropylammonium hydroxide
(TPAOH), cetyltrimethylammonium bromide (CTAB), and NaOH were
obtained from Sigma Aldrich Co. (USA) and used as precursors to
synthesize MFI intermediate layers. Pure polymer precursor, poly-
ethyleneimine (PEI, repeat unit MW =592 g/mol), was purchased from
Sigma Aldrich Co. (USA), and N-methyl-2-pyrrolidone (NMP) solvent
was purchased from Mallinckrodt Chemicals Co. (USA) and used
without further purification. Alumina disks were purchased from
Ganya Fine Ceramics Co. (Taiwan), pressed with a-Al,O; powder to a
thickness of ca. 14 mm and a diameter of 23 mm, and used as bare
support material. For pure gas tests, Hy, CO,, O,, Ny, and CH, gases
with purity greater than 99.999% were used.

2.2. Preparation of macroporous a-Al,O3 supports and MFI
intermediate layers

Porous a-Al,03 supports with different pore size distributions were
prepared to evaluate pore size effects on MFI/a-Al,O3 support quality.
Bare supports were dried overnight and sintered in air over a
temperature range from 1100 to 1400 °C with a 2 °C/min ramping
rate and a 2 h dwell time. Sintered supports were coded as S1100,
$1200, S1300, and S1400, and were prepared with the following
average pore sizes: 65.16, 70.63, 69.88, and 74.22 A, respectively (see
Table 1).

MFI intermediate layers were deposited on a-Al,O3 supports via
vacuum seeding and secondary growth. Microcrystalline silica seeds
were synthesized using a solution growth method [25,26]. The molar
ratio 1 TEOS: 0.4 TPAOH: 40 H,O, which produces cubic pore
structures in MFI [27], was used to prepare MFI intermediate layers
in this study. Reagents TPAOH and TEOS were dissolved in deionized
water and reacted overnight at 100 °C for 24 h. The silica seeds were
filtered, washed, and dried overnight. Silica seeds were dispersed
ultrasonically in alcohol to form homogeneous solutions that were

Table 1
Pore structure of a-Al,03, S-MFI-1, and S-MFI-2 supports.

Support code Sger (M?/g) Dpore (A) BJH adsorption cumulative pore volume
of pores between 3.5 and 1000 A radius

(em’/g)

Viotal Vinicro Vineso Vimacro
S1100 8.0 65.16  0.0131 0.0026  0.0096  0.0008
S1100-MFI-1 5.6 74.41 0.0105 0.0020 0.0074  0.0010
S1100-MFI-2 9.0 13792  0.0311 0.0029  0.0253  0.0027
$1200 6.4 70.63  0.0115 0.0021 0.0084  0.0008
S$1200-MFI-1 4.2 80.46 0.0086 0.0016 0.0060 0.0009
S1200-MFI-2 2.6 170.64 0.0372  0.0050 0.0310  0.0010
S$1300 6.9 69.88  0.0122 0.0020  0.0094  0.0006
S1300-MFI-1 3.6 8220 0.0074 0.0012 0.0053 0.0007
S1300-MFI-2 4.9 70.90 0.0087 0.0017 0.0061 0.0007
51400 43 7422 0.0080 0.0011 0.0063  0.0005
S$1400-MFI-1 6.1 61.13 0.0094 0.0012 0.0075 0.0005
S1400-MFI-2 5.1 70.24  0.0091 0.0014  0.0070  0.0005

used to coat a-Al,O3 supports with a vacuum pump. These pre-seeded
Si/a-Al,O3 supports were calcined at 400 °C for 4 h and coded as
S-MFI-1, e.g., S1300-MFI-1.

Pre-seeded S-MFI-1 supports were further immersed in a
mixture of silica species with molar ratio 1 TEOS: 0.025 TAPOH:
0.25 NaOH: 200 H,0. A second hydrothermal reaction was per-
formed at 110 °C for 48 h. After this synthesis, MFI/a-Al,03 sup-
ports were washed with distilled water, dried overnight, and
calcined at 600 °C for 4h. These MFI/a-Al;05 supports with
secondary growth were coded as S-MFI-2, e.g., S1300-MFI-2.

2.3. Preparation of PEI-derived composite CMS membranes

Supported CMS membranes were prepared by spin coating. Solu-
tions of 10% PEI were used to coat a-Al03 and MFI/a-Al,O3 supports
while spinning at 1000 rpm for 20 s. Coated supports were stored
overnight at room temperature to allow solvent to evaporate. Dried
films were cured in a vacuum at 240 °C for 6 h with a rate of 5 °C/min.
Films were pyrolyzed to 600 °C at a rate of 5 °C/min, and the final
temperature was maintained for 2 h. Subsequently, CMS membranes
were slowly cooled to room temperature, stored in a desiccator
containing silica gel, and tested for permeance within 24 h to avoid
aging effects. These CMS membranes were coded by replacing “S” in
the original name of the corresponding support with “M”. For example,
the carbon membrane fabricated on an S1100-MFI-1 support was
designated M1100-MFI-1. However, polymer films were weakly
attached to S1100-MFI-2 and S1200-MFI-2 support surfaces when
these supports were covered by large amounts of densely packed MFI
as the intermediate layer. These weakly attached films might be due to
support properties, such as pore size distribution and porosity (see
Table 1). Thus, M1100-MFI-2 and M1200-MFI-2 membranes were not
tested for gas permeation in this study.

2.4. Characterization of supports and CMS membranes

Support pore structure was measured using N, sorption at
—196 °C with an automated Brunauer-Emmett-Teller (BET) sorpt-
ometer (201AEL). Crystal structure of supports and CMS membranes
was recorded by X-ray diffraction (XRD) using a PW1830 X-ray
powder diffractometer (Philips) with a Cu-K, source (1=1.5418 A)
and a wide Bragg angle range (20°<2¢0<70°) with a 2°/min scanning
rate. Chemical structure was monitored by Fourier transform infrared
spectroscopy (FTIR) from 400 to 4000 cm~! in attenuated total
reflectance (ATR) mode. Surface roughness was measured by atomic
force microscopy in non-contact mode using a C26 Dualscope/Raster-
scope scanner (Denmark). Surface morphology and cross-sectional
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images of CMS/MFI/a-Al,O3; composite membranes were examined by
field-emission scanning electron microscopy (FE-SEM; JSM 5600).

2.5. Gas permeance measurements

A standard vacuum time-lag method was used to measure the
single-gas (Hz, CO,, O, N, and CH,) permeabilities at room
temperature (25 °C). The permeate side of a membrane was
degassed under a vacuum before testing, and a pressure of 2 atm
was applied on the feed side of the membrane. Gas permeance
was calculated from the slope (dP/dt) of the plot of pressure (P)
versus time (t) using the following equation:

. dP\ VT, L
Permeability, Q = (E) X AP X TPy 1)
where dP/dt is the steady state rate of pressure increase, V is the
downstream gas permeation volume (cm?), A is the membrane
area (cm?), AP is the pressure difference between the sides of the
membrane, L is the membrane thickness (cm), Py is 76 cm Hg, Ty is
273 K, and T is the temperature (K).

The ideal selectivity coefficient for pure gases A/B (au) is
defined as the ratio of the permeabilities towards A and B, which

can be expressed by Eq. (2):
ap/B = 8—2 ()

Average values and standard deviations were determined from
six samples of two batches.

3. Results and discussion
3.1. MFI/a-Al,03 support structures

Surface images of intermediate layers synthesized on various
supports are presented in Fig. 1. As shown in Fig. 1(1a)«(1d), after
seeding, support surfaces were covered loosely with silica seeds
with diameters ~1 pm (see Fig. 1(2a)+2d)). Images of MFI-2 inter-
mediate layers are shown in Fig. 1(3a){3d). These intermediate

layers are polycrystalline zeolite layers with particle sizes of ca.
5pm x 3 pm x 2 pm (L x W x H).

Fig. 2 shows XRD patterns of a-Al,03, S-MFI-1, and S-MFI-2
supports where X-ray reflections correspond to ordered mesopor-
ous cubic MFI structures. As shown in Fig. 2(a), weak diffraction
peaks were observed for 20 ranges from 8° to 10° and from 23° to
25°. After secondary growth, these peaks became stronger and
indicated the presence of (101),(200),(501),(300),and (13 3)
crystal planes of MFI-type structures [28]. The two largest peaks
detected at 26 values of 8.856° and 7.906° were due to (2 0 0) and
(101) crystal planes, respectively. This result implies that MFI
intermediate layers consisted primarily of a-oriented and some
(h 0 h)-oriented MFI-type zeolite crystallites (Fig. 3) [28].

Porous structures of a-Al,03 supports before and after modification
were analyzed with N, adsorption techniques. As shown in Table 1,
total pore volumes of MFI-1 modified S1100, S1200, and S1300 sup-
ports decreased after silica seeds were deposited on a-Al,O3 support
surfaces, assuming porosity loss rates of 19.84%, 25.22%, and 39.34%,
respectively. The percent porosity loss increased as the total volume of
micropores and mesopores decreased. Porosity reduction may be
attributed to plugging by silica seeds deposited in support pores.

The particle size and pore size distribution of silica seeds synthe-
sized in this study using a solution growth method was shown in
Fig. 4. The particle size was ranged from nanoscale to microscale with
a main size of ca. 1 pm. Therefore, it can be deduced that, the smaller
(nanoscale) silica seeds were deposited into the pore structure of a-
Al,O3 supports via vacuum system during the seeding process.
Dispersion of silica seeds was further confirmed by cross-sectional
energy-dispersive X-ray spectroscopy (EDS) mapping analysis (Fig. 5
(1a)+(3a)). These images indicated that silica seeds packed more
densely in pores in S1100, S1200, and S1300 than S1400 (Fig. 4(4a)).
Cross-sectional EDS analysis of MFI-2 modified supports confirmed
these observations (Fig. 5(5a)<(6a)), indicating that intermediate MFI
layers entered pores in a-Al,O3 supports via secondary growth. These
results suggested that silica seeds and MFI densely packed in micro-
pores and mesopores and near throats of large micropores in a-Al,03
supports. Seed particles agglomerated on alumina support surfaces
and in pores during vacuum suction seeding.

However, as shown in Table 1, the pore volume of MEFI-1
modified S1100, S1200 and S1300 supports shows only slightly

Fig. 1. FE-SEM images of (1) a-Al,05, (2) S-MFI-1, and (3) S-MFI-2 substrates. (1a) $1100, (1b) $1200, (1c) $1300, (1d) $1400, (2a) S1100-MFI-1, (2b) S1200-MFI-1, (2c) S1300-
MFI-1, (2d) S1400-MFI-1, (3a) S1100-MFI-2, (3b) $1200-MFI-2, (3¢) S1300-MFI-2 and (3d) S1400-MFI-2.
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Fig. 2. XRD diffraction patterns of (a) S-MFI-1 and (b) S-MFI-2 supports.
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Fig. 3. Crystal shape and pore structure of an MFI-type zeolite [28].

lower than that of original supports. The smaller reduction was
due to the volume contribution of silica seeds. Fig. 4(b) shows the
pore size distribution of silica seeds. The silica seeds have bimodal
pores, in the mesopore and macropore regions, with a marrow
distribution and two large peaks at 2.2 and 5.8 nm. The pore
volumes of micropore and mesopore for silica seed were estimated
to 0.1708 and 0.1213 cm?/g, respectively. Therefore, although the
pore throat of support was blocked with seeds, the pore volume
shows slightly lower than that of original support.
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Fig. 4. (a) FE-SEM image and (b) pore size distribution of silica seeds synthesized in
this study via solution growth method.

3.2. Interactions between PEI polymer films and MFI/a-Al,0O3
supports

Changes in PEI film chemical structure before and after coating
surfaces of different Si/Al supports were correlated with ATR-FTIR
analysis. As shown in Fig. 6, the presence of crystalline MFI was
confirmed by the triplet peak of Si-0-Si, Si-0, and MFI stretching
vibrations with maximum values at approximately 1066, 800, and
547 cm~ !, respectively. Highlighted regions represent character-
istic PEI bands. Infrared absorption at 1775, 1717, and 1353 cm ™!
corresponds to the asymmetric stretch of C—0, the symmetric
stretch of C==0, and the -C-N-C- stretching band of the amide
group, respectively. These spectroscopic results are consistent with
previous reports [29]. There is a qualitative difference in the
functional group band intensity for pristine PEI and composite
PEI/MFI/a-Al,0O5. Peak intensities were weaker for PEI coatings on
S-MFI-1 and S-MFI-2 surfaces, and the MFI triplet peak was
weaker as well.

These results indicate that PEI films self-assemble when coor-
dinate bonds form between Si>*(Si-0) and N (from -NH bonds in
membrane structures) [30]. The proposed self-assembly mechan-
ism, shown in Fig. 7, involves formation of H-bonds between
carbonyl and surface hydroxyl groups of the zeolite. Consequently,
when PEI polymer film coats the surface of an MFI/a-Al;03
support, the amount of PEI bound to the substrate surface
increases with the number of hydroxyl groups from the second
thermohydrolysis reaction.
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Fig. 5. FE-SEM photographs and EDS maps of (a) Si and (b) C matrix distributions in CMS composite membranes. (1) M1100-MFI-1, (2) M1200-MFI-1, (3) M1300-MFI-1,
(4) M1400-MFI-1, (5) M1300-MFI-2 and (6) M1400-MFI-2.
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3.3. Gas permeation performance of CMS/MFI/a-Al,O3 membranes

Steady state single gas permeation studies were performed on
CMS/MFI/a-Al;03 composite membranes to examine the influence of
MFI intermediate layers. After supports were modified with silica
seeds, selectivity of S-MFI-1 supported membranes increased. As
shown in Tables 2 and 3, CMS membranes supported by S1100-MFI-
1, S1200-MFI-1, and S1300-MFI-1 substrates demonstrated greater
gas pair selectivity. For example, H,/CH,4 selectivity increased from
32.31 for M1100 to 260.96 for M1100-MFI-1, an eightfold increase,
and CO,/CH4 selectivity for M1100-MFI-1 was 5.77 times greater
than for M1100, but permeability was ca. 40% lower. Opposite trends
were observed for S1400 where CMS selectivity decreased and
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Fig. 6. FTIR spectra of (a) MFI powder, (b) pure PEI polymer film, and PEI films on
various substrates: (c) S1100-MFI-1, (d) S1200-MFI-1, (e) S1300-MFI-1, (f) S1300-
MFI-2, (g) S1400-MFI-1, and (h) S1400-MFI-2.
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permeability, especially for CO, and O, increased after the support
was modified with silica seeds. For example, CO, permeability
increased from 345.2 for M1400 to 614.2 for M1400-MFI-1. These
results indicated that pore structures of original a-Al,O3 substrates
significantly influenced surface modification efficacy.

After silica seeds grew into MFI-type zeolites, gas permeability of
CMS membranes supported on S-MFI-2 substrates increased. For
example, the permeability towards H, of M1300-MFI-2 and M1400-
MFI-2 increased from 1192 to 3067 Barrer and from 1267 to 1948 Bar-
rer, respectively. However, some discrepant results are observed in
Table 3 including contradictory results for M1300 and M1400 gas

Table 2
Permeability of CMS membranes supported on various substrates.

CMS membrane Permeability (Barrer)

H, CO, 0, N, CHy
M1100 3503 +298 1371+158 411+75 113+43 130461
M1100-MFI-1 2224+ 190 631 + 64 168 + 34 18+3 9+1
M1200 2653 +188 995+ 151 295+57 61+19 62 +20
M1200-MFI-1 1502 + 136 611+30 167+13 23+10 13+04
M1300 1192 +321 434+97 123+31 13+04 8+3
M1300-MFI-1 1298 +325 361+112 90+ 31 10+3 542
M1300-MFI-2 3067 +177 1202+146 378+ 11 75+21 84 +27
M1400 1267 + 76 345 + 91 16+12 17+1 16+5
M1400-MFI-1 1346 +190 614+87 185+33 26+5 17 £1
M1400-MFI-2 1948 £236 744+79 221+15 25+1 16+1
Table 3

Selectivity of CMS membranes supported on various substrates.

CMS membrane Selectivity
Hy/CH,4 Hy/N; 02/Nz CO,/CH4
M1100 32+17 34+ 13 4+19 13+8
M1100-MFI-1 261 + 51 127 + 20 10+ 0.9 74+ 14
M1200 471 + 20 48 +20 5+2 17+6
M1200-MFI-1 120+ 14 66+8 7 +£0.56 49+4
M1300 147 + 36 89+21 9+2 54+10
M1300-MFI-1 252 +43 134+ 11 9+2 69+7
M1300-MFI-2 40 + 16 43+ 14 5+2 15+5
M1400 115+ 54 7543 7+1 22 +31
M1400-MFI-1 77+4 5345 7+09 3542
M1400-MFI-2 121 +£25 78 +12 9+0.7 46+9
H
s /\ N /\/ N \/\

Fig. 7. Schematic of PEI crosslinking with an MFI-type zeolite intermediate layer.
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selectivity. The H,/CH; gas pair selectivity of the M1300-MFI-2
membrane (40) was 73% lower that the M1300 membrane (14 7).
The opposite trend was observed for the Hy/CH,4 gas pair selectivity of
the M1400-MFI-2 membrane (1 2 1), which was slightly higher than
the M1400 membrane selectivity (1 1 5). These gas selectivity results
implied that the MFI-2 intermediate layer increased permeability and
improved selectivity of CMS membranes on S-1400 supports with
relatively small pore volumes/sizes.

To investigate changes in separation performance caused by
MFI intermediate layers and CMS layers, single gas permeation
performance of the CO,/CH, gas pair was assessed for S-MFI-2 and
a-Al,O3 supports. Pure gas transport through porous supports
occurs by viscous flow and Knudsen diffusion [24]. Therefore, the
Knudsen selectivity was calculated for comparison purposes. As
shown in Table 4, observed CO,/CH4 selectivity values for all
substrates were somewhat lower than predictions of Knudsen
selectivity. Experimental values for the S1400-MFI-2 substrate
were closer than the S1300-MFI-2 support results to the Knudsen
ratio. These observations suggested that pore sizes in MFI inter-
mediate layers in S1300-MFI-2 or S1400-MFI-2 were sufficiently
large and did not significantly influence transport mechanisms.

As shown in XRD spectra, S-MFI-2 supports contained a- and
(h O h)-oriented crystallites. Lai et al. [31] investigated permeation
properties through b-, c-, a/b (mixed)-, and (h 0 h)-oriented zeolite
membranes. Their results indicated that permeation and separation of
xylene isomers were unaffected by a-oriented membrane layers
because MFI zeolites did not have pores parallel to the g-axis to
achieve molecular-sieve effect (as shown in Fig. 3). Therefore, in this
study, gas transport through S-MFI-2 supports occurred according to
the viscous flow mechanism instead of a molecular-sieve mechanism.
This result was also observed for diffusion of relatively small gas
molecules, such as CO,, Oy, N, and CHy, in zeolite membranes [24,32].
Therefore, we conclude that improvement in separation performance
after modification with MFI-type zeolite intermediate layers was
primarily due to carbon selective layers. Thus, there is particular
interest in characterization of pore formation and pore structure of
CMS membranes after modifying a-Al,O3 supports with silica seeds
and MFI zeolite layers.

Table 4
Selectivity and permeability of various supports towards the testing gases.

3.4. Characterization of CMS/MFl/a-Al,03 membranes

As discussed in Section 3.2, polymer chains are cross-linked to
modified supports to form bonds with Si-O groups in silica seeds
or MFI zeolites. Thus, these polymers can become more rigid than
bulk polymer chains [30]. Consequently, polymer bonding pro-
duces a small increase in CMS membrane density. The degree of
packing in ultramicroporous carbon structures and interplanar
distances can be obtained from average d-spacing values [1].
As illustrated in Table 5, a decrease in d-spacing was observed in
all membranes supported on S-MFI-1 supports except S1400-MFI-
1. (The d-spacing of membranes supported on S-MFI-2 substrates
was not detected due to interruption of MFI crystalline diffraction
peaks.) Results indicated that interplanar carbon layer distances
decreased after seeding silica intermediate layers, suggesting that
formation of cross-linked separation layers with silica seeds
increased the degree of packing in ultramicroporous carbon
matrices. Therefore, chemical bonding between polymer films
and intermediate layers is a key parameter that influences gas
separation selectivity.

Carbon layer packing depends on the strength of cross-linked
separation layers and the topology of polymer chains piled on
intermediate layer surfaces. Neatly stacked polymer chains pro-
duce a tighter structure because of interfacial piling. Therefore,
support roughness and pore structure are two additional main
parameters that determine interplanar distances of carbon layers.
To investigate the effect of roughness on d-spacing, «-Al;Os
support roughness was measured before and after modification
using a surface roughness analyzer, and results were presented as
the quadratic mean value, Rq. As shown in Table 5, the surface
roughness of every «-Al,03 support increased after modification
with silica seeds or an MFI intermediate layer. The roughness of
S-MFI-2 supports was much higher than for S-MFI-1 supports,
suggesting that larger silica seeds and MFI crystallites growth
produced rougher supports. In general, rougher supports pro-
duced larger d-spacing and higher permeability [33]. For example,
the permeability towards hydrogen of M1400 increased slightly
from 1267 to 1346 Barrer after it was modified with silica seeds

Support Permeability (GPU) Selectivity
H, CO, 0, N> CH4 H,/CH4 CO,/CH4 0,/Ny H,/CO,

S$1200-MFI-1 7052 4317 4171 4463 5026 1.4 0.9 0.9 1.6
S1200-MFI-2 7814 4516 3825 4184 4751 1.6 0.9 0.9 1.7
S$1300-MFI-1 6483 3251 2777 3086 3640 1.8 0.9 0.9 2.0
S1300-MFI-2 157 43 456 50 625 03 0.1 9.2 3.6
S$1400-MFI-1 3657 1603 1642 1871 2464 1.5 0.7 0.9 2.3
S$1400-MFI-2 9893 11,592 13,333 14,965 13,569 0.7 0.9 0.9 0.9
Knudsen separation factor 2.8 0.6 0.7 33

Table 5

Surface roughness, d-spacing, and thickness of CMS membranes supported on different substrates.
Membrane Code Rq of support (nm) Rq of membrane (nm) d-spacing (A) Thickness (pm)
M1100 289 6.5 3.99 3.994
M1100-MFI-1 145.0 24.6 3.88 4.519
M1200 38.1 3.6 3.93 4.05
M1200-MFI-1 212.0 18.9 3.89 4.969
M1300 39.5 4.9 3.82 2.794
M1300-MFI-1 270.0 14.8 3.61 3.975
M1300-MFI-2 339.0 52.0 N.D. 4.987
M1400 53.1 10.9 4.04 3.188
M1400-MFI-1 209.0 15.2 4.08 4.106
M1400-MFI-2 342.0 64.1 N.D. 4.837
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because the support configuration transferred to the carbon
selective layer and formed a porous carbon layer [34]. However,
d-spacing values of S-MFI-1 supported membranes decreased with
increased roughness (Table 5), except for the S1400-MFI-1 sup-
port. Therefore, support pore volume is another dominant factor.
Consequently, CMS layer morphology was analyzed.

As previously mentioned, pore volumes (especially micropore
and mesopore volumes) of «o-Al,O; supports decreased after
modification with silica seeds because of pore throat blockage,
which prevented coating solutions from penetrating supports. The
influence of support pore volume on formation of dense carbon
membranes was evaluated on the basis of surface morphologies of
CMS membranes formed on a-Al,03, S-MFI-1, and S-MFI-2 sup-
ports with the same carbon membrane preparation procedure.
Carbon layers were pyrolyzed from 10% PEI cast film. All support
surfaces were completely covered with carbon film layers, as
shown in FE-SEM images in Fig. 8(a). The as-synthesized surfaces
had excellent morphologies, which were continuously well
attached to supports without surface cracks or defects. However,
membranes on bare substrates (Fig. 8(b)) were not completely
covered with carbon. The roughness and pore volume of the bare
a-Al;03 substrate was too large for the deposition of a thin
polymer film on its surface and the formation of a carbon layer
because the polymer solution tends to penetrate the pores of the
support. Therefore, the pretreatment conditions used in this study
(including sintering temperature, soaking time, heating rate,
seeding silica seeds, and secondary growth into an MFI zeolite
film) were appropriate to reduce support pore volume and main-
tain carbon/MFI/a-Al,03 composite membrane integrity. Further-
more, comparison of different membranes (Table 5) showed that
carbon layer thickness varied with surface roughness and total
support pore volume. For M1100, M1200, M1300, and M1400
membranes, carbon layer thickness increased after seeding and
secondary growth of MFI intermediate layers. Support roughness
similarly increased, while pore volumes and diameters decreased
due to blockage by silica seeds (except for S1400 support). For
example, surface roughness of S1100 increased fivefold, from 28.9

to 145 pm, after seeding with silica. Roughness of other supports
increased approximately four- to sevenfold but was too large for
the given carbon layer. However, a continuous defect-free carbon
membrane formed on the rougher supports. In general, the
separation layer thickness should be larger than the support
roughness to completely cover the support surface. However, in
this study, the carbon membranes were thinner than the support
roughness. These observations demonstrated that intermolecular
interactions existed between polymer casting solutions and inter-
mediate layers. Rougher MFI-1 and MFI-2 intermediate layers
limited fluid flow and permeability, thereby preventing polymer
solution from penetrating the porous substrate and interlocking
with the intermediate layer. Thus, the casting solution remained
on the support surface. Mechanical interlocking between rough
supports and polymer films determine the carbon separation layer
attachment [18] because additional contact improves adhesion of
the carbon membrane to the support. Consequently, the carbon
layer thickness increased while the interplanar distance decreased
with increased support roughness when pore volumes, especially
micropore and mesopore volumes, were reduced. Beyond this
observation, selectivity increased with decreasing permeate flux
for M1100-MFI-1, M1200-MFI-1, and M1300-MFI-1 membranes
compared with their unmodified counterparts.

Carbon membranes supported on MFI-2 supports showed
gradually increasing permeability for all permeate gases. Further,
compared to M1300-MFI-2 membrane, the M1400-MFI-2 mem-
brane also showed slightly increasing selectivity simultaneously.
These observations could be attributed to properties of porous
supports, including pore size distribution. After sintering, the
porosity of S1400 shifted to a smaller pore size distribution than
S$1300. Therefore, fewer silica seeds were introduced into pores in
the S1400 support, and fewer MFI crystallites were implanted onto
and within S1400-MFI-2 supports. Pore channels that were not
blocked by silica seeds allowed casting solution to penetrate and
interlock with a-Al,03 support (Fig. 8(1)), which obstructed per-
meance of large gas molecules and slightly increased membrane
gas pair selectivity.

Fig. 8. FE-SEM images of surfaces and cross-sections of CSM membranes supported on different supports. (a) Membrane supported on sintered support, (b) Membrane
supported on bare support, (c) M1100, (d) M1200, (e) M1300, (f) M1400, (g) M1100-MFI-1, (h) M1200-MFI-1, (i) M1300-MFI-1, (j) M1400-MFI-1, (k) M1300-MFI-2 and (1)

M1400-MFI-2.
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Fig. 9. Permselectivity of CMS membranes supported on various supports com-
pared with Robeson's 2008 upper bound [34]: (a) H»/CH4 and (b) CO,/CHa.

Finally, as shown in Fig. 9(a), the performance of all mem-
branes, and especially MFI-1 modified membranes, surpassed the
upper bound proposed by Robeson [35]. The M1100-MFI-1 mem-
brane displayed the highest separation performance compared
with the original a-Al,0s3- and other S-MFI-1 supported mem-
branes. The M1100-MFI-1 membrane achieved high permeability
towards H, of 2224 Barrer and CO, of 631 Barrer, with H,/CH4 and
CO,/CH,4 selectivity of 261 and 74, respectively, as shown by the
longest straight distance from the line proposed by Robeson in
2008 [35] in Fig. 9(a) and (b). This attractive gas separation
performance strongly demonstrates that silica seeds are beneficial
to CMS membranes when a-Al,O3 supports have relatively large
pore volumes/sizes.

4. Conclusions

In this study, a-Al,03 supports with different pore size dis-
tributions and pore volumes were modified with MFI-type zeolites
via secondary growth of silica seeds. These seeds were deposited
on or in pores of a-Al,03 supports. The seeds produced continuous
MFI-zeolite layers on support surfaces, which functioned as inter-
mediate layers that altered support surface characteristics. Pore
structure, roughness, and chemical characteristics of «-Al,03
supports were modified. Interactions between supported carbon
layers became stronger because of chemical cross-linking and
interlocking. Membranes supported on supports with relatively
large pore volumes only showed increased selectivity after seeding
with silica. By contrast, membranes on supports with smaller pore
volumes showed increased permeability and selectivity after
secondary growth of MFI-zeolite films. Supports with larger pore
volumes were blocked by seeds, which prevented casting solution

from penetrating the support, thereby decreasing its permeability.
Supports with smaller pores that were not blocked by silica seeds
formed strong interlocking interactions with casting solution,
thereby increasing permeability and selectivity. The permeation
and separation performance of membranes supported on modified
supports were significantly affected by pore volume and pore size
distribution of the support. These modifications improved the
mechanical stability of CMS layers and superior performance,
which will assist in their commercialization.
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Polyetherimide (PEI) was used as polymeric precursor to prepare selective carbon molecular sieve (CMS)
layer supported by a porous Al, 05 ceramic disk. The effects of the porous structure and surface roughness
of the ceramic support on the interfacial adhesion and texture of the PEI/Al,O3-derived composite CMS
membrane were investigated by modulating the sintering temperature and holding time. When the
surface roughness of the ceramic support increased, the pore size and its distribution of the selective
CMS layer were found to have shifted to the larger one and its roughness increased from the top to the
bottom surface. This structure resulted in high permeability and low selectivity. Our results indicate that
the porous structure of the ceramic support also played an important role in dominating the pore size
and its distribution of the selective CMS layer, which influences the gas separation performance.

© 2012 Elsevier B.V. All rights reserved.

1. Introduction

Inorganic membranes, such as silica [1,2], zeolite [2,3], and
carbon molecular sieve (CMS) membranes [4-6], have received
much attention as advance materials in the gas separation tech-
nology due to their superior gas permeation performance and
thermal and chemical stability. Among these membranes, only the
CMS membrane has an amorphous construction, which consists of
micrometer-to-submicrometer porous channel. Kiyono et al. [5,7]
stated that the pore structure in a CMS membrane can be described
as a “slit-like” structure with an idealized bimodal pore distri-
bution. These pores include continuous smaller porous channel
of 4-6 A sub-micropores, connected to 6-20 A micropores, where
the micropores can improve the diffusibility of the gas in the
membrane and the sub-micropores can ensure high membrane
selectivity. This bimodal structure enables the CMS membrane
to possess superior properties for the separation of smaller gas
molecules with similar dimensions (for example, Hy, CO,, O,, and
N, ). Two main factors, namely, selecting the polymer precursors
[8-10] and controlling the pyrolysis conditions [11-13], are usually

* Corresponding author at: National Chung Hsing University, Department of Envi-
ronmental Engineering, 250 Kuo Kuang Rd., Taichung 402, Taiwan, ROC.
Tel.: +886 4 22852455; fax: +886 4 22862587.
E-mail address: mywey@dragon.nchu.edu.tw (M.-Y. Wey).

0376-7388/$ - see front matter © 2012 Elsevier B.V. All rights reserved.
doi:10.1016/j.memsci.2012.03.014

evaluated for production of porous CMS membrane for the control
of the microstructure of porous CMS membrane to attain certain
microporosity in the molecular dimension. Moreover, due to low
mechanical strength, the CMS membrane typically uses porous
materials (like alumina) as support layers, forming a complete and
defect-free carbon membrane, as well as increasing the mechan-
ical strength of the membrane. However, based on our operation
experience, the gas permeation and selection behaviors of the CMS
membrane are obviously affected by the support microstructure,
because the support structure will influence the microstructure of
CMS selective layer.

From the interfacial behavior viewpoint, the support structure
and its surface roughness also play important roles in deter-
mining the pore size distribution of the composite membranes
[14]. Wei et al. [15] coated the polymeric membrane on the
surface of an inorganic ceramic substrate to overcome the defor-
mation caused by swelling and studied the effect of roughness
on the ceramic substrate. The results indicated that when the
polymeric membrane was completely coated on the substrate
surface, no deformation occurred. The authors further controlled
the polishing duration to obtain different levels of substrate sur-
face roughness and evaluated its influence on adhesion. Their
results indicated that polishing reduced the number of ceramic sur-
face flaws and improved interfacial adhesion, and the mechanical
strength of the polymer/ceramic composite membrane accordingly
increased.
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Wei et al. [16] also stated that the surface roughness of the sup-
port is an important factor in preparing a defect-free membrane
because the defects of the substrate will be transferred to the top
separation layer. They applied a coat of alcohol solution of novolac
phenol-formaldehyde resin on a porous resin support from the
same material. The crack on the composite CMS membrane was
dramatically reduced because the top layer and the support had
similar constriction during carbonization.

Hamad et al. [17] further addressed the influence of pore pen-
etration by covering the support with polymeric doping solution.
They used porous polyethersulfone (PES) polymers as substrates to
prepare polyphenylene oxide (PPO)/PES asymmetric membranes
and compared the difference in gas permeation behaviors with a
symmetric (pure PPO) one. The results indicated that the gas leak-
age through the interstitial void space was minimized due to the
densification and compaction of the polymer adjacent to the sup-
port membrane interface, and the selectivity was enhanced as a
direct result of the solvent evaporation from the substrate into the
air. The surface of the substrate swelled, followed by shrinkage,
resulting in a compressive force that worked at the bottom of the
coating film.

Huber et al. [18] also studied the effect of pore size distribution
of support materials and found that evenly distributed pore sizes
led to better support. Moreover, the even distribution of the pore
size enabled the membrane to cover completely the pores of the
substrate during deposition.

The structure of the Al,03 ceramic is mainly dominated by
the sintering parameters, such as sintering temperature and dwell
time, which affect the particle movements attributed to full den-
sity, grain coarsening, and pore closing [19]. As the temperature
increases to over 1000°C, rapid densification with limited grain
growth first occurred, followed by rapid grain growth with little
densification at higher temperature [19,20]. However, when the
temperature rises to 1500 °C, the structure becomes dense, result-
ing in significant reduction in the pore volume [20]. In the current
paper, the effect of the Al,03 support structure on the microstruc-
ture of CMS selective layer is explored to optimize its performance
and the applied process conditions. The porous structure and the
surface roughness of the ceramic support were modulated by con-
trolling the sintering temperature and the dwell time. In the course
of the experiment, the sintering temperature of the support was
varied from 900°C to 1200°C to prevent the mass transfer resis-
tance through the support layer from densification behavior of the
sintered body and the corresponding effects on the overall mass
transfer behavior of the membrane.

2. Experimental
2.1. Materials

The pure polymer precursor PEI (Mw. of repeated
unit=592 g/mol) was purchased from Aldrich Co., U.S. The struc-
ture of this polymer is shown in Fig. 1. The N-methyl-2-pyrolidone
(NMP) solvent was purchased from Mallinckrodt Chemicals Co.,
U.S., and was used without further purification. The alumina disk,
with an average pore size of 0.14 um, a thickness of 1.4 mm, and a
diameter of 23 mm, was purchased from Ganya Fine Ceramics Co.,
Taiwan, and was used as bare support.

2.2. Preparation

Batches of five obtained bare disk supports were first heat-
treated in air at 800°C for 2h to remove the agglutinant. Then,
these samples were sintered at four different temperatures,
namely, 900, 1000, 1100, and 1200°C in air for 1 and 2 h in a tube
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Fig. 1. Chemical structure and TGA and DTA curves of the PEI polymer.

furnace (Thermolyne, F59348, U.S.). The resulting supports were
kept in a dry oven before use.

The PEIl/ceramic composite CMS membranes were prepared
using the conventional spin coating method, similar to that in our
previous study [8,21]. A 10% PEI coating solution was prepared by
dissolving it in NMP and continuously stirring in the temperature
range of 60-80 °C for 12 h. Subsequently, the solution was degassed
in a vacuum system to avoid the existence of gas bubbles. The PEI
solution was coated on the surface of the Al,03 support using spin
coating technique. After drying at room temperature for 24 h, the
polymer/ceramic composite membrane was formed. Subsequently,
the polymer membrane was characterized by thermogravimetric
analyzer (TGA) to determine the pyrolysis temperature program. As
shown in Fig. 1, the pyrolysis takes place in two stages: (a) the first
decomposition step occurs between 150 and 250 °C and it may due
to the removing of excess solvent. The weightloss is around 15%; (b)
in the second stage, hydrocarbon releases occur and is thought to
create a three-dimensional porous network. The weight loss ceases
at a temperature of around 650 °C. Therefore, the composite poly-
mer membranes were first cured at 240°C for 6 h (heating rate:
5°C/min). Then, the membranes were pyrolyzed at 600 °C under
a vacuum system (heating rate: 5°C/min) maintained at this final
temperature for 2 h. Finally, all the CMS membranes were kept in a
moisture buster to isolate them from moisture and dust before use.

2.3. Characterization

The textural property of the support was measured using
N, sorption at —196°C with a PMI Automated BET Sorptome-
ter (201AEL). The X-ray diffractograms (XRDs) of all support
sintering at different temperatures and their derived compos-
ite CMS membrane were recorded at room temperature with
Cu Ka source (A=1.5418A) using X-ray powder diffractometer
(PW1830, Philips) in a wide range of Bragg angle (20° <20 <70°)
with a 2°/min scanning rate. The surface roughness was acquired
using noncontact-mode atomic force microscopy (AFM) with a
Dualscope/Rasterscope €26, DME, Denmark scanner. The mean
roughness (Ra) of the captured surface was calculated based on the
following equation: Ra = (1/LxLy)f0L” fOLy If(x, )| dx dy, where f(x,
y) is the surface relative to the center plane and Ly and Ly are the
dimensions of the surface. The center plane is the plane where the
volumes above and below it are equal. The surface morphology and
cross-sectional images of the PEI/ceramic-derived composite CMS
membranes were examined using field emission scanning electron
microscope [(FE-SEM), JSM 5600].
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2.4. Evaluation of performance

The gas permeance performance of the composite CMS mem-
brane was investigated using the standard vacuum time-lag
method [22,23] through different gases at 25°C and a feed pres-
sure of 2 atm, which were similar to those in our previous study
[8,21]. The gases included the following: H, (2.8A), CO, (3.3A),
0, (3.46A), N, (3.64A), and CH4 (3.8A) (the values in paren-
theses correspond to the kinetic diameter of each gas). Before
the permeation test, the composite membranes were masked
using impermeable aluminum tape with a predetermined area
(3.14cm?), and epoxy sealant was then carefully applied at the
interface between the tape and the membranes to prevent any
gas leak. The composite membrane was attached to a perme-
ation cell (25 mm disk filters, Millipore, U.S.) and was degassed
by exposing both sides of the membrane to vacuum for 6 h. After
degassing, high-purity penetrant, supplied from the compressed
gas cylinders, was introduced into the upstream side of the mem-
brane. The variation in the downstream pressure was recorded
using a pressure transducer and digital equipment connected to
a computer. The permeability coefficient P was expressed in Barrer
(1Barrer=1 x 10~19cm?3 (STP)cmcm—2 s~! cmHg~1), calculated by
the following equation:

Cdp( V-Ty-L
PG (prapa) )

where V is the calibrated downstream volume (cm?3), dp/dt is the
steady-state pressure rise rate, Ap is the membrane side pressure
difference (cmHg), A is the membrane area (cm?2), L is the mem-
brane thickness (cm), Tis the measured temperature (K), and Py and
To are the standard pressure (76 cmHg) and temperature (273 K),
respectively. The ideal selectivity for gas A to gas B is defined as

P
QaB = P_/; (2)

The average value and standard deviation were determined
from six samples of two batches.

Table 1
The effect of sintering parameters on the crystal size of the Al,03 supports.

Support code Crystal size (nm) Support code Crystal size (nm)

$900-1 40.3 + 1.09 S900-2 49.3 + 0.92
S$1000-1 449 + 1.31 S$1000-2 39.8 £0.17
S1100-1 51.1 £ 0.24 S$1100-2 453 £ 0.23
$1200-1 56.2 + 0.83 51200-2 52.7 £ 1.19

The data were calculated base on the three times measurement results.

3. Results and discussion
3.1. Characterization of Al;03 support

3.1.1. XRD analysis

The a-Al,03 support was characterized using XRD, BET, SEM,
and AFM to evaluate their potential as membrane supports. Based
on the results of XRD patterns (not shown here, the XRD pattern
depends neither on temperautre nor on holding duration), all the
alumina supports are of a pure phase with no other phase detected
in the scanning range, which indicates good homogeneity and crys-
tallization of the samples. The alumina phase was identified using
appropriate standard diffraction patterns (JCPDS 46-1212), and the
results indicated that all the reflection peaks showed the occur-
rence of crystalline a-Al, 03 phase.

The crystal size of the different Al, 03 supports estimated by the
Scherrer formula from XRD data are given in Table 1. The influence
of sintering temperature (900-1200°C) was studied while main-
taining the dwell-time duration. For the 1 h dwell time, the support
sintered at 900°C had a crystal size of approximately 40.3 nm.
When the sintering temperature increased, the crystal size pro-
gressively increased, reaching 56.2 nm for the support sintered at
1200°C. Shirsath also obtained similar result in his literature report
[24]. However, similar upward trend was not observed for the 2-h-
dwell time-treated samples.

The influence of dwell times (1 and 2 h) on the crystal size is
also shown in Table 1. At 900 °C, the crystal size regularly increases
with the increase in dwell time from 40.3 nm to 49.3 nm. When the
sintering temperature increases to 1200 °C, the crystal size slightly
decreases with the increase in the dwell time. This result indicates
that prolongation of dwell time at higher sintering temperature
does not significantly promote the growth of crystal lattice when

Fig. 2. FE-SEM micrographs of the surface view of Al 03 support sintered at different dwell times: (1) 1h and (2) 2 h, and different temperatures: (a) 900°C, (b) 1000°C, (c)

1100°C, and (d) 1200°C.
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the Al, O3 supportis sintered at the temperature range from 1000 °C
to 1200 °C. Conclusion can be made that the increases in the sinter-
ing temperature and the dwell time are not significantly in altering
the crystal size of Al,03, and the crystal size of Al,03 were ranged
from 40 to 56 nm.

3.1.2. FE-SEM analysis

The alumina support used in the current work is the green disk
obtained by pressing the a-Al,03 grain under higher pressure. To
improve the bonding energy between particles, the size distribu-
tion of the a-Al,03 grain was divided into two groups; the fine
grains ranged from 0.2 pwm to 0.5 wm, and the coarse grain ranged
from 1 wm to 1.5 pm. Therefore, some pores appeared in the inter-
nal structure of the green disks (as shown in Fig. 2). Using the
previously mentioned sintering process, the alumina grain under-
goes growth or densification, which changes the microstructure of
the alumina and simultaneously improves the mechanical strength
of the support.

Fig. 2 shows the FE-SEM micrographs of the Al,03 support sin-
tered at different conditions. Most of the particles appear oval in
shape, and some coarse grains are present. As the sintering tem-
perature increases to 1200°C, the microstructures of the support
become denser than those sintered at low temperature under the
same dwell time; the support sintering at 1200 °C shows a signif-
icantly increasing particle size, which results in a dense sintering
body. On the other hand, the support sintered at the same tempera-
ture but at different dwell time did not show any change in surface
texture.

Sagar et al. also indicated that sintering generally decreases the
lattice defects and cause coalescence of crystallites, resulting in
increase of the average size of the nanoparticles [24]. In general,
the mass transport diffuses along the grain boundaries and through
the lattice of the grains during sintering, resulting in the increase
of grain size and production of neck growth [25,26], that is, growth
of the grain size.

3.1.3. BET analysis

The influence of different sintering conditions on the reduc-
tion of macropore, mesopore, and micropore volumes of the
a-Al, 03 support were evaluated through N, adsorption/desorption
isotherm. The analytic results are shown in Fig. 3. All the macro-
pore [Fig. 3(a)], mesopore [Fig. 3(b)], and micropore [Fig. 3(c)]
volumes of the Al,03 support show a downward trend with the
rise in sintering temperature. When the sintering temperature
increases from 1100°C to 1200°C, a turning point appears in the
temperature—pore volume curve. Further, the extent of reduction of
the pore volume for the 2 h dwell time is larger than that for the 1h
dwell time. The considerable reduction in the pore volume can be
attributed to densification after the sintering temperature reaches
over 1100°C. Immediately after the growth of crystalline size, the
neck grows to a value such that rearrangement of the grains subse-
quently occurs [27]. Thus, presumption can be made that porosity
reaches a certain value where rearrangement of the grains can
occur when the sintering temperature increases to 1200 °C.

Fig. 4 shows the shrinkage percentages of the support sintered
at different conditions. The shrinkage percentage is defined as
(1= (H/Hp)) x 100%, where H is the thickness of the support after
sintering and Hy is the thickness of the green disk. The shrinkage
percentages of the support directly increase with sintering tem-
perature, and they dramatically increase at temperatures higher
than 1000 and 1100 °C, which suggest that the ceramic has lost its
original high porosity. This rapid change is attributed to the grad-
ual growth of grain and the subsequent collapse of the pores. As
a result, supports with bigger shrinkage percentages have dense
microstructures.
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Fig. 3. Influence of sintering conditions on the development of (a) macropore, (b)
mesopore, and (c) micropore volumes.

3.1.4. Surface roughness

To explore the influence of grain growth on the surface rough-
ness coefficient (Ra) of the support, AFM was employed in the
current study. As shown in Fig. 5, when the sintering temperature
rises from 900 °C to 1000 °C, the surface roughness of the support
shows a clear upward trend, with Ra increasing from 50.0 nm to
116.6 nm. Fig. 5(1b) shows some bigger nodules present at the
surface of the support sintered at 1000 °C. However, when the tem-
perature increases from 1000°C to 1200 °C [Fig. 5(1d)], the grains
are orderly arranged on the surface of the support, and the surface
becomes smoother, resulting in the drop of Ra from 116.5nm to
55.0 nm.

By integrating the XRD, BET, AFM and SEM results, the alu-
mina grain size and the microstructure of the support are shown
to be dominated by the sintering temperature, as shown in the
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Fig. 4. Shrinkage percentages of Al,03; support sintered at different conditions.

schematic diagram of Fig. 6. The variation in the microstructure
that depends on the sintering temperature can be divided into
three types, namely, (1) crystal growth, (2) neck growth, and (3)
rearrangement of grain. When the sintering temperature rose from
900°Cto 1000 °C, the crystal size increased, leading to grain coarse-
ness and resulting in the increase of the surface roughness and
decrease in the pore volume. When the sintering temperature
increased to 1100°C, neck growth occurred though surface dif-
fusion between grains. Generally, the increase in average size of
the grains is always accompanied by the disappearance of some
grains, usually the smaller ones [28]. The neck growth, therefore,

resulted in the diminishing of the roughness between coarse and
fine grains. When the sintering temperature rose to 1200 °C, the
rearrangement of the grains produced a dense structure, favoring
the shrinkable pores due to the compressed grain growth behav-
iors. Such an increase also resulted in averaging of the grain size
and decrease in the surface roughness of the carrier. Therefore, the
movements of the crystal/grain have different features at each stage
attributed to grain coarsening, pore closing, and full density, which
will influence the gas permeation behavior through the support
materials.

3.2. Gas permeation behavior of the support

The gas permeability and selectivity of the Al,03 supports
were evaluated based on pure gases with different molecular
weights and dimensions to predict the transport mechanism. These
gases are as follows: H; (2 g/mol, 2.8 A), CO, (44g/mol, 3.3A), 0,
(32g/mol, 3.46 A), N, (28 g/mol, 3.64 A), and CH, (16 g/mol, 3.8 A)
(the values in the parentheses show the molecular weights and
kinetic diameters, respectively). Fig. 7 shows the permeability as
a function of the root of the reciprocal of the molecular weight of
each gas [(1/M)'/2]. The results showed a high gas permeability,
which decreased with the increase in the sintering temperature
and dwell time. Further, Fig. 7 shows that the permeabilities of
these five gases decreased with the increase in the gas molecular
weights. Compared with the theoretical selectivity of the Knud-
sen diffusion mechanism, only a few results of the gas selectivity
(such as 0/N; and CO,/CHg) are similar to the Knudsen selec-
tivity value. The rest are all lower than the theoretical selectivity
(Table 2), which indicated that gas transport through the differ-
ent Al, 03 supports occurred according to the Knudsen mechanism

Lloa"! Ra=50.0 (1b) Ra=116.6

(1c) Ra=56.1 (1d) Ra=55.0

(2d) Ra=42.6
500.0nm

(2c) Ra=57.3
500.0 nm r
0.0 nm.

W0

Fig. 5. AFM images of Al,03 support sintered at different dwell times: (1) 1h and (2) 2 h, and different temperatures (a) 900°C, (b) 1000 °C, (c) 1100°C, and (d) 1200°C.
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Fig. 6. Grain growth, neck growth, and grain rearrangement of Al, O3 support as a function of the sintering temperature.
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and/or the Poiseuille flow [16]. Thus, the microstruc1ture of Al,03
supports is significantly reduced by the sintering treatment, and
the pores have a size bigger than that of the mean free path of gas
molecules.

3.3. Gas permselectivity of composite CMS membrane

Figs. 8 and 9 show the influence of the microstructure of Al,03
support on the permeability and selectivity of the composite CMS
membrane. Fig. 8 shows that the gas permeability through the
membrane correlated with the kinetic diameter, instead of the
molecular weight of the gas molecules, and decreased as the kinetic

Table 2
Selectivity of Al,O3 support sintered at different conditions.

Support code Ideal selectivity

H/CHa Hz /N2 02/Nz CO2/CH4 Hz/CO,
S900-1 1.6 22 0.8 0.6 2.6
S$1000-1 1.6 2.0 0.9 0.7 2.2
S1100-1 1.8 23 1.0 0.7 2.6
$1200-1 1.8 22 0.9 0.8 2.3
S900-2 1.6 2.0 0.9 0.7 2.5
S1000-2 1.7 2.2 1.0 0.7 2.6
S1100-2 1.8 25 0.9 0.6 2.7
S$1200-2 1.9 2.5 0.8 0.6 3.0
Knudsen selectivity? 2.83 3.74 0.94 0.77 4.69

2 The selectivity was predicted from Knudsen transport mechanism by the fol-

lowing equation: wag = 4/ Mg/Ma.

diameter increased. These results indicated that the microstruc-
tures of the CMS selective layer are in molecular dimensions, which
allowed the separation of gases by the molecular sieve mechanism.

Further, Fig. 8 shows that when the sintering temperature of
the support rises from 900°C to 1000 °C, the permeability of all
gases increased; for example, the permeability of H, increased
from 1203 Barrer to 2291.1 Barrer and that of CH, increased from
15.1 Barrer to 240.8 Barrer. Meanwhile, as the sintering temper-
ature rose from 1000°C to 1200°C, the permeability decreased;
that of Hy dropped from 2291.1 Barrer to 1014.7 Barrer and that of
CH4 dropped from 240.8 Barrer to 23.2 Barrer. The separation effi-
ciency clearly indicates that an increase in the gas permeability is
accompanied by a decrease in the selectivity for all gases when the
sintering temperature rises to 1000 °C, as shown in Fig. 9. When the
temperature rose again to 1200 °C, the gas permeability decreased,
and an increase in selectivity can be found. For the permselectivity
of the composite CMS membrane pretreated at different sinter-
ing conditions, especially at different temperature under the same
dwell time, in spite of the existence of the change of permeability,
the influence of sintering temperature is dominant.

The dependence of permeation temperature on gas perme-
ability of the composite CMS membrane supported by different
Al;03 supports is shown in Fig. 10 with an Arrhenius plot. For
H, and CO, gases, the gas permeabilities increases with perme-
ation temperature, indicating that the gas transport mechanism
takes place according to an activated process, as expected in a
molecular sieving membrane [29]. Consequently, the apparent acti-
vation energies (indicated in the figure) calculated by the Arrhenius
equation increase with the kinetic diameter of H, and CO, pene-
trant gases. CMS1000-1 is found to have lower apparent activation
energies for Hy and CO, penetrant gases, indicating that the gas
molecules require considerably less energy to penetrate through
CMS1000-1. However, the variation of CH4 permeance with tem-
perature exhibits a decrease with temperature increased while
through the CMS1000-1, CMS1100-1, and CMS1200-1 membranes,
and the values of the apparent activation energy depends nei-
ther on the d-spacing nor on the permeability of composite CMS
membranes (see Section 3.4). It is well known that the perme-
abilities of adsorbable gases (condensation temperature H, = 60K,
CO, =195K, and CH,4 = 149K) is mainly determined by the solubil-
ity term (a thermodynamic factor, dependent on the Lennard-Jones
potential) [23]. Therefore, this behavior is typical of systems where
gas adsorption on the membrane occurs and as a consequence the
CH4 transport through membrane takes places as a combination
of gas diffusion and superficial diffusion at a temperature around
25-110°C.

3.4. Microstructure of the carbon membrane

The gas permeation results indicate that the support structure
has the effect of predominantly improving the gas permselectiv-
ity due to the enhancement of gas diffusivity. These results are
consistent with the variation of the surface roughness of Al, 03 sup-
ports sintered at different conditions. Comparing with the surface
roughness illustrated in Fig. 5, it clearly indicated that as the surface
roughness of Al,03 support increased, the permeability increased
and the selectivity decreased; while the roughness decreased,
the permeability decreased and the selectivity increased. This
result suggests that enhanced permeability or selectivity is most
likely inherent to the surface roughness of Al,03 supporting layer.
Therefore, in this section, the influence of the Al, 03 support rough-
ness on the preparation of defect-free carbon membranes is first
discussed.

Fig. 11 shows the typical SEM microphotographs of the com-
posite CMS membranes. The composite CMS membranes with
different microstructure supports have no significant differences
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Fig. 8. Influence of microstructure of Al;03 supports on gas permeability through composite CMS membranes: (a) Hy, (b) CO2, (c) O2, (d) N2, and (e) CHa.

in the surface and cross-sectional views of the carbon selective
layer (the CMS1200-1 is considered as an example). Further, the
images also indicate that the surfaces of the different supports
are all completely covered with carbon selective layer, which was
continuous and crack-free. This result suggests that the thickness
of the precursor polymer thin film is bigger than the roughness of
the Al, 03 support (Ra is from 38.6 nm to 116.6 nm); therefore, after
pyrolysis treatment, the carbon selective layer can completely
cover the support surface, and a defect-free film is formed.

Further, the thicknesses of carbon selective layers also increased
with the increase in roughness. Table 2 shows that as the rough-
ness of the Al,03 support increases from 50.0 nm to 116.6 nm, the
carbon layer thickness increases from 2.737 pm to 4.350 wm. In
contrast, as the roughness decreases, the thickness also decreases.
This phenomenon can be explained by the following:

Wei et al. [15] quantified the interfacial adhesion among poly-
mer/ceramic supports for composite membrane and indicated that

the mechanical interlocking and the interfacial chemical bonds
were the two key factors responsible for interfacial adhesion. The
additional contact area between the rough ceramic support and the
polymer separation layer gave rise to higher interfacial adhesion. As
a result, increasing the surface roughness improved the interfacial
adhesion between the polymer/ceramic supports interface. There-
fore, deduction can be made that during the spin coating process,
the polymer doping solution may have sprayed out when the sup-
port with smoother surface was used and then leave small amount
of polymer precursor on it. Further, the Wenzel [30] model indi-
cated that the hydrophilicity of a wettable solid is strengthened
with the increase in roughness, preventing the doping solution to
penetrate easily into the pore volume of Al,O3 supports due to
the repulsive interaction between the polar Al,03 and non-polar
PEI/NMP doping solutions. Therefore, a large amount of doping
solution is left on the surface of the Al,03 support, hence enlarging
the thickness of the carbon layer. As a consequence, the membrane
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thickness reaches the maximum when the roughness of the Al,03
support approaches 116.6 nm.

The formation process of the carbon selective layer was
comprehensively investigated in previous studies [7,31,32]. The
microstructure of the CMS membrane was piled out with poly-
mer chain. The pore mouth, often referred to as an ultramicropore
(<10A), is the distance between atoms in neighboring planes [22].
In the current study, PEI was used as the polymer precursor, and
its chemical structure is shown in Fig. 1. PEI is a linear chain
with plastic property, which is favorable for the preparation of a
nonporous dense layer. Such property enables the PEI to melt dur-
ing pyrolysis and effectively eliminates the pinhole in the dense
layer. Table 3 shows the d-spacing (dyg2) values of all composite
CMS membranes providing the interlayer distance of the carbon
membranes. The interlayer distance can be considered as a pore
for the gas molecule transport through the carbon membranes.
The composite CMS membranes gave broad XRD patterns, and the
average d-spacing values for CMS900-1 and CMS1000-1 increased
from 4.10A to 4.27 A and consequently decreased to 3.90A for
CMS1200-1, consistent with the results of the surface roughness

Table 3

of Al, 03 supports as discussed earlier. The results indicate that the
microstructure of CMS1000-1 is bigger than the others and is less
orderly and tightly arranged. The height fluctuation of the support
surface nodule causes the polymer chain to be arrayed irregularly
due to the rough surface of S1000-1, suggesting that effective trans-
port of gas molecules through the microstructure can be obtained
in CMS1000-1. On the contrary, the low surface roughness reduces
the number of support surface flaws and improves the tight piling
up of the polymer chain. Therefore, the large membrane thickness
and d-spacing were both contributed to the high permeability and
low selectivity.

3.5. Gas permeation properties of the alumina-supported CMS
membranes

Fig. 12 shows the trade-off relationship between the H, per-
meability and the H,/CH4 selectivity for various composite CMS
membranes with the reference data at around 298K [33,34]. All
the CMS membranes supporting on different Al,03 substrates pre-
pared in the current study exhibited an excellent performance

Surface roughness, thickness and d-spacing of carbon layer supporting on various Al,03; supports with different sintering treatment.

Membrane code Ra of bottom surface (nm)

Ra of top surface (nm)

Carbon layer thickness ((m) d-Spacing (A)

CMS900-1 50 97.9
CMS1000-1 116.6 180
CMS1100-1 56.06 34.8
CMS1200-1 55 31
CMS900-2 38.6 134
CMS1000-2 73.9 1353
CMS1100-2 57.3 77.8
CMS1200-2 42.6 80.4

2.737 4.10
4.350 4.27
3.450 4.08
3.600 3.90
1.819 4.07
3.956 4.22
3.731 4.20
2.719 4.15
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Fig. 11. FE-SEM morphology of CMS1200-1: (a) surface view and (b) cross-sectional images.

Table 4

Performance comparison of CMS membranes prepared in this work with those in the literature.
CMSM/support Pyrolysis temperature (°C) Test temperature (°C) P(CO,) (Barrer?) CO,/CHy Reference
PEI/Al, O3 600 27 1046 27.6 This work
PEl/carbon 800 25 - 25 [35]
PEI/ceramic tube 600 25 31 61 [36]
Polyimide/porous graphite 550 25 18 374 [37]
polyimide/silicon wafer 600 35 1032 38 [38]
Polyimide/Al, O3 500 25 8 100 [39]

a 1Barrer=10"1cm? (STP)cm cm~2 s~! cmHg.
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comparable with that of the upper bound of the conventional poly-
mer membranes. The permeability and selectivity of carbon mem-
branes from the literature are shown in Table 4 for comparison with
the present work [35-39]. Although the selectivity of the present
membrane is not impressive compared with other membranes
in the literature, the merit of using Al,03 support with different
microstructures is clear because the selectivity of the present mem-
brane was significantly influence by the microstructure of support
layer and the reproducibility of defect-free carbon membranes was
improved.

4. Conclusions

The microstructure of Al,03 substrate controlled by different
sintering conditions has been shown to influence significantly on
the gas permeability of supporting carbon layer. In previous perme-
ation models, the influence of the support layer on gas separation
has often been neglected or overly simplified due to the high
velocities inside the support [40]. The transport mechanism of gas
molecules in the porous support is a combination of the Knudsen
and Poiseuille flows, which offers a smaller or negligible resistance
to gas molecules. However, in the present work, the results indi-
cated that the performance of PEI/Al,03-derived composite CMS
membrane is strongly influenced by the support structure because
of its different surface roughness and hydrophilicity will result in
different microstrucutre of CMS selective layer. The height fluc-
tuation of the support surface nodule causes the polymer chain
to be arrayed irregularly and results in large d-spacing values of
CMS selective layer, which suggests that effective transport of gas
molecules through the microstructure can be obtained. Although
the selectivity of the present membrane is not impressive com-
pared with other membranes in the literature, the further study
to improve the selectivity of CMS membranes is being conducted
based on this concept.
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Preparation and characterization of PDMS-silica membrane by non-toxic green sol-gel
method for gas separation

Guo-Liang Zhuang', Ming-Yen Wey" *, Hui-Hsin Tseng® >

'Department of Environmental Engineering, National Chung Hsing University,
Taichung 402, Taiwan, ROC
2School of Occupational Safety and Health, Chung Shan Medical University, Taichung 402, Taiwan, ROC
3Department of Occupational Medicine, Chung Shan Medical University Hospital, Taichung 402, Taiwan, ROC

*mywey@dragon.nchu.edu.tw (M.-Y. Wey)

Polydimethylsiloane (PDMS)-silica composite membrane was fabricated with an inorganic precursor,
(tetraethoxysilane, TEOS) and an organic precursor PDMS through green sol-gel chemistry and were used to recover
hydrogen by gas separation process. In the present study, the preparation conditions of the PDMS-silica composite
membrane which had great effects on the gas separation performance were evaluated through a hybridization model of
TEOS weight ratios and curing processes (temperature and time) schematically. The characteristics of the composite
membranes were investigated via atomic force microscopy (AFM) and total reflection Fourier transform infrared (FTIR)
spectroscopy PDMS-silica for coating were obtained with TEOS weight ratios from 9.4 to 15.8wt. %. As the TEOS
weight ratio was increased, the H, permeability and H,/CO, selectivity were improved. At a feed pressure of 2 atm, the
H, permeability of 432.3 GPU and H,/CO, selectivity of 3.35 was obtained by the following preparation conditions:
TEOS weight ratio 15.8 wt. %, curing time 12 h and curing temperature 75 °C.
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The effect of SBA-150ncomposite PPOmembrane for gasseparation

Hao-wei Chuang®, Hui-Hsin Tseng®®**, Kuo-Liang Chuang®, Ming-Yen Wey*
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Currently, membrane technology has been widely investigated for gas separation. To overcome the trade-off
relationship between gas permeability and selectivity [1], the multilayer composite membrane by coating the
mesoporous silicates(SBA-15)-incorporated PPO polymer on the surface of the carbon-selective intermediate layer was
study in the present work. The introduction of the carbon-selective layer into the composite membrane can improve the
gas selectivity without losing permeability [2].

Characteristic of SBA-15 has been studied in composite membrane including its sharp, particle loadings and
particle sizes. Morphological studies showed that the newly developed spherical SBA-15 is benefiting for dispersion
and improving the interfacial contact between the PPO polymer and the spherical SBA-15.The roughness of the surface
of membrane had high relationship to particle loadings, and it increased significantly at high loading(10 — 30 wt. %).At
the same time, the different loadings and particle size of SBA-15 filler let the crystallinity of PPO decreased as well as
increase the gas permeability. All the results indicated that the spherical SBA-15 filler exhibit higher permeability and
selectivity simultaneously than net PPO membranes.
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Effect the roughness of supporting layer and viscosity of polymer solution on carbon
molecular sieve membrane fabrication and gas separation
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To enhance the mechanical stability, CMS membrane is usually supported at porous material to form an
asymmetric membrane. This membrane can be usually prepared by carbonization of polymeric material, such as
polyetherimide (PEI) and use porous Al,O3 ceramic disk as supporting material. However, the adhesion of CMS layer
on the surface of AlI203 support is always playing a significantly role on the separation performance and mainly
influenced by the surface roughness of the support. [1]

In this study, we used the TiO, served as an intermediate layer between the CMS layer and the Al,O3 support to
strong the mechanical interlocking between them. Further, we also discussed the viscosity of casting solution and
surface roughness of Al203 supporting materials.

The results indicated that the TiO, layer dominated the adhesion between the separation layer and the porous
ceramic support. The gas permeability decreased after polishing because the Al,O; surface became smoother and then
decreased the interaction between the CMS layer and Al,O3 support. The viscosity of casting solution was adjusted by
heating to 10, 30, and 50°C . The viscosity of polymer solution increased with decreasing of the heating temperature
and led the gas permeability increased.

References
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