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More recently, it was recognized that the release of the so-

called ' greenhouse’ gases, CO2, CH4 and chlorofluorocarbons, may
adversely influence global weather patterns. The primary sources of
greenhouse gas emissions are the combustion of fossil fuels such as
coal or natural gas for the production of electricity, and liquid fossil



fuels for transportation purposes. Several options exist to reduce
these CO2 emissions, including the substitution of nuclear power
for fossi| fuels, increasing the efficiency of fossil plants, the
substitution of natural gasfor coal, and separating and capturing the
CO2 prior to emission into the atmosphere, but each has economic,
technical or societal limitations. It isinevitable, therefore, that
separation technologies will become increasingly important in the
field of environmentally acceptable energy production and
conversion.

Several gas separation techniques exist which could be considered
for energy-related applications. Significant amongst these
techniques are: cryogenic separation, absorption processes,
adsorption processes and membrane separations. The last one
decade has seen a tremendous growth in research activities and
commercia applications of molecular sieving based gas separation
Processes.

Different studies on carbon membranes have shown that these
materials successfully compete with polymeric membranes and
other porous organic membranes, such as silica- and zeolites-based
membranes, in separation processes of industrial interest. The
carbon molecular sieve membranes (CMS membranes) contain
pores that approach the molecular dimensions of the gases (< 4
&amp ; Aring ; ) and exhibit selectivity according to the size and
shape of the molecules. The CM S membranes separate effectively
gas molecules with similar size (O2/N2, CO2/N2, CO2/CH4, etc.)
In the present work, we report on a new approach to the preparation
of CMS membrane containing (1) nanoporous material, and (2)
nano-sized metal powder, which are considered to cause a spacer
effect and a steric hindrance into the carbon matrix, and increased
the gas permselectivity. Finally, (3) the carbon nanocomposite thin
films are employed in the catalytic membrane for VOC oxidation.
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ABSTRACT

More recently, it was recognized that the release of the so-called “greenhouse”
gases, CO,, CH,4 and chlorofluorocarbons, may adversely influence global weather
patterns. The primary sources of greenhouse gas emissions are the combustion of
fossil fuels such as coa or natural gas for the production of electricity, and liquid
fossil fuels for transportation purposes. Several options exist to reduce these CO,
emissions, including the substitution of nuclear power for fossil fuels, increasing the
efficiency of fossil plants, the substitution of natural gas for coal, and separating and
capturing the CO, prior to emission into the atmosphere, but each has economic,
technical or societal limitations. It isinevitable, therefore, that separation technologies
will become increasingly important in the field of environmentally acceptable energy

production and conversion.

Several gas separation techniques exist which could be considered for
energy-related applications. Significant amongst these techniques are: cryogenic
separation, absorption processes, adsorption processes and membrane separations.
The last one decade has seen a tremendous growth in research activities and

commercia applications of molecular sieving based gas separation processes.

Recent efforts to achieve economical and efficient membranes for various uses
have resulted in a selection of new materials, in improvement in membrane
preparation techniques to produce thinner, defect-free membranes. At present, the
interest is derived toward inorganic membranes due to their superior
permeability-selectivity combination than polymeric membranes and suitable

performance for high temperature or corrosive environment.



Different studies on carbon membranes have shown that these materials
successfully compete with polymeric membranes and other porous organic
membranes, such as silica- and zeolites-based membranes, in separation processes of
industria interest. The carbon molecular sieve membranes (CMS membranes) contain
pores that approach the molecular dimensions of the gases (< 4 A) and exhibit
selectivity according to the size and shape of the molecules. The CMS membranes

separate effectively gas molecules with similar size (O2/N,, CO./N,, CO,/CHy, €tc.)

Soffer and koresh first synthesized a MS membrane by the pyrolysis of organic
precursors that gave good separation of gases. Since then various researchers have
studied the effect of precursor selection, polymeric membrane preparation conditions,
pretreatment of the precursor, pyrolysis conditions, post-treatment of pyrolysed
membranes and module construction on CMS separation properties. Recently, the

researches are pay attention to synthesized nanoporous synthesis carbon film.

In the present work, we report on a new approach to the preparation of CMS
membrane containing (1) nanoporous material, and (2) nano-sized metal powder,
which are considered to cause a spacer effect and a steric hindrance into the carbon
matrix, and increased the gas permselectivity. Finaly, (3) the carbon nanocomposite

thin films are employed in the catal ytic membrane for VOC oxidation.

Keywords: Nanoporpous material; Nano-metal powder; Molecular sieving;
Nanocomposite membrane; Gas separation
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BOESHEY cfd S - # 2 FHOBEF Qe+ 2 f AT R R

ERR Kt AL 4 1L

5

\H

£2 Ay A RBEEYE

(1) B3t ™ 4448 SR B3 HWF BEY 5 3 B VOC 2
NEA 20

(2 P B IEH 2 R § R ST § R ] o e Tl AT -

h-x«

T A% CHs» HO~CO,~ 05 2 Nzi%‘%g?fﬁﬁwrfé‘:’\'m/ TN AE  F

X

bt

Po R RIP KRR TR R KA AR F GE RS S I R
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R REY DRI K REFF RO R R TR R REY G
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- % ¥ IR

2.1 EWH A

A dp A P B r - BERMER 5 - EFBEad o g hif o
Fd Fdlde F g e T 2 AU ER 2 R Bilde - 3V <) s AR
M TR AABE U EARY A s F 2 A0 K s R T R A
DB HE FTLF LR L EDS 2P o FHAL G KL R
AFEMRGREY 2 EAF AL S HERT TS P TR GE A
4 R E § S[65-68] kB P 5 B H UM R L L o Fpt R EORH R L
EHRNGESRTF AP PHE P FIRCRBIES o ¥ R ENCERE 4 L
BRAZERALZ B LA8NT A ER L ZHREA EN s BARR G BT
T AR EREA DENA AR RS ER LGSR ARG
FEAg oA K LR L L SR 4 A BT A B i ik (Microfiltration,
MF)~ 4z s (Ultrdfiltration, UF) ~ 1% /%% (Reverse Osmosis, RO) ~ 2 # iBig
(Nanofiltration, NF) ~ % %8 » 4 ( Gas Separation ) ~ % ;% 1% 7% (Pervaporation) -
Frd R4 L U E AT LT L KK IE A R X e iTE ok

A AT Y F AR R P LR NG F vt 25 A8 5

-X‘T

F)2 2 F PR ABE L 21 47 o
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FoZ -l EMNF ALY 2

Separation process

H2/N» Ammonia purge gas

H./CO Syngeas ratio adjustment

H./hydrocarbons Hydrogen recovery in refineries

O2/N2 Nitrogen generation, oxygen-enriched air
production

COy/hydrocarbons(CH,) Natural gas sweetening, landfill gas upgrading

H,0/ hydrocarbons(CH,) Natural gas dehydration

H,S/ hydrocarbons Sour gas treating

He/ hydrocarbons Helium separation

He/N, Helium recovery

Hydrocarbong/air Hydrocarbons recovery, pollution control air
dehumidification

H,Olair air dehumidification

Volatile organic species Polyolefin purge gas purification

(e.g.,ethylene or propylene)/light
gas(e.g., nitrogen)

2.2 Erweng WA s

.__Bf"'#' ;L/_’n**vm @_u;bjjg—k,J.?A\;;E

Ay

L~ ik

Ay

S LT ES LI SR NE

LA
=

EH 4 (permselectivity ) WY & o A

P

L

&y
pi-¢

R

LHEAT KIFL

ot
FRE 7 NG AR PE LR RN ERBEET 2 0 K

o~

T

z@x

WA S R A R [63] ot A B B A0 ECA LI dp gt o gt
Fensd 3 X PP AR o B FFRT R L AT I S T
oo @ﬁﬂga’@/ﬂ oo TR AR LA A3 EE S N R T TS g
Fheoooa R Ak o PR LE o s RN LS B E
RSN P R T g 2 eIl PRt AT o R A R £ ¢ jE e
FEP AT B R BEBAcG  2a g3 H A I T Fh T ERL

aﬁlj\/ﬁ\é}’ﬁ\_*}.%ﬁ', LLJFTé&QJm];g."ng_#- 31,-!1\?'.—5/7:\ 3 o
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el
P

B T F WA AR ¥ L4 5 (1) Poiseuille flow (2) = 4% 4%
(Knuden diffusion) (3) * in ¢ /4 % (capillary condensation) (4) 4 =+ & (molecular
seving) (5) # & #Hix(surface diffusion) (6) /% f#4% #z(solution-diffusion) % = #4 >

BT d § 2-1[64] 0 faf & EER Ol g )

-------------------------------------------------------------------------
[ ]
/s

o8
3
-------------------------------------------------------------------------

Poiseuille Flow

-------------------------------------------------------------------------

M H

Downstream [-============---------- oo ooooooooooooooooooooooooooos

Capillary Condensation Surface Diffusion Solution-Diffusio

B =-1 ¥ L § @msdln LW (69

S IR

WA 5o poiseulleflow 2 i 3§ P “r F AW B

FitA B F BEEF R AR XD A L IUF L E(pore radius, 1) § 484

F A Eetop d g (mean freepath, MBS 2 T30 d giEW)F d T E 2
3173

— (2.1)
n:of AR

P: R4

TR & (K)
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(1) poiseulleflow @ 2 & 4 4 & EW IV R LS+ 5 A F T33A d BIT()(T
ASL)PE > A F e T o € S e R R o §
B Rl B4 L F AT “P%’gd Bt 3 ApRLAE A R ATA 2 - ﬁ;é_@ﬂi%]ﬁ’u

e gt A @ﬁs«p‘#‘# FEHERS O FPRENEF e 24 RSN
Joo RN ELLREL - LA EFL -

(2) = &#+7 (Knuden diffusion): 22 poiseulleflow 4p £ % & &+ e 35p d BT

ANV LR (/A< DPFF o B 2 e A4 (Knuden diffusion) 4] o

Mo It R PR § 4T LA S R Aot L i

‘1‘“\

ﬂ%%ﬂ%iﬁ%@aﬁﬁkiﬁéwé&i@ﬁ’%é@iﬂﬁﬁiﬁé
= @ﬁ%] B AT R 23 40T [70]
D —_y - — (2.2)

i

AedpEitHEE O RIFMEECTEER MAFHAIE v

Tion G A ARGEL AT R EE TR d T 280762 :

. — (23)
# > Knudson diffusion 41 &g 420 & & f f A 5 £ <[ 5 B[71] > 7

vL- LR S| R L S R B S RSl

A ek [72] o

(3) = m# 4 ji(capillary condensation) : § /& it i 4+ 4+ 20~30 A 2 [ pl ¢
# 24 X g 4 s (capillary condensation) ] > A & fI* § AT B A L8 E
WACRER T f— AP B NIE T 0 R M RRE AR N3N e R
BAIT FEd F R R s S @A GO A TS A
BORES S o e L RHBE - B HER o MBS S HEERL 0 30 &

PoBEs 4 o BHEREE 0 R A E R E R L e

?v?
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B4 2R R FEFEE A FRt I g RE DA e godp g 40 A 2
#=p[73]

(4) ~ =+ & i (molecular sieving) @ ¥ 3 2t 3t A1 E > 4 & B A Faca b
FUJEAREE A Bk ende 4 2 g (Kinetic diameter) £ (| i 5|4 dtenp g 4, T

AFEed B ERC YRR EEEEN F 2 0 B4 B TR R

>

Bl ARTEREA A 2 X3 P FFEFwE 57 ,;‘iﬂzﬁbg;n]

FREA AR o AT GIESHIE S L AR ehf MR A senA A A

3

LRFGAFAPAR A R E Y A 4 R PSR BT S o
A TR ¥ RN AR Y R A el A S £ o] 2
AV BRI SSE S F A G @A B4 B [74-76] ~ R F AR
[77,78] % §  4E[79]% % 3 P HH & F2 1m0 A B3V > 12 id B]E R P
(5) % & HHiz(surfacediffusion): s FEHIRI A% 7 A F & 4 - B T {3t itk
2o b2 TR AL 2 g BEABIITRL LG RIS oA - R R
PR GTRB T o BRIV £ G de - B3V £ 6 BB T AT
3y & ] 69] o
(6) % f# 4% Hc(solution-diffusion) : # #83% - & A WY &7 @ﬁgj?’wi BA* R
BPRECIBFIE A M A S I R 2 42 B H F(D)2 ) PO F (D)

F PR G T PR S B () 1 T T g R [ 69] o o

Sy
=l

B FIY F S b E R 2R T A N A 7 R

% iE B A BEenp o
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Direction of diffusion

G
P

P>P,

&

P,

Bl = -2 F 8@ 2 BER R

FATEOCR R @R W 22 47 0 HEL AR SRS 01 Py 3
Cidm THEUPZ2 Codrod PI>Ptiit— B RS 5HHA4 f%%L;”Fr
d P AF L TR R HPAIER A IR % > ¥ d Fick g% - fHareE

(Fick’s second law of diffusion) % 77 > 4r3%(2.4) :

o % ox? (2.4)
A24s 5 N(1.C) 2 (25) » 2 R i % (B.C) > :%(2.6)
I.C: t=0,C=0 (2.5)
B.C : x=0, C=C1; x=I, C=C2 (2.6)

oC
= =0
¥k SUECT B AR TR 1 (Pseudo-steady-state) » (Ot ) igEDg i - F

i BN (24 550 (27)
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dx” (2.7)
Fr G REET RN F AT A SRR A G R 0 Bk dod (2.8)57 7 o

(2.8)
d Ficke% — #4c 2= (Fick’s first law of diffusion)+ » # #8 c1i% i% £ 4o (2.9)#1

‘/"r\ o

J=-D {8C:| — Dg (Cl_CZ)
X Jxo ¢ 2.9)

MEEREF R 0 F AT SRR AR TR G 0 Sk
iz g () 2R (21004 7

_1ldn
A dt
(2.10)

O RRAETRET BN L MR 2Pk o Tt d 4 (29)

¢ X (2.10)F # 3 (2.10)

lﬁz D (Cl_c2)

Adt ¢ (2.12)
£ 5d 3 4] = E=(Henry’s law) » C=Sp (2.12)
% &R T S=SSS, (213)
¥ E5(214)

ldn_, (SP-Sp)_[ g (R-P)_RAP

Adt O 14 98y 14 (2.14)

Foobo BREWT RO M FEEF MK E(PY =nRT) > BIEH
3§ 15 1 7 (2.15) % ;4(2.16)
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“RT (2.15)
dn= {l}dp
RT (2.16)

X (2.16) 1%~ 3% (2.14) 18 2 (2.17)

dt ¢ (2.17)

AAp RT (2.18)

:{@} (-T,-V
© Ldt]A-Ap-T-p, (2.19)
dp

Ap : ?3 Eﬂj{_‘f& Sr?"qi HFREBET SR Eﬂ@ 4 é(cm-Hg) °

T:#HIEERK) -
FPt o AT e d PR E R4 SRR % LW AR E RINA ALK R A

2(2.16) T KWL G F AT S Gi(Py) 0 2 ¥ - 5 Barer

et cm® (STPcm

(1x1 o’ s omHg ) F &SR HE - L GasPermeation Unite, GPU
3
- cm’(STP
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TIME LAG PLOT

Transient State ~ Pseudo Steady State  1ouards Equilibrium
Lo

Pressure

-g——— Puoint of Inflectior

:: P

Time
W =3 TR g w8l
2.3, FWALAE
A BT E ke R T AT B AR R T Tl o A SRR ¢ o
£

Rl AR R T AL G RIS e f A - BF AT R T RS
G AP AR GRS B AT B LR 1 R PRI R AT kR

P AR FRORBEF A F AR B R 2 R R RE B A S R RE

R F MY 6] B A ENH Y LG P WA R ERIE P A

BT hn ¥ F MRl FF 2 A8 B[6269] s - F tea 382 %58

FRFARFRAE S RA > F A FER R IF RN R v F A 4o

WREAEIE - Fiadd e REIBRMIZE g2 FFHLEL B35
. 4 g .

3
L
5
i
4
e
i
<l
R
4
ﬂ
E)
a3
bl
bl
‘00
)
S
poas
|

B-BE(F ) AofolA T EEwEL L3R
B2 R [65 B4 %R P REFHALAZEIZ BERS T

ET S B 2 B AR P b EAR o

25



3 =2 iR 262

# #%(Inorganic) 4 Rk % 3 (hede )
#4824 % (<200C) LA B

A SRR
BHR B AR

3 #(Organic) IR N B R BT B
Erzems(sdd) PR A 6D RE
el ARt

AR P E 719455 > @ B chE Y e e E chA B

e

B* AFEERFE P o R T2 P L sl % B 221980 B e

Q.

[

l*:t

ERE i 8
B < 3P40 2

783 - RS FEETEAT 5 A SABE W F P A bR A

g B B SV AN Fla < AR N

\-‘-M

%

TR &G % 5 % 1002 10,0005 0 R e pE
BRERS o LPRtradeoffenfi 3T o 2 B A & ARE ~ Wi 2 b 1 BRI
e WfrP @y mibr F3don R »F FWnE L 29w
o TR Ao A R E- KA AR R REE P ERLLT RS

FI R R AR R T A 6L .

Hsueh® i gt M-m s iies 5 53 2 gt gip i, $3t1bg

WiER T 0 LR REAA S Ao B 2-457 7 o

A ¥ (cross-section) H % & &3t dfpig A - Riho @ 2REH

HALE G - A+ 82 Bt R - R el 244 477 o b
YopeI T R 2R W AR 00 0 - AAF L P TR o M R
TR B SR B L E LN 5 0.01-10nm > 3t f A A
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ARSI AR EALIUT s TR E DA ek o A F AL

-

BRI F AR A 2RI e F WA o BRE M ERL R §
B H - F A3 R0 URBATE ATk A

(2) 24 o (Asymmetric membrane)

PAEEN F A A RS s PRI A T LA ] E T
— Ro4ol 2-4b 757 o 1L B E ok R 2 B IR R e S
Lo nERE G- FIRRGOGE . A RRFF AL o ERE R
PR B RF AR R A AR A SR AT LT

FERLL P B F RS F[26] o TP AL B T

n
D2
4y
=
Pz
#
et
o3
<
&
4y
|
4
i
W

- AR B 0 SR BT

Il - Z4HALE R85, 86)] o

]
a = NEGA i%b
AT

A I T T M T T T e
b 1,;-_;-‘;"-’:-{!.&.1:%._,.5; 2
* "—'# l‘-.'.ﬁj-l":' -I" o I-J.t..=1_—'

..j‘....."'"'. r‘- ._.l_‘ﬂ ]

Bl - -4 0T B a b S B

(S
O
R
W
RS
=
L
)
1
pi-te
£

24, A3 G EE g Bt R

LEREE N SRS L D SRS SR S Tabh 3 SRR

*REH

(i
La

it Hilde= § i (slica) ~ * 7 (zeolite) 2 s % 0 3R G T e g R
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AP G  FRER S SRS ERS AP AT HETF LB
WHB AT EHALZ BT 5 A 5 (planar molecule) 4 e s T IR KR
LR AR E O EREE VLR ERE @R IR R U T 2 ot

A

fOH -3 Rt o B G B A R S B enat s A (8T -

B> AL A G 258 4P %t (amorphous structure) » 2 & R d F R

B A BRg e U A 2 HCE PR K Beenitif o @

<k

®
AL F £ 5 T4 R URF e S (polystyrene) 3 b 0 HHHIFE R

R TT AR A ARG FHidra A (drH2-5)-d BT A0
18 Tk K B A SRLRIHL R S e A 2 25 & 4p S 4R (amorphous) o @ ik 82 Bk
T B Y10 A B B S R A S L T TR

A AR EARAA S R ERERRE TR L & FF o

B

polystyrene chain

H-4.80

W = -5 F ¥ ¢ 4 (polystyrene)q % B AL i B 25 Hom A H[87]
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e

Kiyono % & & #opl 4 3 & FWav i 2 7 5 3| 2 5 - BRI g iE o T
LA TR ENIF L R RIS A F (4oB) 2-6C 1) 0 ¢ 45 6-20A 2 3k
d i) edg et (ultramicropores) it £ =6 i 3t i o B 2-6b o o fex hatF
o F R E P AT 4 o RT3 EHL[88] o b iEak
W T d Foley % 8 H[8I#-H B4 £ A fE(4rF 27 477 ) B E L ALE 2
PR PEMRFVRMERRS(HB0C)HMEFRT L2444 d B
TERET A AERMEREA L E N - k- L S PRI A
P B A X2 GV B e A EE N2 it F X2 & 9 3BA W

[65] » 4t f REéF:E £ 4 f it ok o

Ultramicropores

Micropores

B = -7 BA S SRR ARE@FE )RR R
29



241, A F B ER e E S 2

SRR R ANN S NS S

B G R B E i A
RAFTHEECURTALET A LI BER DA AP ER - F AT E WL
WA~ R AJL SR R S RUL 2 e B 290, 91] -

Step 1: Step 2:. Step 3:
Polymeric
Precursor — ’
; Membrane
Selection . Pretreatment
Preparation
Step 4:
Pyrolysis/
Carbonization
High Step 6:
Performance Step 5:
«— Module D
Carbon 5 Post Treatment
Construction
Membrane
B - -8 miA 3 & E et % B 42[91)
(1) = B4~ 3
73 R R LA S R R T R L - o FE A
dEE T R aﬁu;i%gnLﬁu»%ﬁﬂﬁwmﬁﬁﬁ%uii@imﬁ
SRAREE[02 c PRI ERCHEIRESFAFATIRES  ART A2
BB B P (blAo e MR T3]~ F B E AT RE 84, 9]~ i ey
RRAPE - B EAS RS FREENE MEF R TR NE S

BEAIIFLRA T HFEWZ nomy o ¥ Lio: BL ez 8 472 4 (polyimide
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and derivatives)[95, 96] ~ % 3 i * (poly(acrylonitrile), PAN)[97] ~ = FE 5 (phenolic
resin)[98, 99] ~ poly(furfurylal cohol)(PFA)[100] poly(phenylene oxide)(PPO)[63, 101]
cellophane paper[102] % - 5% 2 B 4 F w1 5d < § UBRF P HAL L 2 H RV 3
Fh BB T RN IRERT 2 ¢ 4 24 R (liquefy)st gk it (soften)chaR % - 7 e
B SR FIA L B g 2 3R A o PR R R A B R
WagErck o5 @0 FEHEHI TSRS FHE U S 23 HF

%15 2% hZ B[103, 104] - FpEE G E SR HORE T B AR 1

‘*‘T

A 4 ak k483 -

(2 % 43 Fw g

50HG

__L../E:/

<

TL
=

B T A R BB A W R A By niE

£l

i

CEBAFHEE A E SR EANMGEA SR BED RS F R

Pl R E R BEEE R A S 2 L - TR

\\\?{Ir

Beo d A3
AN REHET A 5 (D2 FAHeT g (fat) 2 7 5k (tube) - (2) 252 44 4oflat~capillary
hollow fibers% = & 3] fi (4 B]2-9) o ¥ ¢ » *v % & 2L4HH 0 E0pF > 4 & 4447
Big R N iE R F TR D SRR A T AR T > o 33 R (dip
coating) ~ *zi& % & (spin coating) 2 vapor deposition % - Acharay#t & *t i ff = 2
ErEORTALTASE (DR AT TSRI LIV RET B A END (2
A ALY B § AR A SR B B Q) T SR T R R R

[91] -
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Carbon

membranes
Uspported spported
Hollow .
Flat Tub
Flat fiber Capillary a ube

(3) & M A d2 (pretreatment)

TARSE A BRI R P G TR G R R R T SR 2 R 2
Fp TSR 2 BRI R B RO R M e gt - Kisuki ¥ 5 5 [46]
RIFLPIDGS, FRLEED RILH B HER O PFEE SR % > 38
fREE AR LAY ARy B AILS N TR ER
fRIp I S A MBS LA AR AT W LE TR FE A A RERL
BFAIR GoWBR RIL T N T A LI R L F G g 4 IL 0k 1 ¢ destretching
AR AN mERd oo 1B T BRATRA T EAR Y B 4 Tt

ii’gg.}g—_o

(4) = Bg4 £ f2/54 1+ (Carbonization)

BfRlp i 5 A, g+ G E 2 BAE 3R SR SR T B Z SRR
TAEFRGRB 2 7 5 o B R R ORE G RS T B WA 3
P2 BAEFZ M E BTV S eIt e o P MR AT FaniE AR

Gldeiirie * 2 3 A F m SRdr o BRBLVE R R 2R S AR
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it 2 TR 2[88] -

BAFAEW TSR A AT 4EY MM AT R LS AEFARY A
100 °CH 45 F Jis » > 400°Cis (G ¥ F1% &+ F fisgm B)# s jaF it #C-CH & 4
fo F AR R B AR R AR P B2 AR o T A R
BIFE BB AP A AR AR F A BREF B pd AhiBide
Ld A3 s BB E R RATRZBE S D A R g s Bt
FRLES RN c B AT RS, AEN L ERY TR FIRAY A
NH3~HCN~CH;s~H,~CO~CO &2 s £ B4 4 » 5d & 3 HfRILF i 427
PR EBER) TS BA) . T F AT DAY A EAY initidly
cross-linked = become cross-linked&_% 7 #F 4.7 = 87 £ & fh 40 fo FI R H 1 55
R AR i (PR B T R > A 2L g i i
d Atz ¥ H%ﬁd AAPREREPE 4R A F G2 Fs i 4
RSB E RS > BRI R R IR B o s 2
Wit EF R AP RAPS FAP T ¥ B S FAR SRR > 2 SRR 2

*RBGINE T B G E0Ap s 0 Tl FRE T SRA

(5) 5 };3—19@

B ERED ROEA BRI /e F R ERY TgAd A

it RS F R B B Bt R 7 R T R R R R
B rF R @A S L B kT D BB R RS A A e H I

LIV B S N AR R AR 2% R AR EEIYE L) B A o B F AN E
{8 3@ = 2 & 35 ¢ {5 § it (post-oxidation) ~ it & F 4p T # (Chemical vapor
deposition) ~ Post-pyrolysis® coating% & ;% » izt {8 ad® 2 8 F B AT ALY chak

CIESEF R Tl SRR
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24.2. BA T B W AR

dBEMBERE T OB A T RSP BE T RGAA AR AT H

W B B A E R S A G 0 FEN R e SR e
e A R s LR L L P LR SR BT B
R LA R R A MR 3 B SR
WA SR L B SR S 40 17 A A MR TR 243 7 2 3
F ik bz g kA 3 HE LAV R ENN RS2 E 8 L
[ iemck o 2 KA & FE R EAaRE? 0 SRR HEEEA I RRP R
Beg Fr s B85 Wingp§ £ £ %82 - -Tai-Shung Chung % ¥ -+ [67]
BERAF-FIEBHEAE SN B FB-AEBREAM LR @ﬁﬁj%lb‘_i"
2 1%
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S5
i)
=3
>a
=
)
A
"l
_,q_

e
—~
&

o
it
W

A
oy

g
N

sl

D7
W
=

ES
?}

!

IS
ETIAS
<l

Aj\
PR R RN LR S ARE AR Aok g e a3

A

- A BT AECTEY X R A T4 AN R A G
R B L F A FARF N FON R L@ 3tk o Ft R MOS S ATk A 5 3

F2 g AR LB T FL A TMH V2R 2 FEERY
PEFAFRGTFFORFAFINEDF G RFINE I AR R

25 o 2 ¢ P Bernardo % & [65] ¢ ¢ & | #I% f (rubbery) 3 4 3 4o 0 B= 7 A#

¥ = (polydimethylsiloxane, PDMS) £ 5 #i it et B 1222 § 34 3 F ok B end &
AF f_‘?_ﬁ»\’iﬁ LT VA ﬂ\_E/;f‘ g rck iz Flpry e _ ﬁLg}jllaﬁ\I@@

(Qlass)® 4 = Fa 5 0 Bjtr o FRd G e 53R Mok (4o 274, 106, 107] ~ 7 5t AR
i

F[108-110) %)z » # 7 L FF MA B P AT B3 F4F RF F WA



Polymer

Sieve Sieve
Ideal morphology Interéce voids

Case 2
— IQ:I\II‘-‘I
b'eve I IS VS I

Reduced permeability

Rigidified polymer layer - = ‘
region within sieve

Case 3 Case 4

B - -1045 &% § R B A5 2 2 4 A7 2 F[67]

E 4
kJ

ek

e AR A FE IR LR ENT R SEEMSE T R R
CEABRA NG LA F EEEEPRE > d NS PR DT o R A 2
BRDFE - WA BAFRF LR FF E-R B HRE D 2
Fod e HAFEF Ao didd Tt P g Fei WA R
BE RS - A B S T TR A R R e A2 A A B

2 B EBNPREIRTR L FHEBFL -

BT AT A 5302 MR PR S BN S S HAL e 3

= “r

|~
e

ey
-

2 FRESFAMEPREETE A T FRAFLFE I A AH
HR AR F I G - e B WE B a0 2 oR Mahgjan ¥ £ [111]>* 2002
£ A Matrimid a5 B A F @ SR L E(zeolite4A)f;;i:f;~;‘?r v A 7 dv 3L

H(plasticizer)rs % i< B A F 2 glag g v & (Tg) » 20 8 o & wopsif B 4k 15504
TR A+ Tg 2 adEg s 3 gt B (flexibility) » i 2 g 2 3 242 B

REFM O EW AR E SRR B F R R A R R

-

11 #57 » FEEHAIPE € A LR MR WIE S 7 0 AR



BAFIVEALEG AW IHEFL T REEHT R e T RT W ORTE 1B
> B BE R R I W AR AR TR R I (R R niE Y

HABALAFIUERBPRE B AL F g F I or &3 L4 F 2% o Duva

.%E?;‘?F—‘u’%sza‘:i% FREFM I AR N e AT AR BA S AR AT NS
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EXTRACTOR

Shift of reaction equilibrium

A+B = C +
>

ncreased conversion

¢  Controlled addition of a reactant
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Increased conversion
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14 g cetyltrimethylammonium bromide(C16TMAB) and 120 ml water were
mixed ie

NaOH solution was added to adjust the final Ph value to 10, and then sodium
silicate was added

After Stirred at room temp, a white precipitate gel solution was formed.

(I

Then gel solution was transferred to an drying oven,undergoing
hydrothermal reaction at 100 °C for 48 h.Finally, filtration, washing, and
drying give the assynthesized MCM-41.
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Modified polymer solution

Drying in air Spin coating

Curing under air

Carbonization under vacuum/Ar

Carbon molecular sieve membrane Carbonization
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Sample Stream 1

Sample Stream 2
For Analysis

For Analysis
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PVP

A metal precursor

B metal precur sor

PVP

dissolved into ethylene glycol and NH,OH

v

mixed with alumina powder

+

v

optimum reductive time and temper ature by oil bath

L

stop reaction by ice bath

|

separ

ate catalyst by centrifugation

!

wash catalyst three timeswith ethanol

dry at 353 K for 24 h

v

Calcineat 723K for 3h

ABJ/AI,O; catalyst
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FOHAFERA T HEET ) T AR ERY > BERGETREFRF
L2 RS (Ao £ B BP0 U EF RRE - F R DE
BEF iy s RATES S ARBR) I IEFR LR EFEF G

FF T35 8ok X RE A ERAF HFEF DA G oo

.T.
511%;%%’{_‘111 I

F
rebenlike ¢

“

=]

e

CFI™Y

.— 12 goe

13
1 2

+—=<]
? permeale
I 11
I |

all
-

5 §
Bl 27 KON F RR A LE - (1), WERE QRSB E @@L E S O)F 49K
O)12) 2 [ 5 (NEQUOANII= # B 5 ()i f = 5 ()FEH 5 (1)K 5 -
72 A 453 - FESEM ~ TEM ~ XRD ~ AFM--- %

(4) z ¥ 4F & B A 3 &7 3% B eng B A g T pER
FEHREATABAR ST 71 ZREZFEF A FEECFREZF

TR F R ER D ERIZFREREZFBELREAVEFERY 4
@ 4] o RETENTATE 2 %442 5 e 4 6ld § 40k 47 &(%5 5)
AT TR F M EE A MR o Aty LY A DR F ot ks
FERFETERF B RA TR o UL b HERFX)EES
F(z & e
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propans Fropane propane
LSy — gkt — 4plp
X?TD]I*UE = Propans
ge¥y

progy propylene

5 gy S+ dp¥p
rropylene = propylene
g5 -"‘-f X]:u't:i]:-aue

(B) #p Aty d Pk P 2 FLER

BB B ATRI L g E T AT REFY FHZ P T iEA TG

B ANE T F AR RS A AT 2 R R B i s
BRI LED -

34. FERFARE Y

(1) 7% ;% 3+ ¥ sl (Transmission Electron Microscope, TEM) :(f € R E ¥ v )
g% P BLEEEREY w2 JEOL JEM-200CX & {74 fa 4 47 - TEM it

2

¥
ﬂﬁgpi%@é@;ﬁg&mmgh@ﬁﬁ;ﬁwﬁﬁ% £ B
BEIHE TR A EHHEZ BEREMEE S T3 I 6] 1T

T3 EMcAA & 0 (1) 475 % (Morphology) L%
FoAtdRnA 7R (2) Mt BB E (LR 5 (3)
BT B R RERIET e R (4) Bt Ak
AL e o T LR A R e 45 5 (5) Fe k4 A/ BT R T
SRR AR 0V ARAEP B BRZHRE SR -

BT RASEHT S M (FESEM) @ (FE£RE? v)

#* Y BLFREREY w2 JEOL ISM-6700F e A 355 445 5 T+ 8
ML B B SR 5L S ARG R T RS2 SR 0 v d g
THMEHZTF RIS RAR R BAFH ST RERETPEZ 2
ZBBEWAE BB AT B E LOMMASKY)~22nMm(1KY) » ¥ 7 & F R

(FHE O5KvV)T#iT > B3 HREAEM2 # o F7 XX £t 4%
¥ & ( X-ray energy dispersive spectrometer > EDS) » 41 it — # ilc® ~ %

PSR R AT ) NI F AT T TR S PR gk
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P b ERA R R AR L E R R R R

(3) X s+ it & (X-ray diffractometer, XRD) : (£ & K E ¥ <)

(4)

R FESEEELREY w2 SHIMADZU XD-5 ch 4] it (7 4+ f64 45
BEREAE » ¥ TRT bl AR B RY NI A AE A
e EARY TR RRAL T BN FEAE & 10%10°m Bl 5 X
Ko Fpt g U T BRAEZ R FARFHEEFE 32T F XTI RF D
P& R T ok R AR AR B A i R A AR X
I o d WBEERAMF I R N4 s e X ok
FoofLE G Rk o F X BEURLAN F AR IR A 0 Fbt ek
MAE AT HM G B3 2 SR BT H 2 pURBET Hoiea &2 Bt

FPERBA AR VIS ERNS TG PR R BT EE BT
B AHEEREF TR ARSI REN S R ERERETRE L o

(5

B Fedmalekdk (FTIR) : (p 7

GREFEPREEALS T PRI A ERFeEH S
A Ak SETFWFTAAS- AR BT AT ET
SO 0 - A T IRE e B RC) o A Rk R R R

A 2 T A G Z BEINA 112800 ~ 4000 cm™ L ig iz ¢k 5k E 5 4000 ~ 200

%

= »

cmt A ¢ itk 200~10emT ATkt kR P Tt kT

+ B ehi3aE (overtone) 2 AT iR kR g hAAs R - £ hitR

S0 @ - BB PRI Y R RIS B Ry M
FRWFOE R RIDET R o AT 2 RS

KBr s %R & F > B KBr @5 i =cilici 64 = > 34 £ H 400 ~

4000 cm™* -

g g o o@

p#F @itk (BET) (A7)

& * Micromeritics =~ @ ASAP2010 4] » 12 Np f 77 K T i& {7 e ' 7 Bk
erpr‘]J7:5-/_w_*” W ez lfﬁﬁﬂﬁ!}ﬁ -/ ‘i‘ﬁé"—kxji,b' ?l(l/“:“,“:;—[-',ﬁ_zb,?i

2 1 ) <

(6) = 4 kg (Atomic Force Microscope > AFM ) : (£ ik @ )
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AFM % £ plRF B ~@ 54 5 k@046 R EFDR o d 207 ¥
WEBRS A EMA R T ER o RS R (RS
FI*FEERAPFESERSL e B+ 4 > B RTFHEREF O3
T AdFm AT R - TR (501 nm) I w4 TR kiR SE
B F - BhendeE R EFHREE G B @a RS L G FE e T
Jlr BEE S WA FRRSEAS PERRRAT HEMAT3D A5 A

o

[e=2

(7) 12+ 4% & (Nuclear Magnetic Resonance, NMR) : (F & K B ¥ )
g d @A EREREY w2 Vaian Unity  Inova600 it (7 4 fE 4 47 » #* %

B n BSNTALNEP 2 YO, s A At ¢ RS (b PN 7
FU ¢ e de BC1PXe 2 BN copr s o w0 NMR 4t i) o d 3t
AFORE o B E SRR £ 5 TS NMR 1 e F A
-60 ppm 1 -120 ppm 2 (1 TMS % %3 8k) o $30p fedri* @ 5 > 7

FRIPEEFTF RTfor B Sl F AR R R Gw TR
I3 FRE T A5 s S[AIL SPAL 'S SIFAL 8] SI['ALCS] 2

—h =k

Si['Si]> ¢ = S fr Al FIEEHEF B o HoueT #8295 NMR % = % 35
Pk FAER Al Bcp g 0P 0 208 NMR chit F 248 § 113 B @
B e —dmz o ES-BAl B GHE Sppme

(8) # ¥ 4 17 % (ThermogravimetricAnalyzer » TGA) : (£ & @ )
TR RIRR R EARY O REFZER R R BRI B2

Ppo mFEF A EFE A2 BAR TR ¢

B
T2 (BADEHE-BEZ2HF - FRES PTR R HE
NE R FENE (E- 205 #* > 7 feed & pameate:y ) o
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Fri BREEH

§- §41. MWCNTYPI #4 (putent] § ~ s 420 45 80 § A F o0 it

A d K- EEE L EEE «,l,g}l\rg ER- I Jﬂ’lé‘g‘/ Sedt o FEHEH Pl A

B BEAR B L R § AR 2 B

¥- 7411 # £ AH$(TGA)

P

B 4-1 7 Pl 4o PIMWCNTs e » £ £ (DTG) 0 AP » & v § F
BRET OHRAZEEEFREADR] oV BB TR KR 450~590 °C 2 B
AR AT B AL o R4S R0 B E R PIMWCNTS 2 f Pl
(o4 #AERH e g b o Pl A ERIFAGRY AL EHE 575°Ce @
PIMWCNTS 52 f2 M8 » 5 2 b < A €242 09 5 612 °C o B
Kashiwagi % + (2002)[132] ~ Yang % + (2005)[133] % % Li % + (2006)[134]45 34 &
BAFAFEY P MWCNTs it s s B B8 2 de - 4 F AdsH 2 & CNTs
p 3 T > F R A CNTsH & ag s+ EHF  ERABRFLI VLA &N
TS o g7 s Pang % 4 (1993)[135] % % % > % 550°C - 4+ # Hm# T > CNTs
24 2L B R T > e P934 Jones and Koros(1994)[136] » fedie® if A& et

AIET > FRREF LR B BRIF CRBA R 6 B e T AF R

THBIfRERMROD B EF AL RTERT N AETFMEE T R
P e ¥ BOERE i NA M) T Bl e R R

RELER o
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777777 MWCNT/ Pl (a)

600 - ~~ PI(b)

pg/min

0 200 400

600 800 1000
Temper ature (°C)

B = -1Pl & PI/IMWCNTs 7 DTA o 4
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2 -1 226°CT 0 2 2 R#EFTHENCMSM H F Mz d 2 5 WA E !

4

B .

Sample Pyrolysis Permeability (Barrer)

Ideal separation factor

heating rate

code CCmi n'l) H, CO, )} N2 CHy CO./N2;  Ou/N; CO/CHs  Hi/Ny H2/CH4
Al 0.5 - 109.8 82.6 40.2 - 2.7 21 - - -
A2 5 - 1355 1175 43.9 - 3.1 2.7 - - -
A3 10 - 1745 169.1 26.9 - 6.5 6.3 - - -
Bl 0.5 - 617.7 517.3 96.8 - 6.4 5.3 - - -
B2 5 - 883.6 751.3 107.2 - 8.2 7.0 - - -
B3 10 - 11344 1191.0 874 - 13.0 13.6 - - -
C1l 10 2569.5 1559.2 10131 320 41.1 48.7 31.6 37.9 80.2 62.6
C2 10 3440.7 1888.7 1060.0 21.2 219 89.0 50.0 86.2 162.3 1511
C3 10 33883 3187.6 2251.0 29.1 38.3 109.5 77.3 83.2 116.4 88.0

62



¥ 75412 % % BEpcA) i (FE-SEM)

JEd g e 500 °C A fais 2 MO% > A4 6 2 E 5 h FESEM Fl4o
4-2a(@) 1= ] 4-2a(b) 77 ° it~ # WP o B 4-28(2) % 7 4 MWCNTS(0.1wt.%) ® =
i3 % 10 °C/min 1 500 ° C 2 CLAW et & 4 5 B - @ §) 4-2a(ag)l| & C1 &
W @)erc A Bl o T OLRBF| A EAE T 2355 A & CMS A G b o
1 B 4-2(0) 5 7 4 MWCNTS(1Wt.9%) 2 < i i# 5 10 °C/min % 500°C # C3 4t
A3 g G W 5 Bl 42(by)Rl s C3(b)en A B> 7 S Bl A G 2 R
* MWOCNTS 22 g4 Jh 7 8454 A F 10 b b > ] 4-2 () 5 C3 (by)2 274 3% [ »

T P A5 A b CMS i 6 b .

¥ - 3G 0 B 4-2(b) 5 B PIIMWCNTS & # AL 1L 15 9718 22 CMS %oehip] &
BHAL - FA A A OPte D ERAE F R et 3V IR - RO R
mA K HEAY S9ume it - A EER 4-20(8) & & 7 tc MWCNTS (0.1 wt.%)
2 2R F 10°C/min & 500°C en CLA W2 K £ 5 B> @ B 4-2b(a) R 5 2 & 2%
“ B FRE A 7 RN LI o

ks o @ 4-2b(b) 3 7 4 MWCNTS(0.5wt.%) ® < i i & 10 °C/min % 500
CenC2 g+ & m B B 42b(b)? »FmE g - 24aa B fFm

AT ARG G VEn L o i B CMSHL by A e
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NCHLU Sbi80 SEM  SEI 150kV  X150000 WD 30mm  100nm

163.8nm

380 SEM Si 50KV X10000 WD 3.0mm

NCHLI Sb80 SEM  SEI 150KV X150,000 WD 3.0mr 100nm

107 5nm

NCHLU Sh SEM SEI 150KV X150,000 WD if}mnnml
Bl »-2a0 2 g % 10 "Cmin-1 4 f#22. MWCNTS/PI A 5 i 8 2
FE-SEM Fl(a) C1 5 4 6 ; (al) Cl i+ 2 %=  (b) C3 A48 % & ; (b1) C3 *«

A i 5 (b2) bl ek i3 5



NCHU SE SE X150,000 D30mm  100nm

S 30N XB000 WOSHmm  00om
B = -2b 2R % 10°Cmin® & f22. MWCNTS/Pl g4 5 & 3 vz
FE-SEM [1(3) C1 54 % 5 ; (a) CL %~ 5 %= (b) C3 £°4 4 & ; (by) C3 %

< B 5T (o) by B
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4.1.3. 3% iF %14 7 (Nitrogen adsorption)

B E R S| B o3t in e R A R Rl R B RS
M i F B &M o B g Fsrgips% [BET (Brunauer - Emmett - Teller)
E] A R CMSHZ B TR BN W FHMBEE SR LA Bk

& Fl 4-3a =@ 4-3b - 1245 IUPAC 4 #i(Gregg f= Sing,1982)[136]= *it % if

TOUARE & 5 Typel & Typell 22 3]5% o - &k > § g wrge 20 %’gvﬂ AL ES

FEREF LI EAM o £ CMSHY o SRR EERT G MR
BREM A RE AT EFAPHRAS 2 e AT H R G R

ool RER 4-3a2 5 %‘gd H-K (Horvath and Kawazoe) = iz § # &%
FRSURRE G A AL et o Bl 430 BIRER T AT & R F D

/

G AT

*l

LiE A o AP Bk en3t e n 28 Ao 4t C14 £ (0.1 wt.%) BET

!
-hs N
Ay

5 # 5 51.78m* gt feit a8 5 0.0907 em® gty @ C3(1wt.%) 5 BET +* 4 & ##
33.08m* gt frit i fk 5 0.0829cm> g > § MWOCNTS it & # 4e pF > H 3t frz @
EAHHE29Ac Toob BB E N I E R S 12A 0 gk s e kI B
FAEA BB A E A S Eon WA AN Y § G REOER 2 )

AL I A A SRR ke B E KAF SR 0 B R FaEL I

Bo AT RLR BRI TP E AT AL LR AL E AR >
P o 372 CMS g 3] s 4 £ L4 > MWCNTS & ’J ®AFBIRY AR

!‘

o

SR Rl iea B B -
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8 Si R
Am\mcov pecHosPe SN oA

Relative pressure (P/R)
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=

B = -3aPI/MWCNTs g~ =+ &
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$=238414 %@ F i & (FTIR spectra)

Bl 4-4 5 Pl e MWNVS/Pl 72 3 f <8 3 (0.5~ 5~ 10 °C /min) ™ g it #7 4]
967 CMS B2t #h 38 2 45 o o] 4-4(D) “7 7 » /548 MWCNTS e e 14
BLETIY% T R R L Reng o (& 17851742 oy hoou ga o Bosperap
(17cm™) > & $42% % 4 g (C-0) ¥ 4547 F 47 5 (1256 1 1244 cm™ )Lz 5] = =44 (10
cm™) o Bk fed S C-N R HET AL A8 4 f 1358 3] 13625 cm™ e s A (W
g4Rd 5 1150m7) g ¥ 4 g A (V¥ g54R$ 5 1435em )¢ enC-OH » % B4 i
Tedp R chsg it o IR AP ~ R frfadf F v A C=0 ¥ SEen jo i g 4 (o
1818 = 1802 cm™) s » 7&7\7 MWCNT % & & Spir (6 2 S % dp ik o hskien

oA o g B e §FE R £ 7 1 Pl e MWCNTS e 3 2 4 3 8 enBf %o 7]

g

w=;
13\\--

lE'

BiiE- A LRP T PIMWCNTS 2 F engdid o 2 500 °C * 4 f#¢s »
4

CMS #2944 *31%;»1& 0 % (B 4-4(c) 2 Bl 4-4(h)) -
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| |
H\ ‘n M/ \\
%\aL\“ “\;&wﬂw J JWLMM\// |
3 \{
g ‘M‘” J‘ \
g g “&mﬂ\
% L
=L
S
(c)
(d)
i (a)
\ l
4000 3000 2000

Wave number [cm™]

B =-3@P -0 MWCNTSPl % 4 3 &% () A3-Pl~(d)A2-Pl- (¢)
Al-Pl, ~ (f) B-MWCNTS/PI ~ (g) B2-MWCNTSPI 4= (h) BI-MWCNTS/PI
CMSM.2 FTIR 4 45 2 %

% w8415 Pl 28 MWCNT/Pl #7242 a2 § %8 L F A ant )

WS ci Pl XA S 1T A% kDB F T (0545 o 10

&

)

°C/min)™ » Pl 4o PI/MWCNT g & + & w2 &+ &iv 3 o 38 41* CO~ O
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TN E M 2FH - S g MRS RPIEERTREE T ooy APFTLE
P e & F v fghiE MWCNT 0 & Rea TR iv i > G- B4~ e
Spdkoodegt o B WA R IFR DY A LN RN E F PR EaR g
P frEHF o P B Rk 42970 0 S F MBS BRBE R 0 NIFER
A &R I e MWCNT (WEO0) ' 4 {7 fe A i3 = B 3 5 T a4 F oy i
P o 44 Pl ARt A 5 > COp ~ Op ehj% 15 vt (%P B ¥ < iR i 3
fedm B o NoRIT ' o ApM > & & DI R s drck > bl4e CON, e
OofNz » v "L F iR id 5 i 4o &= o iplt B 5% R FW G LA fRn= B 5
%o d 0532 1] 10 °C/min § 3% # B 4o I LS o AR R o FR Y AR HR
B PR R SR T RGP I RE R E 0 3 A S s IV e AR i) dVIF 0+
R R R N G I Ve 7 R RS g2 S cALN R R F R PR 4
SR py RE A RN IE AT B A o T £ AR

g PIBE T N EWE S AT b4 BT (A A LE AT R)2 B

B Ap o T E F A T SR g2 M o ot BB 0 g

I~

T 0 A EE R A0 AT RGBS ER S5 o
TR AL 428 HEP > 10 °C/min T > Pl A 3 & Fend g2 (A3)
BEOCERLABFUMT ORERE > KRGS LE G ER LR Ww(ER S
(COuN2) = 65 » F3# F(0o/Np) = 6.3 4p 4318 * Fit = g & F 18 & (Al
A2 R EF I FRALL A A F MBEMRI RE DB SRS
pod A A RET A SR ] DR R B A S kb g SR
BEFRE IO T EERE Gl R R S {odRig € X PR A S 4aen
Blfhm 3 B BRY - B &R kg BWARESFAKHE > CMS 7 &

LA EERRSN S A2 AR R RS

dod 4-2 #7757 o @ MWCNTs 0 ~ Pl A8 egd 2 3 &t 02 05510

°Cimin en2 B F T e T AR > B4 o EE S AR > 4 FA 0 CO e Oy
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FURE S € TR AR EE FH e m B Ao @ NpB g 5T % o At Pl A
1 CMS #-fe MWCNTSs 0 » {5 e Pl A48 CMS %> 7 12 8t MWCNTS 4e » &%
iR te 0 COr Opfr Npei 3% 5 W 48 % o ARt OnfNp eh32 8 4 4t thdficic o
6.3(A3)#% < 1 13.6(B3):E {#FH# 5 - ~ i&gﬁ 2 e 4 o @ & MWCNTS 4c » Pl
B8 COJYN g 5+ JED b 4203 % - MWCNTs 3 » fepiid > £k
s ¥R A e EF 5 B ER 01395 Lim & 4 (2007)[137] 4 5 #ykach
A BRGEFA LY I BH S VR AR E R DR ESF R EHE

AL F MRS MR ER T T L 0 F AT TSR 4o

(i g Bt 5 2% > ciid) » BRI E R 8 F L o & Flhedt o BB
fethte x fe iR PR & S BRS F b g S RS PR R

FILE T TS F A 45 g £ eng A 3 o Merkel % 4 (2002)[138]% %
BRI AR AR DB (47 A-2-N )P B P A AR 258 ¢ oA

SFERST AR K LB RE DR R A AKX F T
P ei% i 5 feiE # & o Sokhan % 4 (2002)4r Skoulidas % + (2002)[139-140] 44>+ i
BELA Gt W P F E gj,;]_t Gt BT 0 Rk r HEZ F
7 E (SWCNTS)IE * A #8 4 drpijie b > T iE - H4aipl > d 5 MWCNT iz e H

Boehh AR R B R w AL Y e MR P R i L

e
A
iz
T,

# > Rao ¥ % (2008)F 7 fv Tseng # * (2009)[77,142] &= CMS @ & + >
% MWCNT 3 » b2 BREEF R EFDATY P v ndp B EE
B oo AR¥Y Pl E AR A S E F:8 MWCNT R & gl o S b f A

GAREF T E R §EFLRE S H e EO R

Y
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# w-2 41* PI/IMWCNTs 2= 2 CMSM z_ 422 H is fp bl < )EJ%”‘ 28

Membrane CT (°o)* Permeability (Barrer) Selectivity Reference

CO, 0, N CO2/N, 02/N;
pg4t 600 619.0 170.0 19.9 - - Barsemaet al, 2003.[55]
Matrimid’ 650 12.0 7.0 2.0 - 5.9 Fuerteset al, 1999.[144]
PFFA? 600 34.9 4.7 3.3 10.6 10.6 Wang et a, 2000.[145]
PR'® 700 1355.0 - - 8.6 1.8 Centeno et a, 2004.[146]
PR® 700 46.1 13.4 1.3 36.9 10.7 Centeno et al, 2001.[147]
PR’ 700 127.2 22.2 6.7 17.0 3.3 Menendez et a, 2001.[148]
PI° 550 - 239.0 24.1 - 9.9 Anshu et al, 2000.[149]
K apton® 800 128.0 34.8 11.1 42.2 11.5 Sudaet a, 1997.[50]
PF® 800 5.3 35 - 31 2.8 Wai et al, 2007.[86]
PPESK® 650 356.8 124.9 29.7 12.0 4.2 Zhang et al, 2008.[151]
PPO™ 750 218.0 54.7 4.8 - 11.4 Yoshimune et a, 2007.[155]
PFNR™ 800 68.2 715 82.4 0.8 0.9 Zhang et a, 2006.[153]
K apton™ 900 2.0 0.5 0.2 8.7 2.4 Luaetal, 2006.[154]
BTDA™ 700 829.0 256.0 24.0 35.0 11.0 Kim et al, 2004.[155]
Tamanol 758" 600 21.0 36 0.3 - 12.0 Zhang et al, 2006.[156]
PIY 800 6.5 1.7 0.3 26.0 6.7 Tinetal, 2004. [157]
PI/MWCNT 500 3187.6 2251.0 29.1 109.5 77.3  Present work
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416. 2 KREF o PRSP

d B 4-5 9755 » £ g F 10°C/min A 33 500°C r L& 2 7oA AR L
wo B A F R O s Np e 35 5 e OpfNp i 3 S RIGES % o M 8/ d 30 4F
BARAFRPEME > g A5 AR E(CNT)R 25 - RepS g g W o B F o> Op»

CCHy B A F €"EF B A F AP BV CNTs#icg i 4em £ 2 o (Kim % 4
2006)[158] - % # &% # (CNT) » £ B 2 § it cngifl - A * i & A4 FE(MMM) & f 48
AN o § AR DIEAR R A B H AN S 5 ARF ST Y 2 dPopov
2004)[160] - — 4 ko ff A+ AMY 7 HOER SNCNTSPF - 7 k= F A 3 Hklinb i
3 & (Coleman et al, 2003; Santos et ; d, 2003 : Zeng et d, 2004)[161-163] - F & & 71 &, 7

o bt AR P WL KRB P T i R AS A I o RS AT
BELF AROTHE BT e Hd OfNy e E RS RFEP > L AKM T doR 45
AT e e M AR B FEERFRADF L AL G AR ERY R - AP

fffeenifiticd o PR UG HF UL ARLL Do

73



10000 100
'g 1000 - 8o
o0 >
= 60 §
2 100 - B
g 40 Z
£ o
E 10 - —=— N2permeation "~ """ """ Toooooooooooooooooooooo 20

—a— 02/N2
1 ——2 permeation ‘ ‘ ‘ L o
0 0.2 0.4 0.6 0.8 1

Nanotube loading, wt %
Bl z-47 k% HaCE /7’]‘ £ PI/MWCNTs B & &+ & B35 7 338 &2 2 B

RS EIE TEL T S B p R LSRR VA N IR
B A G R) 0 S FI L FRA S S s n (] 4-6) 0 TF 1 0 BB HabiC
(Knudsen diffusion)se 2 & 1t S0 ¢ [ B A dock o T 8 B 0 A S s g ar il i e e
UM the P iEERS A7 0 & MWONT hde » 5 » CMSM 435 S @ ec L 5 24

RERGHET 23 L P it S A T B R R OR AN B
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10000

1000 £-------------------

00+~

Permeability ( Barrer

10 4---------mmoeoe-

2.8 3 3.2 3.4 3.6 3.8 4
Kinetic diameter (°A)

Bl =-5CL~C24r C3 W47 Ir f Mk B /T2 5 W3 B 1 2 p B 1L

Bid 0 22N AR A E T E h CMSHH Y OpfNp e dfd i o 11 30 R 6 o
=4 kvt i (Suda and Haraya, 1997; Robenson, 1991; Y oshimune et a, 2007; Zhang and Hou,
1994)[50,91,105,141,153]

oBl 47 41w o 73 B RELDPI A HCMS > & IR NP A 0T 5 ARG

L
PR B g F RIS T S iR o 0t s e Pl A e | MWCNTSs
+ (v R pk I v Rk 37 %= (Kapton polyimide) *#(Sudaand Haraya
1997)[50] - & # L R » Iwt%:z KA E D PLAF & H P o Apat H B g
RAMN{HFAEEFREF L% P CMSHI G T 04 ¢ 42481 B chg A4 5 0o

A o g d BET(H-K 2 i) el v chriba 45 > /2 L% 2] MWCNTs s 2k 4 it 4

d
st g A i S E R
rrJ

%%ﬁwﬁﬁﬁﬁéﬁ%—@@%ﬁ»%ﬁ%oﬁ&ﬁ%»%%ﬁﬁgﬁwwﬁﬁﬁﬁ’

FEF AR D L ECNF MAESFEERT - 4 41frd 4258 % F &1 0 A4
B EFLEE AL OCRATTR NI B R RCHN RE S rE R S L R
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100

- .

2 .
B - C3

- K apton polyimide A
P [Suda and Haraya (1997)]

O2/N2 Permselectivity
H
o

B Robeson’s upper bound

1 S " =
1 10 100 1000

Oxygen permeability ( Barrer)

Bl 26 225 'CT AT &HEETHLTFZAMEGTLL 2 HRY% -

10000
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4.2.CUlP| f=3 Mmucentl & ~ A 458 § WA F 254
PR RS EERE AR RS RSP F AP e S A e
42.1. %% B3l (FE-SEM)

B 4-8 %% 1% 500 °C T ait 2 Pl g A 3R & Cuz 3R CMS FHA i o 4o

4-8 (77 > CMSEWTE & 3 ¥F T/ 4 o o] a8 & - B 4 (D)A 7+ CMS jFwz 34 1
# Cu 3 F3pkibdp2 FiwmE 4-8(C)2 4-8(d)k 7 W5 ) 5 10 um 7 CMS 5% 2 il w A

e AEZ TRAMAL > §RENGZANG L A B F CEEEINY £EB AR
g 3 oA AR RATRABFERER LM SHE 6§ %5 S FlEL G SRS

o 2 JF M F WA F BT o
B 4-9 BgoF 7 @& * aggg 52 ¥ 500 °C #4322 Pl § 43R & MWCNT 2 CMS
#9 FE-SEM Bl - B] 4-9@)% 1 CMS B o Bl Jd BIvEmE2 N A d 224 kiF o m
FREI AR B AEHMTLE F REaEEFR 0 ¢ R A R NRE
Ho 24 MR aAea L FY P AEEA O b CMSEUA TP 2 CNT i - B 49 (b)

&

BIm T 2R CMS T2 o AR > ¥ 2 380 %59 12 im 2 A 3E 2 )AL
- RKB2ZESAT W49 (cd) 5Pl FAFEE MWCNT 2 Pl % & MWCNT 2 i &
PAAEE AP LR 2 B CONT § o~ Y o JRd 2 2t A A E R S 2 T

ke d 2 AR E ¥ ONT At B e R ER™ » ¢ 2% FMAS - E 2 5

7



Porous
carbon fi

Bl = -7 #7412 500°C T g4 it 2 Pl & Cu % 3 34 CMS 5% FESEM @ - (8)7F & 2
fe (D)8 & 3 M 2 Cu 7 K 3pR(C) Rl A A& (d) Bl & 3% P4 A &
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Porous carbon

00°Cz Pl § # 32 £ MWCNT 2z CMS#%-FESEM B (a)7% & | i (b)

#Hf#5
£ MWCNT (d) Pl 2 & MWCNT 2 & 34 4 4] ik B

QP & A 3R
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422 BRTH

Pl 244 % >R 4-10 P 7 ENTRB T % % TCGA 4 #1425 ¥ Pl %5 & MWCNT
2 Pl ggi i & Cuz K3k it w2 @i % 10°Cmin-14 50°C + 2 1 800°C >
BLEHEEF A A o §F AR 100-200°C 5 10%E 454 2 5 &£ 312 TGA o &4 >
ﬁfv = NMP z_ & K/% o FRam o é_50-250°C—JF%§ﬁ$?~ ' MWCNT 2 & Pl E5E s B 4o f,Aﬂs"
EOF AR i o iBAITZ A G MR eng §OF Aol B F A F R A 2 B ER[14]]
pf o §F iR fripdl § BT R AR SR Y Y 2R R R
Frardp MWCNT enido o 5 @ * Alfe/d® 2 £ .57 A4 2§ F a2 402 AL (COOR)
2 A (COR)% - Pl g3+ 1 &2 €844 5480530 °C At mrigdf4 i PlEs
MWCNT 2 PliR & Cuz K3k 5 5kd 22> SR AR ERIFA S ¢ AR 4 o

d 1+ 2 3% 5] 500-700°C 2w Zpdr 2 A f3Y R E R P S04 2 COZ COp2 2 & o dg

WrERE LR 2 RIS e FR RN A 3 FRAE A A d 3 CHy, Hp Np s it o
HAREF AR TCGA 24 RERI + R AFF AREZHREMEINF 2B Fa
ERELFHMEPFSORS b FRA2FLYCRmPI LR
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—— TP iz

— — —CwPl th)
MMCNTE Pl ie)

o
&
=
=
[ =]
E
2
=
o
O
= 30 -

20

CRMSM pyvrclysis

10 - at 00 = \
0

0 100 200 300 400 500 600 FOO 300
Temperature (*C)

B =-9TGA # % (a) Pl (b)Pl 2 & Cu(c) Pl ;2 & MWCNTs.

423. 3% i FTIR)

B 4-11(a), (b) 2 (C)z.F 1 PI'Pl % & MWCNT 2 Pli® & Custi 2 FTIR#4 4 5 H
Fig. 7(d)-Fig. 7(0)4 %] % %+ I ;81 % (0.5~ 3~ 510 °C min")pt it 15 2. FTIR %3 » *
T AT AL P HE o ad B4 @QFVBRRN D pETRECOZEE N T A
Sofz ki 1780 cm-1 Ao o Pl %2 & MWCNT 2 &> d Fig7 (b)7 B di3F 5 2 qk¥ o
> %] & 1010 ~ 1167 ~ 1354 ~ 1530 cm-1 > &7 it % C=0 &% ~ fis % C-OH ~ fst C=0 2
1 W HE 5 o 4 ) 4-11(c)*+ 1090, 1186, 1249, 1383 2 1658 cm™ L% 5| Pl R & Cu 2 # $f#
2 BTk E 0 32 A C=O % - C-OH fefig s » C-H ez g > 5 4 T % > g% 0 %
Ao LB o His O-H W% COOH * A4 W & 2865 2 2924 cm-1 &7 e o @ A
Pli4 MWCNT 2 PliR & Cus % 5 54 Ap iz af Bk # o 2R a5 7 o 2 B i &
(05+3+5-10°Cmin™) » ** 500°C B¢ it 2. *7% CMS &2 jL % plsg2 ij 4 -
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Ui i o oo
|
2

AL

10 | | |
4000 SN 2000 1000 400
Wave number Ei:m"l
B =-10% » + EHFTIR (Q)PI (b)Pl;2 £ MWCNTs(c) PlI;& & Cus CMS &% (d) 0.5-PI (¢)

3-Pl (f) 5-PI (g) 10-PI ,(h) 0.5-Pl;2 £ MWCNTSs (i) 3-PI;2 £ MWCNTS () 5-Pli2 & MWCNT (K)
10- Pl;@ £ MWCNTs (1) 0.5-Pl;# & Cu (m) 3-PI32 £ Cu (n) 5- Pli# & Cu (0) 10-Pli& & Cu
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4.2.4. gk ¥ $E(WXRD)

WXRD #ciht 57 F MBS AL TR dodbic 4 Sk 22 LERF AT 2l
[167] - 4 4-12(a), B 4-12(b) % B 4-12(c).A87 1 * 05-3-5-10min" 7 ¢ 2 ;g ¢
Z2p 3 500°C #l# 2. CMSF% WXRD 2} Bl - ¢ WXRD #cdp 7 # i — &£ F3 > M
THCT Rl AR B X B R P2 S AR B R S B ST R D-FEEZ 4 G o @ i B

BARBRE D (002 & chif $ 2 5 B T 5 FFFE(d002)2 T 5 - dO02-FF FEE_A 4l A+ A
B w2 AT T RS € * Bragg 2 nAi=2dsn 6 0 A 5 X-kz2 gt & (1.5418)
A-dpl i 002 fF 2% 6 B EE> O oot 4 0 B 4-12(a), (0), (O AW 5 2 dp 2 B4 o
4 BT L 26 % 26.19 °(d-spacing 3.40 A )= kg m 2 % 5 Pl AR & Cu 2 05°Cmin
Bl fzertl i 2. CMSM(BE A + &8 5) > @ 220 5 25.87° (d-spacing3.44 A) ] % 3°C min?
Hfasr#l % 2 CMSM » 4p#3+ 05 %2 3°Cmin™» 52 10°Cmin™* A% % Pl A %2 & Cu

2. CMSM #7887 2 4 5 A g o L% A w5 260 4 25.43° (d-spacing 350 A) 2 20 i
24.44° (d-spacing3.64 A ) o

$r A AR AR Pl S MWONT 7Lt 2 4 dpivz 8% o @ 2 8 &
05 3,5 2 10 °C mint2 Pl % & MWCNT » 20 4 5] % 27.18° (d-spacing 3.28 A), 25.97°
(d-spacing 3.43 A), 25.46° (d-spacing b 3.49 A) 2 24.35° (d-spacing 3.65 A) -

337 A 2R R 2 PICMSM + L didpinz % « g % 05,3,5PI CMSM » 2
g 4w 4 28.77° (d-spacing 3.10 A), 28.21° (d-spacing 3.16 A), 27.98° (d-spacing 3.18 &) =
27.53° (d-spacing 323 A) -+t 7 2 g 8% 2 Pl % £ MWCNT %2 Pl ;& & Cu  WXRD
d-spacing #c &2 71 &4 4-3

PP FEFFEAZRMET AT ES PP 3 b AR E & 22 BEE fUF PR
S o M B L iEdEEZ Y dspacing Bl k& T o ApF G F A S 23S B IR
F oo ® APt ff 2 despacing e Tt o At 3dEm e o R RS G > FlERER

unfigkzs MWCNT $£2 32 B %2 PlJRE& Cuz Pl.24& MWCNT &%k + )
I 35 d-spacing § 4 4r 2 i3 o
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120

+05NIWONTFI () - 3DWCHTSE ()

. SNIWCHTITT i) - 10 RIWCH TS PTd)
- 05CufF () - 3CuPTi)
-5 ig) - 10:CurFIhy

Intensity

Bl = -11 #4)#2 500°C 2. WXRD 3 (a)0.5- Pl 2 & MWCNTs (b) 3-PI i2 &
MWCNTs (c) 5-Pl /2 £ MWCNTs (d) 10-Pl 2 £ MWCNTSs (€) 0.5-Pl i & Cu (f) 3-PI
i & Cu(g)5-Pli® & Cu(h)10-Pl ;2 & Cu



% =-3 % k=g F Pl, MWCNTSPI, and Cu/Pl ¥ CMS'ffii#s d-spacing fif

Sample Code 20 d-spacing (A)
0.5-PI 28.77 3.10
3-PI 28.21 3.16
5-PI 27.98 3.18
10-PI 27.53 3.23
0.5-MWCNT9/PI 27.18 3.28
3-MWCNTY/PI 25.97 3.43
5-MWCNTYPI 25.46 3.49
10-MWCNTY/PI 24.35 3.65
0.5-Cu/PI 26.19 3.40
3-Cu/PI 25.87 3.44
5-Cu/PI 25.43 3.50
10-Cu/PI 24.44 3.64
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4.25. #f CMS E2 § Wi S #1

FHAEESHMES Pl 23 &4 28FH > a2 2 E#ESF05 3,5 %2 10 °C
min’ )Pl M & Cuz PR & MWCNT 2. CMS & 5 wig (7 Hy, COp, Oz, Ny fv CHa 2o 3 5
LR

2 AAPRE H- FUMBE S ERT 2§ WBEFIL - d 2T g
#F A2 MWCNT fr Cu t2R & 3] Pl A F 16 Ho o CO2 > Oz 0 Nofr CHai% 538 5 5 3 4o
2R o AR FH A F S R F 3 e CONz » CO/CHyfr HoCHy = B2 + = o

Plz %% 5> Pl% & MWCNT 2 PI#22Cu # /3352 K 5 Hy>CO2> 0> Ny > CHye
F AP CMS Eiz BB E EREZ RS o 77 F WL EE Y

@ Ni 24 BE% CMSHEW 2 % 5 L 2 Bk BAm® kil
FASE D A DN M F B A 2 0 Rl o SR
SRFLF AT G e | R IR T TR S BRI R A T R e
AT A s EPARL G T HUEREATE R LWL - L B8 - Merkel et al.
[70] 8 ¥ A= 3 #mz F 3k L5 FHEAH ~ 38 £~ bty htp poly
(4-methyl-2-pentyne) k= P2 4 § 49 = § 1Y & 2 303 30 X 3§30 A F 20X A F b andg
BOEOZE R ERT o TRV R AT 6 FHRE R A M F A OE 2 ERT

ROFTFRH Y o FRF R A H ¢ ¢ oz K B R ONT 2 f R 30 .@ﬁﬁkﬁy};mo e
RSy o LF G ONT B Hi L 0 T fren e P PICMS 70> f g % ¢
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# B 7 & MWCNT 2 Cu % F4f#0R & CMS e (il 5 F 4o f R4 F 23

Wi H 4 e o
Pl (T3 mFRALERT MWCNTfeCud ity > w30 p e <t 2 5 4
FAMTERN R R pECTPI CMSE s 4 7 2R Feed 0 F BB ERR

T o
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2 -4 £2260CT > 2 A REFTHEZHCMSM g B8 F MAESSE

Sample code Permeability (Barrer) Ideal separation factor

H> CO; Oz \P) CH, CO4/N; 02N,  CO,/CH; CO, /O, Hu/CH4
0.5-PI 149 118 67 38 43 3.10 1.76 2.74 1.13 3.46
3-Pl 246 164 124 55 51 2.98 2.25 321 0.92 4.82
S5-PI 209 173 144 44 58 3.93 3.27 2.98 131 3.60
10-PI 284 217 212 56 48 3.87 3.78 452 0.85 591
0.5-MWCNTSsPI 550 618 533 123 123 5.02 4.33 5.02 1.00 4.47
3-MWCNTYPI 1224 930 705 145 148 6.41 4.86 6.28 1.02 8.21
5-MWCNTYPI 1133 1060 871 113 120 9.38 7.70 8.83 1.06 9.44
10-MWCNTYPI 1219 1153 958 137 105 8.41 6.93 10.98 0.76 11.6
0.5-Cu/PI 880 843 557 86 55 9.80 6.47 15.32 0.63 16.0
3-Cu/PI 859 878 754 81 48 10.83 9.30 18.23 0.59 17.8
5-Cu/PI 840 991 834 91 86 10.83 9.16 11.52 0.94 9.7

10-Cu/PI 1185 1083 823 55 74 19.63 14.9 14.63 134 16.01
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4251 O,IN, 4 3

Bl 413357 1 #0722 E i 52 CMS 4 Oo/No 2 A dscdk » 2 1L B3 A 5 2
BESH d B7 2R E RN G FRE PR MIF 2R E F 1R & MWCNT
% Cuz CMS #E¥hgsr 0 0
oo RELO MR A G RIBE PR T L F MR E 205k o RA B 2 k2 CMS
P 21 73 Pl 4 MWCNT 2 PLAARR & Cutlig 2 CMSHE A7 o) ¢ cmvick o

EHFEFET o d RPN F A F PIRF CMSF

X
G
i

f

-~
e

phob s AR g 2 CMS 2 sk 2 QARG S A F 2 F Lo

100 +
r —A—PI/0.5 —X— MWCNT/PI/0.5
L —%— Cu/P1/0.5 —e—PI/3
L —+— MWCNT/PI/3 —=—Cu/PI/3
L ———PI/5 —0— MWCNT/PI/5
—0— CU/PI/5 —A—PI/10
I —%— MWCNT/PI/10 —%— Cu/PI/10

O2/N2 Selectivity
|—\
o

Robeson’s upper bound

1 \\\\\H} \\\\\H} \\\\\H} |

1 10 100 1000 10000
O Permeability (Barrer)

A

B z-12 225°C 7> 2 p2:Fig &2 Pl;8 & MWCNT %2 PR & Cufl# 2 CMS &
’JKOz/Nz;{?%ﬁA\%’ﬁﬁirs'b

4.25.2. CO,ICH, A 3

B 4-14 51 7 % F &5 CO/CHy 2o & 3t > 2 WL RT3 &2 F 2 1A o 3 L

89



17T CMS sz 4854 E&%ﬁi&l@ P
P RARBA T COEWR G A BT M H LR AT A BT R L W
I RE o HAY Cozi@,ﬁg?]%a%ﬁﬁvﬁ;g A 7%

EHF gl CO B £ F R EHHT CO,

W
=%
N
g
(Q
=
i*‘g';
ff“
VI‘,
@)
©
Eﬂ
4
\‘“7 .g bh\a

100
—A—PI/0.5 —%— MWCNT/PI/0.5
—*%— CuWPI1/0.5 —e— PI/3
—+— MWCNT/PI/3 ——=— Cu/PI/3
——PI/5 —o— MWCNT/PI/5
—o0— CuPI/5 —4&— PI/10

—%— MWCNT/PI/10 —%— Cu/PI/10

Kapton polyimide

CO2/CHa Sdlectivity
H
=)
|
+ 0)@ ;é'

Robeson’s upper bound

1 T I I
1 10 100 1000 10000
CO2 Permeability (Barrer)

Bl »-13 425°C ™ » 7 < g S 2 PljR & MWCNT 2 Pl & Cudl
% 2. CMS &% COJCH, 4 % 4 3ftoc i

4.253. H,/CH, A &

B 4-15@f% 7 44 45 42 MWCNT 2 Pl 5 54 ¢ > i 3]0 § sxehiecd o
P ARG £ R (b T & F SRE)E T B A S g PR £ Cutl# 2 CMS
gy bt S EREA N 2T 5T ,a%fr:* (H") ¥ %5 &

2 dp3l oAy ? Pl A5 E MWCNT 2 Cu 7

&
heay
g
ki
,dm
~=h

P

Wik 2 CMS AF & EWA 1 e ciEF 5 > & FIH Rk 2 M4 i@ 97335 g2 H e o
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SRAFFAL CMSEwE2F 35 WG > 2 {58 - V- 25 PliRECuz Pl g2
MWCNT § %254 22 3R B 51 % 400 Pligfiibs2 § 4 3 5 5% o

100 ¢
3 —A— PI1/0.5 —x— MWCNT/PI/0.5
—%— Cu/PI/0.5 —e—PI/3
—+— MWCNT/PI/3 —=— CuPI/3
———PI/5 —o— MWCNT/PI/5
—0— Cu/PI/5 —A— PI1/10
—x— MWCNT/PI/10 —%— Cu/P1/10

Kapton polyimide

H2/CHa4 Selectivity
H
o

Robeson’s upper bound

1 10 100 1000 10000
H, Permeability(Barrer)

W »-14 % 25°C T » 3 =g F202 Pt & MWCNT 2 PR & Cutlid 2 CMS #
- H2/CHA # %8 4 3oz

43 BA S HE N WO Y ENF BB R R F R

431 Fwi o kR L4 (AFM)

AL AT R4 BHE(AFM) > 18 D AR AlLOs e & e kk(Ra) ke : 235 nm > 4
@¢m@%ﬁo@¢%“Hﬁﬁw%ﬂmﬁ*£ﬁ%@ B EER SRR @
HEAMAGREAE A AL ERFIMAEZF AT EEE S o TP AT
‘=i coating 7 & PEI & &) CMS #% > 2+ 4 B (AFM) @& &1 8§

L 15nm > 4o 4-16(h) 757 o @ 2 pER ALO;s £ 6 T F enzb s T P OAEE M 4

7
T



BoARRER 0 R ERE T ad G o F BN F MIBE YA ek o

(a) Ra=235 nm (b)Ra=115 nm

20um

0.0 ym

0w

Bl = -15CMS % AFM 3D B(a) Al;0s ~ (b) CMS/AI,O;

432 E 4 & A4 (SEM)

T 1% FESEM gL w > 89 CMS i ehd & 25/ » 4o B 4-17(@*77 » 4 3%
B¥ g dit CMS 4 dodp g L& &4k kae B 4-17(D)5 2 6 258 > d ZR7 g
St CMSEAp § s p > T2 MW ALOs G P R hA f & o BT 0TS 2R AL et
#iE o CMSEHehE B 5 L5um -

>
4y
ﬂﬁvt
ﬁz‘a

(@ (b)

NCHU LE] 30KV X10,000 Tpm WD 7.9mm NCHU LEI 3.0kV  X10,000 1{1. WD 72mm

B = -16(a)CMS & ¥4 & ) it (D)CMS & *-ip) & A i
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4338 - FHASEFHLE

AT ERF RS RIE O TR A ok > FRGEIRSERS L2
kgflom® > RS E TR M E S L 4B 2FHE - T2 455 k- AWF > Nty )
ICMS W SEHE - FRZEAHWENT FEY RS S L@ EENEER
Fo TR o LR B CMS BT S § BT 2 T8RS 4w L 236.58 GPU -
154 GPU » H < 5% 4% % oHyCHg B 5 155.60 -

# w-5CMS HW Y - 7 33
permeability(GPU)

CMS H, CH, Olh,cr,

1 193.84 1.59 121.79

2 229.16 1.69 135.48

3 366.10 2.36 155.02

4 121.71 0.83 146.81

5 272.66 1.25 218.88
AVE+STD 236.58+81.43 1.54+0.51 155.60+£37.52

AB4REFHEERERES

hE ey R4 5 2kgf/om? R FATHMAN L TS LR LT e §
FadFBEv R s 3 AR % A KA B2 40-60 2 80ml/min 7 it g i g ik

&
EE Y RIEEE =7

Vq,

m‘

d 4467 i FAEFbApRRE R EF R YA T H G
. Rl
Mg RV R R FIEF RIS o B4 2 K FP My AT i E S 80

B4 fx o d g 5 40 40 60 mi/min #18 d) ehs

B E - F R g

(*”:‘a

mi/mn# 2% e E/ 3 2E - F WAL & T 22 (Batersby, Tasaki et a. 2009)
BEARE I o
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2w -6 A RiEf iR RS RREE

Feed flow Feed ratio permeability(GPU)
ml/min (Molar ratio) H CH Olcr,
H,/CH, 2 s
40 1 135.74+0.76 2.21+0.76 65.89+19.77
60 1 119.98+0.05 2.24+0.05 53.62+1.11
80 1 294.35+0.25 1.74+0.25 171.69+23.44

43427 B F v GI%E FEE 2 BB

BRI RY 5 2kaflom® s EAEA ERMAN B 7 5 R £ L i 3
BEFTFETRDESLFET R DS HYCHy » w2 1~ 05 2 033 Molar ratio
ARGl E F e e AR AR RE N A 33

d 2477 0 E AT R Bl S 0 R E AL F B S T edgd > J 20435GPU
TrE122343GPU v FAa P imgry A adgd > d 1L74GPUK S 1418GPU > fa i B F A
R FIECMSHE gt e kvt bl 5 2 T3of 4 B ot h? e 3 fJpity o #1194 F ¢

B AGItFREFREFBEFER S TRBEFF G o P T UENRE
AR SRR v PR e gy e

F 4 I 0P 48 (Battersby, Tasaki et al. 2009) » F]pt » &2 7 4z gt
Pl E F ERAN A €T

PR R MRORNERE F A Mgtk §RLF TR o

fow-T AR EF OIS RREE

_ Feed ratio permeability(GPU)
Feed flow ml/min (Molar ratio) Ol o
H CH Sl
H,/CH, 2 4
80 1 294.35+0.25 1.7440.25 171.69+23.44
80 0.5 287.94+0.29 2.70+0.14 107.00+5.89
80 0.33 223.43+1.07 4.18+0.36 53.79+4.90

i??%g\.v;ﬁ 2’}’3_9’]/ CMSE}\/V—J-EFFLEE‘;V‘ /:r’?%g 3?‘%}7_‘1'_‘;

ﬁﬁﬁ—$%%EW$ﬁﬁ FARZEREHTEL § A Yk o B 2 7 kg
RS R SRR F B o Y AFM 2 SEM £ 47 0 T 1 i Gt
CMS 4 & RpE M & T 5 2 il X &R ALOs 5 P 8E<na R & » B 2 5
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IR SwmatR

Pl - MWCNT CMS "8 # 11 7 o 5 K At E P B (WLW) 1 2 7 o chd B 3d Rl i

WA R R T A - PR RS R T BT

R
"
EiS

Lor2 Pl M eniE & HET ¢ 0 i £ A e CMS iEe or B 5 e L8 § & 2155 %
Bl o et PUMWCNTS AR ehst o 3 6 00 ik oha i & 1 ka2 7]

LR G EY O REFAAME DT ERT D L wt% . T U gERE AT S S PR E

W e OfNp e b 5 e hdd g c I A FHARE > A3 HEXIIF R
B e Az el p o Hitwihig BAZAR T B ER DL S G CMS R iR o
LB P REARY  MEF RO E PRI e T o MRS 5L M2 B4
Bf PR A LWLOPE it Sy K R R 5 o
CCMSienfl i ¢ AR R FEAREL R BB AT F A4 F 425 CMS
W R N EARR 0 A B 3 4 F AN R KRR R g & o

LB AT AW AARE P RS T FAF T BT P RER &
3 o

AT RS R GG TR E AN Pl AFS RN 24P
MWCNT % & Pl 2 Cu# 3 Pl 3] it 22 CMS &% -MWCNT 2% £ Pl 2 Cu#3 Pl 2 CMS

ae
o

AR T Pl 22 CMS &9 tqp 0§ B84 3EpF > 4ot Oo/Np ~ CO/CHs ~ Ho/CHy > 7 32
P fdF 2 iy o Pl & MWONT *tex B pF > f B00% 35 5 7] ensf 4o £_F) 34 CNT 7% 75 ‘e X

R Y B ECNT 24 7 8§ it IS

—

CEIREBHAHFETRT > SRE AR PBREER ¥ #* 2 RK05-3-5%
10 °C min™ < ig 1 500 °C i& {74 i f& 17 CMS 3 > Ap ot (2 R 3 & 2. CMS %

< Ei# ¥z CMSE

»

B D ek o 2t ¢ PLUR S Cu s AR o MRS

L
BEZALARBE LR E2 CMS Ewdgmd 4 2 B IR F M2 RS EHET L



2 Moo d T RF VR AR AT A E T RECORFALIT Y o T AF T
W L W 40 CO 2 Ope § HCO A 4t Hy g™ ¥ St ec J 8 % o i &
e AR T F A BB Egat 4 o d 2t i CMS 2 A3 % ] e #1950
RE 4§ G sz ehE i 2t MeO-CMS 7 1% g - s s sk if 3 3 A e 7]

BNt P A BR TENARR PR R A TRV S ] o

CHFE T AR ZEP P ;',"‘]Hc Cusg#-% PIJE £ MWCNT> ® d S %8R4 - 73] k2 CMS
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Application of nano-composed carbon molecular sieve membranein
catalytic membrane reactor
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The carbon molecular sieve membranes (CM S membranes) contain
pores that approach the molecular dimensions of the gases (<4 A) and
exhibit selectivity according to the size and shape of the molecules.
The CMS membranes separate effectively gas molecules with similar
size (Oz/Nz, COz/Nz, COz/CH4, etc.)

In the present work, we report on a new approach to the preparation
of CMS membrane containing (1) nanoporous material, and (2)
nano-sized metal powder, which are considered to cause a spacer
effect and a steric hindrance into the carbon matrix, and increased the
gas permselectivity. Finaly, (3) the carbon nanocomposite thin films

are employed in the catal ytic membrane for VOC oxidation.
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(# % ) The carbon molecular sieve membranes (CMS membranes) contain pores that approach
the molecular dimensions of the gases (<4 A) and exhibit selectivity according to the size
and shape of the molecules. The CMS membranes separate effectively gas molecules with
similar size (O2/N2, CO2/N2, CO2/CH4, etc.)

In the present work, we report on a new approach to the preparation of CMS membrane
containing (1) nanoporous material, and (2) nano-sized metal powder, which are
considered to cause a spacer effect and a steric hindrance into the carbon matrix, and
increased the gas permselectivity. Finally, (3) the carbon nanocomposite thin films are
employed in the catalytic membrane for VOC oxidation.
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