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323 sodium dodecyl sulfate (SDS)E o]€3sle] AATHS JPsion, 53] AMIHAZ 285 SDSQ
A7kl oJg J3ee] Fx P VA Fe] BAe digt A& HPsiglvh. ®=g, YnEH=EA porous
graphene oxide (PGO)E &3k TFN composite hollow fiber membraneS A|Zsle] thefst E4 2418 a5t
o, 73 GPUY CO, F3=(permeance) 2} 602 CO./N, AEIEe] -3 AE E&315 0.
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A&l Sloj A,

A7 F2FAE AAAE ZgoHl 24 E(Poly(ether  sulfone), PES) AAA 2 ZgoddaZd=
(Poly(ethylene glycol), PEG)®} =3} (Dopamine, DOPA)% el HRALSE A A A A QL vk by Bg
A Ealet,

AT 3

A28l oJ A,

7] w99l (Dopamine, DOPA)S 0.005 WA 0.1 wt% o2 I3HE= RS EFow st v e B9
Ly

AT 4

A7 FEFAE AAA gl A TRl o ddE Z¥Se EEdE oW (Polyethylenimine, PEI)$}
1,3,5-benzenetricarbonyl trichloride (TMC) ZFe] wWhg-o ot AW Fol 23] FAHE A& EHJOo= 3=
uy 5EA 2

A&l loj A,
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A e,

A3 7

|
o
lo
fu
ot
rir
=z
=)
=
b
i
Er’

o
Jm
o
o
ot
ol
rlr
£
=

.05 wt% WA 0.35 wth o] o34 23 A= (PG0)S xEdsh= A
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Z o el 24 (Poly(ether sulfone), PES) A AA] = ZzoddllZ2]=(Poly(ethylene glycol), PEG) T} =3}
W (Dopamine, DOPA)E &3t WAL o 2M | FFAM XXAE vldstE @A, 4

71 T AR A el A el o mETE s 9L E 2e, ] FEAE AAAE R
2 o =

2
T4 AAAlaL, 7] AW SRkl o5 FA4|

gheh v S e Al

A7) AW T Zgdd o]l (Polyethylenimine, PEI)9} 1,3,5-benzenetricarbonyl trichloride (TMC) %t
9] HkLo 93] FPHE AL EHoZ F= whul Uy By Bajek Az
AT% 10
Alg&el o)A
A7) AW 2238 SDS (Sodium Dodecyl Sulfate)E E¥sle] FaEHE AL EFo 7 g= vhul 1}y B3by 2
ok A=y,
A+ 11
A 108 oA,
’47] SDS (Sodium Dodecyl Sulfate) &2 0.1 wt% ©l4 0.5 wt% v A& EHo= st vt v 53
A e Az,
AT 12
Alg&el o)A
A7) ZEZL 0,05 wt% WA 0.35 wt% o] vh3Ad a#w 2SR (PG0) S EIstE A ER o dh ubdt
v E3HA] EEuh A= .
AT% 13
A 8aol] Qloj A,
= As 5EAo= e v Uk H3IA

A7 =37 (Dopamine, DOPA)2 0.005 WA 0.1 wt% $Fo = ¥ 35
1

7l & & oF
B2 AET el ofs FE vt v 59hA et 5oojo] Al #gk Aol

COVID-19 pandemic oJ3}= ZAA| 5ol A HA 7Hh FAH AAE A AA
7Fet 2418 Hola Utk AlA 247t wEH
S 2% 20199 ohE] oF 17% astd ot olef @ wlET S uAls wEA S7hst

QIZE &5ol o] HAE 24712~9 F7he AFT2dsE 7HsAA 34 2 QF9 1A st dFs A
A, AAAlE wEAHA, A T 7T FS T3 24V AAES A% =S A Fol 9lon
ol = 2050 BT (Net-zero 2050)S AshH 53] oyA] #okol| Ao &S

G 247k (CHy, N0, HFCs, SFs &) 5 C0,9 % =47k29] gif-Es aAstal glen

o



ZIHSd 10-2022-0147923
4 T oA dd Ay
2020 7]1= 30.6

A

st A &Aoo 8 Frheta vk, vhEgk €O, wi
Aom 535 sAgEYY wEE= 00, 2
A7 (capture and storage)oll Wit FA= AR Jom 53] H
ATt ARE A&t FHANA 0,9 X
(post—combustion), A4 A X (pre-
o 1y FFA
2 A (wet-
A 2ol A ol
x4

409.8 ppnE 71=
molecular sieve

=
= o
(separation process)®| 7ldo] B& Faosl|x|a ). 44
Ak T

(adsorption process) ¥}
w7} (flue gas)E

01941 7=
&2 dA9 60%E x}A st
:lj_

2

)

e
2] (0, ¥
A2 dS5%a ).
[0005] oAl =] AREEFe] e A 0.0 EF
Aste BeldH i
A 7lee A & A A2 (oxy-fuel combustion)
combustion) 59 37HAZ v& § .
[0006] olggt (0, 7= AL F dv WHdAE A%, zeolite
(Adsorption) & AR&3ste] EF7IA~ZHEEH (00,9 A9 F2H
type absorption process)E& &3+ &9 (absorption process), L& A4
A1 71 AW (cryogenic distillation) Z12]ar =H&-2] ¥ (membrane-based separation process) %©]
o2 d#A dot.
[0007] I % ®2l% FA (membrane process)< UE ¥, AAl 7|%(separation and purification process) ¥} H]:L
ate] =2 Ay g& 9 week A agla AEAd so A 58 2Ea o] A 304 B9t 0, Ertol
Yel CHy, SFs 59 =247F~ 8o 485 g}, 53] oy 289 34 FTAAE T3A T (hollow fiber
membrane)< Huh(flat sheet membrane)®} tubular membrane¥} H]3d}e] & packing densitye} ¥ EE A
2 v a8 &4 22 so2 QA A FE 3Ad g8 &85 Q).
[0008] ojget Wt FAHL o W& ouAY xuje} FA MG UaE e w2 FHE (permeablllty)@r A
(selectivity)E "Q=% 3}, Solution-diffusione 7|WreZ 3= Eo9 FAH A 013161 FadE =
(permselectivity)E ¥ole= WY T syZE AWF(interfacial polymerization(IP))Ho] T+ ZF&F a1 9]
o [PWH<L amine-based monomer ¢} chloride-based monomer?+e] Z3H(polycondensation)®F-g-ol -JOH A
(interface)ol Al polyamide %9 thin-film FEE FA3sIY o]& &&3F TFC composite membranes (TFC)©] tf
¥ A olt}.
[0009] 188t IPHS T3 ded, B v Buk olyzl #dsAl #Z % thin film layer/} &2 A8%
(high selectivity) 59 EA4S 71A 11 9S4 EA)9 amine-based monomer AFgo 93] €0, ¢ WkS-3lo] &2
(facilitated transport) T3 WAYES EAE YeEA HLt.
[0010] 0, EI= ¢3ste] 3,3'-diamino-Mmethyldipropylamine trimethylene tetramine sodium  3,5-
diaminobenzoate, diethylene glycol bis(3-aminopropyl) ether, polyetheramine, 5,5',6,6'-tetrahydroxy—
3,3,3",3'-tetramethylspirobisindane, polyethylenimine & T}%3%F =84 X xv(aqueous monomer) S& At
23}e] thin-film composite membranes (TFC)~7} 7H‘?—}QS§\D}
[0011] we Far 2 oHelzo]l SEARS e thekdt ] E2S 283 Mixed Matrix Membranes (MMMs) EEle] thin
film nanocomposite (TFN) membrane W3k Z3}A JlEEa 9o X o2 [PE E3F TFN membrane o Z+=
714 Ee BEokilAE (0, EEE Y3 MOFs (Ui066-NH,), H, &= Y3t ZIP-8 To] A1 3, water
vapor 2] #-oF2+ GO-Ti0;, Fe0, 5°], L8]al osmosis &A= CNT, ZIP-8 To] MMM 2A= 2o &t
SHAl AT L AT,
Y7 e#3
558
(353 0001) sH=+F/MES A110-2020-001768235
— 5 —

[0012]
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s st = A

2 go] FAAQ 5242 oo} 7).

TS T3 TN FFAMNY AXE f8te] Fox 9 Aex st HAste A=A s
A 2 Aol = (porous graphene oxide, PGO)E &-83F mixed matrix membraneo] T3+ A

>1E

(]

|

iz ?Q:&r}m

A9 §Ed T
Boalbmo] o Aaloo] wEm AW F3S e FEFAY (hollow fiber membrane) A A A| (substrate) A=
Al polydopamine(PDA)#} poly(ethylene glycol) (PEG)S H7lste] WALES 2 ad3}glct.

o]|Z E3] XA A|(substrate)?] 71& A L JAFAHS FYAA FHHE flux D AUTE A AAHE E
olu] = (polyamide) 53 Zg]olH 24 F(polyethersulfone, PES) A X A(substrate)?] ATHLS ZF7A 73}
skaitt.

ANzE FEAPT XA A (hollow fiber membrane substrate): ©]%F thaAd 1#|¥ ZAlo]=(porous graphene
oxide, PGO)E H7MA= ALg3dted ARZFE(interfacial polymerization)H< ©]&3Fe] TEN ¥ Ab(hollow
fiber)E A Z3FF}. thFslt F7)&E 2 (inorganic materials) % graphene oxide(GO)+= 22 (two-dimensinal)

HHTx] gdFS Za oy 7AA A= 2 dHoms 3 A4S A3 . 58], taAd aEd
2 Alo] = (porous graphene oxide, PGO)Sl ZH-F s thdAd Gxo <o) 75.% (layered) WAl E (nano-
sheet) AtolollAl AAH Adel 3 2 T3 548 Ueldo 2 HriAE &ds] &85 Q).

w0l PGOE FFANEe] AldTd Aol Hrigo = dhdk Yl RoA 09 HA5E FEsta md GO7f
ZFA 3L Q= AFA-3HR- Z87] (oxygen—containing functional group)™ SHA thaAl 1@ Alo]l=o] A

54& olgste]l BiE @ AU Sl g4s uskenh.

A Z¥ PGO-TFN &3 Z=3F A< (composite hollow fiber membrane)® 3}8t4 @ Egj#el EAlS EXA319 0,

F7H o2 olatstetAh, Ha o VAT B did nES AYssin.

2 ool o AAld wE whul ye E3ba] BElvhe FFAE X 2A; 2 Y] SFAFE A A Al AW F
el 93] FYdE FZHT S X, AV FFAMY AAAE A5 AAA|, 4] AW Tl o 3
AE ZYEL gFAd add AEE(PG0)S E3Het

A7 FFAY AXAE ZgdH 24 E(Poly(ether  sulfone), PES) AX|A % ZgoddZa=
(Poly(ethylene glycol), PEG)¥} %37 (Dopamine, DOPA)E i%PO}Oi WALSE =4 XA AL 5= ATt

A7) =3+ (Dopamine, DOPA)S 0.005 WA 0.1 wt% &3

o
fu
kel
ot
5
rlr
po)
tjo
Jlm

o7 s},

A7 FEFAE AAA gl A TRl o8 dAdE Z¥Se ETdlEdo|wW(Polyethylenimine, PEI)$}
,3,5-benzenetricarbonyl trichloride (TMC) 3Fe] Wh-g-o o3t A F3tel 93] HE S 5= 3o,

1
A7) FFAE AR A A A F3d o3 dAdE ZEZS SDS (Sodium Dodecyl Sulfate)E Zasts AL
Exoz 3}

AF7] SDS (Sodium Dodecyl Sulfate) & 0.1 wt% ©]AF 0.5 wt% w]Fkel AS EF o7 3o},
A7) ZRHFE 0.05 wth WA 0.35 wth T b3 2 ASE(PGO) S X Ae EHOR g,

Houbygol thE AA|dof uE Hut yn BA] EEuh A 2uHe Zalo el 24 3E (Poly(ether sulfone), PES)
] 2

AAA 2 ZgddalZZ(Poly(ethylene glycol), PE®)3 =37 (Dopamine, DOPA)E &g 3}o]
WAL S B FEAPS AAAE mtEsts @A B A7) SEAR AAA Gl AW Sl oJd 285 ¥
gete AL E 2k, A7 FEAMS AAAE g AAA AL, A7) AW Tl s F4¥ A"ETS

s
v 2 Aske(PG0) S 23Tt
kil

ofj

o
rlo
U

Zojo g dlo] Wl (Polyethylenimine, PEI)$} 1,3,5-benzenetricarbonyl trichloride (TMC) 7t
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(Sodium Dodecyl Sulfate) =& 0.1 wth ©]% 0.5 wt% B9l AL EAF o=z 3Fir},

SDS
471 Y2 0.05 wth WA 0.35 wth T vheAd LA Ask=(PG0) s Eehs As SR dn.

A7) =39 (Dopamine, DOPA)S 0.005 WA 0.1 wt% o8 ZIHE AL EAo=w o},
ggol a7
2o oahgol o AAFe] wE A FTEAPe] XA A

[e) 1 - H
old ¥ Awtel wmste] of 7H] FHE (OFF HUEE yeemd e

F7t o2 TdA 3k JEH(sodium dodecyl sulfate, SDS)E AHSPAR ALgste] gy mE)Ze 19
T9 VS =89, SDS

AWM ol AA](surface interfacial energy) W3} @ F79 W3lo] up& 7] F3}
TEE HA3sA.

w3k oA 2#® SAlo]=(porous graphene oxide, PGO)E FAddte] TFN &3 FFAH(composite hollow
fiber membrane)®] FH7}A|Z= AFE-3FSITEH.

C0.9F Ny & 714 (pure gas) S (permeability) 2ES Faled AWt GO =R} vluste] oF 66% F3=7}
GAE 73 GPUS] C0, F3% (permeance) £} 602] CO,/N, Aewe] §-4=31 A= T

H

e
ol
32

Lo

W] wvbs olabeld AFE EME AHHA erh B oRwel Fie olste] AN FE Ad ®
hyA

Ao 54 ((a) GOol TEM olm#] (3 ), (b) PGOSl TEM °lm#] (3 F), (c) GOt
D B =%

PGO®] BET ¥4 A3}, (d) XRD ¥4 A}, (e) GO PGOS] FT-IR #41, GO¢} PGOo] zfut ~#EZ BA Ax})
o|t},

T2 HEA F3AE FE-SEM 2 H=7F oju|x] ((a) HFM 712 & o]u|x](2.0K), (b) HFM 712 ZE9 o]n
2] (2.0K), (c) HFM HZz} o]m]A])o|t},

£ 3¢ msbul FEsk 457wl vA: 9P ekl eoln,

% 4% TEN B3 ZFAbete] FE-SEM o]m#] ((a) PT W o] %] (2.0K), (b) PIS-0.1 W o]ux](2.0K), (c)
PTS-3.0 ¥% ©]m=](2.0K), (d) PTS-0.5 FW ©|W]x](2.0K), (e) PT @ oJn=](3.0K), (f) PTS-0.1 &W o]
" =] (3.0K), (g) PTS-3.0 w4 olnx](3.0K), (h) PTS-0.5 &9 oJu]x](3.0K), (i) PTSP-0.05 EW o]un|x|
(2.08), (j) PTSP-0.1 W o]mx] (2.0K) (k) PTSP-0.25 W o|u|x] (2.0K), (1) PTSP-0.35 %W o]m]x
(2.08), (m) PTSP-0.05 ¥¥ ©o]u]x](3.0K), (n) PTSP-0.1 ¥ olm=] (3.0K) (o) PTSP-0.25 ¥ o]m]
(3.08), (p) PTSP-0.35 wd o]m] =] (3.0K))o]t}.

A

= 5+ 9x3d3dn A (Atomic Force Microscopy, AFM)E 3k v W 3x9 olmXJolt} ((a) PES F3AbYt
714, (b) PT ¥4 olm=], (¢) PTS 0.1 &% oln|x], (d) PTS 0.3 %W oJu]x], (e) PTS 0.5 &9 o|n]x]),

ki

62 TFN 53 F3AMY] ATR-FTIR 2=HE-]o|t),

ki
EN|
y

S PTS(a) 2 PTSP(b) =ofl tjgk XPS 123 (Cys) o] T},

K
oo
rlo

PGO-TFN 3} F3Abdke] 7l =F

ki
o
o

ki
©

i SDS F=7F C0., Ny FaHE B A vA = 9% dEhlls 2 Zeln ((a) €0, Tl A=
%

x4 48 9 PT, PIS TFC T3AH4e] 93, (b) PT, PTS TFC S3AMEre] o] 44l A8, (¢) TN E3 53
Aper b Bl ol ARl AdelAd) (d) PGO (PTSP 0.1) €} GO TFEN F&Aket Afole] C0,9k N, T3k B o] 34 <Ql
e wa),
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B Ao, "EEeitl e "IIAG 5o £ "WAA A A" 5, A, gA, §23, A4,
TE w05 2T Aol EARE Agse AoA, sht w1 ool de SRBY &, v,
54, e, REE EE 058 2¥Y ASe 24 ®t BV MAE v vAeA e Aew old
sJofof g}

g WAHA g gk, 2 BHAAMdA AFSE AdE 2 s 23S 3dse BE A4, @ 2/EE 39,
olggt AtEo] EHAHo R TE AE FolA ol #S A& d TASE S99 vy Edaddo] radd
Ao nR, RE A4 "oprojaks gojo o5 FAHE Aow ojsEojor Ak, wak, ¥ JlAelA 4
A7 AR E A, oleg Wl Axdeln, g 4484 2 @ olHd W 9o Aagoniy Ay
gl EgE A7) Adin e RE @e E3AT o doprh, oleld Wt 354 AFete 4g, @l A
AR gk 3 HLhgo2HE FHugke]l xstd AV AU@R7AE X3ste B A9 ey

1. 43

1.1 Z2Y(ANH2EE) (poly(ether sulfone)) FFAFE XA A

ek U HEA (Thin-film nano composite, TFN) ¥ A} (hollow fiber membrane)®] WAF(Spinning)& $13l
Z2] (el 2% E) (poly(ether sulfone), PES) flakes (Ultrason®E 6020 P, BASF, Germany)®} Zg] (&€ &
212 ) (poly(ethylene glycol)) (PEG 6000, Sigma-Aldrich, USA), %=3}%l(dopamine) % URF dHAHE
(ammonium persulfate) (Sigma-Aldrich, USA)E AF&3skqlth. E3e ZEA+E Mmethyl pyrrolidone (SAMCHUM
CHEMICALS, Korea)E -&w(solvent)® AR&3te] ofgfe] # 19 x7a o] ®A oA 60 CT= 3YU3F 160
rpme 2 WWHk(agitation)dle] == &% (dope solution)S A Z3IFct. Wyt F &F FoF 2y HZ(vacuum
pump) & AHE-3ste] WAE 7] E(bubbles)E AA §F WAME &3t FF A (hollow fiber membrane)®]
A}i= polymer dope solutiong 7]0] HX(gear pump)E AF&3}e] spinneret(0.15/0.9)2 o]&st & W& S
Al (internal coagulant)® ©o]2<(deionized water)(DI water)E& A}&3}o] HPLC pump (Series pump, Lab
alliance, USA)E 53}9] spimneret &2 o5 A]ZATL. Spinneret ©]F2] =3 £ (dope solution)S I} &
3 w2 (primary coagulation bath)ellA *AFd3k(phase inversion)o] ¥€ojupa o]x §3 v (secondary
coagulation bath)olA A% F <l (winder)oll #Z71A =Hr}t. W (bobbin)ol #Z FF A (hollow fiber
membrane)S FE &1 AAS Y8 dFY B 40 T Z2E EolA A Fo] 1PFEw o]F pethanol F-3 2

(post-treatment) 374 ©|% A AxE HsI3id.

B
Composition (wt.%)
PES< 19.15 <
NMP< 35.1 €
PEG 6000« 1532 «
Dopamine<’ 0.38 <

Ammonium persulfate<

0.001 wt.%<

Spinning condition<

Air gap+’
Spinneret ID/OD+

Internal coagulants’

0 cm#’
0.15/0.9 mm+’

D. I water<
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1.2 34 299 A8 AN A TN B89 2]

LA o3A 23 2Abo]=(porous graphene oxide, PGO): graphene oxide (GO) & AF&3le] v} 7o)
A5t =, 0.6 g9 GOE D.I. water 400 mLol|l 23 ultrasonications o]&ste] EAMAZI & 4 g9
sodium hydroxide (SAMCHUM CHEMICALS, Korea)Z Y©] magnetic stirring® @ 3FAIZF &<F nHbslATE. o] %
centrifuges ARgsle] dojxd E3HEo] 400 mLe] Eo]2<(deionized water)(DI water)o] 10 mL9
hydrochloric acid (SAMCHUM CHEMICALS, Korea)& 92 &9& FH7iste] 1A12F Sk whe-& Hasiolct. o] %
gol s o] &ate] pli7h TAdol 2 wzbA] Fard AlF F 80 T Wyeolr Hxste] HFAH o2 PGOC
TS gs3sin.

gl

WAl FFA(hollow fiber membrane)®™ #AAE PGOE o] &3] AWFIHS Esle] TFN Elgle FFATS
A zgdrt. AREe] AMRH F84 R (aqueous solution)OEE ofwl 7|¥k ®:-m (amine-based monome
?l polyethylenimine (PEI, branched, Sigma-Aldrich, USA)E sodium dodecyl sulfate (SDS, Sigma-

r)
Aldrich, USA)$} PGOC] L5 WIAIZIH ©ol2FdA] &3t Al&sdtr. a8]a 7] €9 (organic

solution) 22+ 94 7]¥F 2w (chloride-based monomer)$l 1,3,5-benzenetricarbonyl trichloride(TMC,
Sigma-Aldrich, USA)E n-hexane (99.9%, Ducsan, Korea)oﬂfﬂ ANEEY] AN EHZ A xSt ARSI, 7}
AzE &NL modulation® FFAF UlF-o FAM] HE(syringe pump) & ©o]-&3te] IS dAsQlrt. I8
sAE 239 84 89 (aqueous solution)S 187 F< 3?, 1% ¢ a2 7t HJA a8 f7] §9
(organic solution)S 1% &9 % & oAl 18 5ot A4 72 HAS 5. o|F 1 AAIZE 59 Aol A
Aojzl polyamide filme] SFA3Z} HFAS AZ T 80 TY QoA 10837 IS AA AT}, o]F A& &
o] AAE 93 GolFE o]&3dte FakE AlH F AAE AAHS AXH @AdsgIYr. AAFd (Interfacial
polymerization)2] A&A TFRE 5t Whg 2= 2L A7 58 dAHSA XM ZHS JAYsT. 7
monomer &% 2 SDS, GO W& ¥ 29} #r}.

HJR

* 2
Material compositions< PGO
E s S G SDS« concentration<
niry+ < .
. (wt. %) relative to PEI-
{Molar ratio)='  (Molar rato) ]
(wt.%)<!
Lok 28 1< 0« 0«
(PELTMC)
= !
PTS-0.1 _ 20 1< 0.1< 0
(PELTMC-SD8)¢”
PTS-0.3¢ 2¢ 1< 0.3« 0«
PTS-0.5¢ 24 1< 0.5¢ 0=
EESP=0 Do 20 1o 0.3¢ 0.05¢
(PEL-TMC-SDS-PGO)-
PTSP-0.1¢ 24 1€ 0.3¢ 0.1
PTSP-0.25¢ 2¢ 1< 0.3< 0.25<
PTSP-0.35¢ 24 1< 0.3¢ 0.35¢

1.3 PGO ¥ TFN F3A199 54

WALEl S3AY XA A (substrate), FAE PGO 2 TFN S 3 A% (hollow fiber membranes) EA EA1L& tf
S3 o] AFHAT: XA FAEA 7] (X-ray diffractometer, XRD, Rigaku SmartLab)ZE o]&3lo] A ¥ GO
(graphene oxide)®} PGO (porous graphene oxide)?] d-spacing W3E FEAslgion T3, T3 dAx Hu|H
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g} =}

spectroscopy) (Renishaw, inVia Qontor)<S %3k D/G m band gap %‘Xé% 3 A4 AFE 1
o2 PGO ol wE TEN EH3huhe] FJejshd 9 ety Ao A4S fste] XA 3
Photoelectron Spectroscopy, XPS) (PHI 5000 Versaprobe I11)¢} 7+4] HWkAF Fgo] W3 AHoMd £33

(attenuated total reflectance Fourier transformed infrared spectroscope, ATR-FTIR) 549l #41S 3%

ot AAWES FAPHAAEV] 7 (Field Emission-Scanning Electron Microscope, FE-SEM) (JEOL/JSM_7800F)<

&3t FF A9 (hollow fiber membranes)®] A XA (substrate)<} TFNS] ©@d 2 ¥ FA4lo] AU £
9 ¥W el roughness SHS 18t 9Ad €v]7 (atomic force microscope, AFM) (Bruker, MULTIMODE-8-
ADE ARRste]l E45 APttt miA e w Alxd FeAb FHe] e4d B4 357 (contact angle)
(Phoenix 300 Plus, SE0)S o]&3to] zlds3irt.

1.4 712 (C0,, No) 23 A% 5H

PGO-TFN Z-&Al=H(hollow fiber membrane)®] @ 714l (single gas) F¥% =74 (permeance measurement)-
25 T2 12A4%E F7]58 9 E(air circulation oven) SFollA 0.25 - 2.0 bare] %2 (operating pressure)
Z23 A 4Y ®Wsgle] e FREE SN (F 3). TIAMY RES S3 FHE VAE vwHE E2

<~ #Ef(bble flow meter) (Holiba VP-1)& o]&3} 7]A|2] EF (volume)S FA3A. F= 71A(CO,, N

DE oHIel H(1)g Agste] Faug Adsan,

2] (1)

O
A7IA Qv FEY EES F3tY FHEe= 71AY f5(permeate flow rate)S YERNM, AP & &84l A
9] oF# 2} (gas pressure difference across the membrane), A & Eg2o] & wH A (effective area)S

veldch, Eelgol A F3E 99 (permeance unit)i SI A]2=Elof A mol/(m2 s Pa) E+= cn (STP/cm2
cmHg - sec)Co 2 A H oz FHAT. FFAS A9 Pi= gas permeation units (GPU) (4714, 1 GPU = 1

x 10" cn’ (STP)/cm’ - cmHg - sec)ZE ©] €8 AFEHIT Adrt. FHE @A 7)A (pure gas (C0y, Np))<e] o]
A ME% (ideal selectivity)« oFele] 4 (2)& 3t T,

21 (2)

afJ:pi/pj

X 3
Experimental conditions
Operating pressure<’ 0.25 - 2.0 bar®
Operating temperature<” 25°¢E<
Gas compositions’ COz, Na, 99.99%<

_10_
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2. Ax}
2.1 PGO A3 EA

Ab7)9) o]l B o A= PGS AMEst] 7A] B MElno] 3FAS 98 mixed matrix membrane 3 Ef Q)
PGO-TFN F3AFH(hollow fiber membrane)< A|ZstAb s+th. PGOE GOES NaOH®} HCI A gld] o3 4k =
7] (oxygen groups)E AATOZM porousd T2 GOE WA,

FHE PO The} ol thd WHoE AT,

9 TEM(Transmission electron microscopy) image & L T:F%Z FQlst¥om = 1a0A Hol:= AAH GO
E Flatd #x9 H=8¥ Y=AE(nano sheet) FEIE Yeha = whdd] PO E3F2 A< v F7]
(5-20 nm) 9] 71¥ES 7FHES gadd 4 9t (& 1b). BET (Brunauer-Emmett-Teller analysis)E o]&3d}o] GO
9} PGOQ] 7]& A7IE F7HH oz AT (X 1c). 2L A3 PGOE GOl Bldte] oF F w) ¥ Wy 7]F AL
o|2E YEHS & 5 .

3, XRD (X-ray Diffraction)E o]&3sle] PGS T+%& Fr7iz oz st (= 1d). = A3 d-spacing
Walo] wE GO (0.74 nm, 11.98 )<} PGO (0.70 nm, 12.72 °)¢] ¥ W3S FA<lston o3k vj79o W
3} PGO7} ordered stackings 7FAS 9w},

o
d

hul

FT-IR (Fourier Transform Infrared) Spectroscopy #42 E3)4 GO 2 PGOY Ak~ 3 #87] 15 (oxygen-
containing functional group)® W3E It (= le). 2 23} G09F PGO B5F 1729 cm ol A carbonyl
C=0 <} 1055 cm oAl epoxide C-09] stretching peaks &1& 4 ATt 53] PGOS] ZH$- 1403 en A C-
OH bending peakdl 8i@3l:= 3 Z=(peak intensity)”7} #AS gelstdc). =3k, gbvt 39 (Raman
spectroscopy)S %3] PGO T+ZFE F/FHoR 3l o ol 1#ulo]E(graphite)t LW SAjo]l=
(graphene oxide) 5943 (defects) (= E9], edges, vacancies, ripples %) =2 disorder 55 #4135}

=y =3 A"t 7 A3 G09F PGOE 1341 cm’lsa} 1335 em | oA D Wl=r} UERton Zs1Hom 1580,
1577 em o)A Zb2F G WiEst Ulee o des BEE (5 1f). gk ~uEddA ¢ Mes 13} gk A

2 (scattering) 0.2 HE sp Btk o5 FEHoR UehtisE (-C 2% ~Eg A os AT, ulzbA

PGO= sz B AA 7F F718ke] G =7 B 9e wave number & ©]FEa D M=o ARE ZAEE AL
& 4 vk, ¥h F Ip/1g ratiow 0.866°.2 UEIRO™ ol FalA AJdld o PGOANA AL i 2877t

skolgl PGO 7)o v EH A (specific surface area)® A 7}~ Ex} &Aal(gas
E53 Z Z(tortuous pathway)d ZA7]E F7HA71L 2 F39] A Qo

2.2 PGO-TFN E3dto] E4

AHFEES 53 TN TFAF(hollow fiber membrane)e] AxE $8le] X4
WA spinning) & &8kl om o] & SEM contact angles ©]8-3] w433l
Al PESS] @A (cross—section)¥ ¥W (surface)ARS YERNIL Q) =

I WRZ olFdE XA FX(finger-like structure)E 2d &= glow | FwoME 7]F(pore) E3I I
A = Q.

= 2bolA ®i= Hle} o] porousdt PES A A AS o
Ab(spinning) Alell =& 53 f-%F(permeate flux)& o
=2 40 T 2EZ FAARY FAlol WAL & AlF (vashing) ZHEIME 60 T2 32 BoA e
41 X3 (solvent exchange) S AAISIS 7] WEo = FotE ),

_11_
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o7 M AFP(HELS 90° olatmEA ¢k 52° )9 =F
ARG (&= 2¢).

>~

3k, PESOl =<21% PEGS} DOPA (dopamine)2] <&k
Fo(hollow fiber membrane) A|A|AES A|ZxE

E3], DOPAY A9 T 2014 B 4 9)%o] DOPAY =% (concentration) & (EX &9 1] 0.005 - 0.1 wt.
%S T3t oF 54° 9 HEFZ(contact angle) 74 AT}E YENAIL, o]9} o] FA AXA AxE Y

o}
92] Dopa =5 E=3IAT (&= 3).

B
Y

& o2 TEN composite hollow fiber membraneS FE-SEM & o]&3] #1590} (= 4). & 4a8 & 4ex PEI
¢} TMC®] 7Fxlwk-2-(cross-linking reaction)oll 2J3] F&Ab(hollow fiber)e] FW(surface-section)I} ¥
(cross—section)ol] A% X ZF(active layer)S K51 Qt}.

83, = 4b WA 4d ¥ & 4f WA dhe AETE A AHZAAA R AREE SDSe] sk whE e wale}
FAZS YRR Qo).

ARGAA Y % 7= 289 ZTHA A&7 (roughness) e 719 34 #glwte]l 4= (active layer)
FAL F7bl 4TS mAE Aoz A Jdon B AoMr nivixz 593 A3yt ARMI FE-SEMS
28 A==t [PT: 71.66 nm (%= 4a), PTS-0.1: 82.68 nm (%= 4b), PTS-0.3: 115.8 nm (%= 4c), PTS-0.5:
165.4 nm (&= 4d)].

T 5ol E o AAE T ARV FAHL s ARNS 53 EAAE Uelyeit. B4 3 AW TS
&e PES A AAE A x99 Jgo R oF 6.89 nme HI A2 7] (roughness)E YERHIL glon AHAZEs}
4 nm, ¥ 3 SDS FE9 Z7be] weE 1.53 nm (PTS-0.1)ol A H 3.52 nm (PTS-0.5)7}A F7}38}k

o of\

rr

SDSe] =5 AA 84 89 (aqueous solution)e] =& TiH] 0 oA 0.5 wt.%2] FA v]= WH3IIA|A A|
in film composite (TFC) ZFAF (hollow fiber membrane)< AHZAA (surfactant)$l SDSE] &
To mEhA qHel ARV 5 AR g2 S59e JEd 54 (morphologic features) S-S YEMIATH.

s BN
o i

H

=

5

F7HA o2 PGOY FHE9 WH3E H& FAdW TN E38A] F3A}(composite hollow fiber membrane) =
PTSP (PEI-TMC-SDS-PGO)9] %Wz} ©i oju|x]& ATt (= 41 WA 41 ¥ = 4m W X] 4p). PTSP A|F=A]
SDSe] sk 0.3 wthZ aAsklen], PG vi= 4] F=E WskAA (PEI ¥ FAHE 0.05 wt.%, 0.1
wt.%, 0.25 wt.%, % 0.35 wt.%) AWMTES AP, 4 A8HS 727 PISP-0.05, PISP-0.1, PTSP-0.25,
PSTP-0.35 ©.% WHalgitt.

FE-SEMS %53 9 2443, guods & Fol& g 5= gldoy 2w i ojux|o & PG0e] v &=
Z7}o| whe} A= (active layer)® FAE 37 Z748H(102.0 nm to 151.6 nm) AL A3 4= ).

AV

tteo 7 HAlE FFAMH(hollow fiber membrane)®] PES XA A (support) @ PT, PTS, PTSP TFN Z&Ab9t
(hollow fiber membrane)®] F-%& ATR-FTIRS o]&3] EA &ttt (& 6). 94, AAA=E AFLHE PESo| <

(ol

. . -1 . . -1 -
0=S=0 symmetric stretching (at 1150 cm ), aromatic C=C stretching (at 1580 and 1484 cm ) Y I ES &<l
&gk, w3, PEGSF DOPAS 3Hi-3F A XA (substrate)ol A PEGe] 7]¢1%F C-H stretching vibration (at 2875

cn )3} DOPAS] )@ N-H 2% 2 -OHoll €3 broad peak (at 3300-3700 cm )e] Z7}2 Bhela}gic,

tSo =2, AWFe(interfacial polymerization, IP) ©]% TFN &34 TFAFY (composite hollow fiber
membrane)< PEI®} TMCS 7talA3H(cross linked)S E3] AAIE polyamide layerel 23 -CONH-¢o ¥ =aE

1652 cm ol 4] E9latoict.

w3, SDSel 9§ SA Al -OH peak (at 3500 cm )7} E#le] PESS} wlaale] AujHow F71d AL Folst
F Aew ol2 F3l PT, PIS, PISP AEZFe] 4& AF3Act.

ZEvy, PIS9F PISP A& (PGOZE df-¥) ko] Aole IR FAdA v I=Y Hio=z <lste] 13 4
DAL, o= Q8] XPS EAlo] FrE AHEUT (2 7).

PTS¢} PGOE 373k PTSP] a4t &(high resolution) Ci B9 (282-292 eV)oll tah XPS A AxE vl

. 4 & 7(a) & 7Tl YEhd AAHFE F OAE BT FUIAl 284.5 eVollA Fhulo] = (carbide
species)¥ #HF C-C, C-HY peakEs Fstitt. =3 AWTE & A =0 (at 285.8 eV) ¢} amides OCN
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of 71¢13k 93 (at 286.7 eV) = PISPolA &Helstgic)t. mpxato & PGOel| 293+ 7F=2H d 7] (carboxyl groups)
(0=C-0) (at 291.0 eV) ¥=7} 17}51'0 golstytt (= 7h).

3 BANE S IFAS 2t T 3AH(hollow fiber membrane)®l WAF 2 SDS ¢ PGOS ©]
FA}eH(hollow fiber membrane)?] Az F5E5 <133},

2.3 TPN F3A41e] 714 28 A%

oz T 82 A9l PES A A A (substrate) $lol AWFES E3F POl TFN FEAlZH(hollow fiber

membrane)®] EAEE YERY I vk, BAE yERG A o] A AR TN FEAS o] &3te] VA FiE

(gas permeace) & F7G3IUTHE 9). & LM E= AAZTES Bl AxS ojde] A Ao} vluste] T

S s%=9 PEI ¥ TMC Z7ellA PES A AAQ] EAS Werzl £ wre] pT7p A 2%(25 €C) € ¢4 ¢
=

2 (operating pressure)(0.25 bar) F3 A3d oA < 7v] =2 C0,/N, AH

—

degow Aty ow FQ3A | AARY AWFeE A AAEHE BT (XA FeAS ousic
w3k, SDS T wWglte] uhE (0,9 FyEe} MExE #EEtt. ® 8at 7% ¢+ (operating pressure) W

slol w2 (€0, FF=(permeance) AI}E R v, AP ¢F 0.25 - 2.0 bard WA = 4H
(operation pressure)o] wWalo] uwjegl AL APFATE. 0, S Y3l Ao Argd RE 9 IE
(membrane modules)ollA= Ad Ay 92 4HoA ¢ =& FAEE Yede 3 FF(facilitated

transport)®] 545 YEeE ).

o}

E3], PIS-0.3 %719 REo] 0.25 barollA ¢ 44 GPUR 7FF =& (0, 3% (permance)E YEfEt. o] %
+7# +9 (operating pressure)®] Z7tol| we} 3% (permeance) 7} A4Sk A &S UERHATE.
AHFgol| A8E EXx®(monomer) S PEIT= o9l 1%, 23 2 3% olu|%:=7](primary, secondary and

tertiary amino group)E o2 (0.0 thal 743k 2344 (strong affinity)S zta ok, ofeje] A3 7+

o] 2zF, 3aF obl AXFE A= 0,9k WHE-3e] Zwitterion WAYFC o) 3 #F& s, 32F ofvle]

A= 2xF oy} & ‘?}H]EHL&?@.(Vander Walls forces)®t AA7124 <& (electrostatic attraction) |
AU 93 X 555 & 5 Ak, mebA ol FEIIELS (0,9 £ WA (carrier)7t 2 F lon
7FAA wreS B3 (0, 83 (solubility)d 27 & 23143 WAYUSS 53 ¢ =2 F35g HAuaxs

€0, She] 23t bRl k&
15HA]: RNH + CO» <> RNH + COO

27T RNHCO0 + RoNH < RNCOO + :RNH'

C0, 9F9] 3aF o}yl "Eg
1A RN + €0y < RN COO
97 : RNHCOO + RN < RNCOO + RN

a3y 4 99 (operating pressure)d F7heE oE o= 2R £45 7¥ke] BEguyE(facilitated
transport-based membranes)¥} v}RZIRA 2 L H7F (E 2 ar) o|Fo| A= CO, carrierd &z

b
A% (adsorption capacity)o] ¥3}(saturation)®el wat ¢tge] =7t wet 74 B3 r Zrlets Aeks
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yYetidek. ol 71A18] &8-St (solubility-diffusivity) Egolx 7]A1e] &4t A7t F71etr] wiiselth
= 93).

F7HH o2 SDS FE WSl mE C0,/N,9 AExE #ESY (= 9b).

DS FEe FUtl wE VA FHEe Tt AW A A 724 F547](polar groups)7t 3
(accumulation) ¥ WA 31#2} A& (polymer chains)ZFe] whra Q13| AyH oz i 3] (free volume) 7} 5
7Feb7] Wleoz Avwd 4 ok, T3 ¥ AW oy A (surface interfacial energy) %2 23} SDS %L
Z 7t wEbA] 124.09014 134.4 ni/m = 7 3} S A5k, o5 Fd ElY mHo A H|ZEHA o]
Z7behe Bl on o] 7)A|7} B} g T EE ouE

T oolde] =AM E = 49 SEM 4 AIoA yEeld AF Zo] PGS w% Tl uwEl ZE
=9 A ES 102.0 mmol A 151.6 mmz F7tske AS A & vk, ZHF9 FA9 FUh= B9

L= (solubility) 9} b= (diffusivity) & XA (diffusivity coefficient)?] #AE
ot Ao T AaE op7|A7IAl Hrt.

ol13t A¥= PSe wx Wl wE C0,, Ny T L C0y/N, A7} oF 23 (SDS 0 wt.%) ol 31 (SDS 0.1

BN
g

BN

wt.%) 2213 Hu] 46 (SDS 0.3 wt.%)7FA =713tk SDS 0.5 wt .%ol A ThA] 372 7Asts AL EdA st
AT (= 9b).
o2 =3 HZ DS vE 27 (0.3 wt.B)S FYow, o]F PGOE o]g3 TN FFAl(hollow fiber

membranes) 9] Azl o] SDS] FS 0.3 wt. %= LA HTE.

F7HH oz A E PGSl &3 %S 0.05901A4 0.35 wt. %o 2 WIA|A A FH TEN ZFFAF(hollow fiber
membranes)S AR AFZolA AR 0.25 bare] nAHE =7 SHAA =5 0.9 N9 FrE 9 o]
A AMEE(ideal gas selectivity)E =43ttt (& 9¢).

G g EeA ERlE 4 lze] PG Fel wet T3 Asol HW 44 GPU (PTS-0.3)°l4 73GPU (PSTP-
0.25)E ok 66% 57Fsklom C0./N, AEEe] AS- ¢ 15 T7Fs Hd 60 YeElY. 28y dA ske
PGO M7} olF 7AY FH= 9 AHEr AsE AEFS e
olelgt A= thya ol AWE & Qlvk. F, W& P09 F%E 49 (PSIP-0.25) 4= PGO7F AMEHS &
3 AAE polyamide & WollAel ZHZF(stack)ol WE free volumes S7FA17]1aL PGSl &% Z7tel uwhEl PGO
7} zk31 e oHEZ AbA(ether oxygen) B FFE2EA7](carboxyl group)el &3 CO, st=r} F7hgel whel

Tk sdshAl E.

a8y F7F91 PGO ] F7ME PGO Y=Y A §-F (agglomeration)ol] W F3XE = A 3ke} SEMolA 3
Aol g3 (active layer)9] (H] 151.6 nm) Z7o w2 7t~ 53 A o= s Frw H AY
o #AasE YA ©.

t}S-9] = 9de PGOSF GOS SHf-3F TEN Z-8AF%H(hollow fiber membranes)® C0,, Ny ¥3}%=(permeance) 2 A
gEE Uetldeh. AEe $9% 2= 2 2d 4Y 2ddA JPHer PO (PTSP-0.1) R G0 EF T
3k ek (PEI thH] 0.1 wt.%) 22 AZFH TN FFAF(hollow fiber membranes)S F3 Ao A3} T},

A8 A3 PGO 2 GO= PT, PTS, PTSP &3 #o] ofwl 7]¥F -1 (amine-based monomer)ol] ]3] w2 <2 of A
=2 (0, FHEE YElE 2354 (facilitated transport) T3 43S e ITE.

COy/N, MEizo]l A% 29t 0.25 bar7|F 2% PGOE ¢F 60, GOE= oF 58= zH7+e] Eajubo| o] AMeln xjo
= 3A YepgA sk,

ey, PGOSE GOl CO, 9 N, FHE AHAYE 47

oF
E X33k stol|=F2 (hydroxyl), 7FE25 2 (carboxyl), E olZA]7](epoxy groups)®
2 g gekg oz Q13 HF(stack) ¥ AS A (stacked laminates)E WHE7] 93

73, 53 GPUR °oF 30%¢ (0, F¥= o=

o dRelA thEy PR Podl 9% HEAE Fashs A A AMHom 0 AFAsh wstol
e AYe 27 Deh. webA A B g wEel Fad £ JuS s 9% vhe Aolxe] AFe
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Aol Bg A% oux g dFn Ba} £5e F0a Hol AvHon e ¥ AT e A

3. 48
Eodldo e A4S 2te T3AY 2 OPG0 Y e=YAE &3k TN 53] F3AM (composite hollow
fiber membrane)el]l Wg ATEZ HIFFAT. FTFAY A X A (substrate) = o] (phase inversion metho

d)ell 23] ®AF(spinning) ¥ $Att. Poly(ether sulfone) (PES) A XA (support)ell poly(ethylene glycol) (PEG)
7} dopamine (DOPA)E 3HA Yo 44 FFAMY (hydrophilic hollow fiber membrane) A|ZE Z &3} Tt.
AxE ZFAT AXAE 84 21 (aqueous monomer)EA] polyethylenimine (PEI)E, Z8a 7] 2=
W (organic monomer)®A 1,3,5-benzenetricarbonyl trichloride (TMC) %o w20

(interfacial polymerization) W& o]&3lo] I3 o o] A3 Ao} nlusle] A5 FFAEe] A
AE AR A3 oF 7o) dgE C02 B AEEE YeidozA el XA FaAde &2l
FAHo g oA 34 YEF (sodium dodecyl sulfate, SDS)E AWBAAE ALL3le] 7€ H
AH oA (surface interfacial energy) W3} @ F7¢ Wl W& 7|4 FHE F7ME

FEE FHAHgEAT. =3 a2l SAFe]= (porous graphene oxide) & 3/d3te] TRN E3bA FFAE
(composite hollow fiber membrane)®] 742 Al-&3}AT).

€09+ N, & 71A (pure gas) FF(permeability) HEE F3to] At GO Wi=dxtel vlalste] oF 66% F3%
7} &€ 73 GPUS] CO, 7% (permeance) 2 C0./N, MBI % 609 A#E =Z3IGIT).

olgold HWE X owge, B ool &ali sleReln Bake 4L 4 elAl Qeld £ wne 7%
AFE ol g WSIlelA ole b AE, wAe] sbsetn A&d AAldel #ARE e ok
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k1
N2

1
(g
~

(a) (b)

©f = (d),
L] |
e ad Pore volume  Average pore size
ﬂé & GO Q032605 (emig ) 15088 (nmy
3 & PGO Q058654 el (| 2ESE (nm) & f
£ w : I
2 i 'J--- — GO 201198
g L | 8 it A —— -~
£ In'l \ . —
g | : _J/ \ QO 20.1272 |
E B "‘"'__"'-' R
°nn -F ] o4 1] on 5] 12 L] ] -] g L
Rulative prossurs (P/Pg) 28 [agne|
(e) (f)
| — -~ M fi
' N n A
SS9~ WY | \ S
il i V rﬁ | I "t | GO iy = 1424
E C— -‘-‘-J—- Loy I‘:I i " ) A L — i
N i E
AN PGO \ ‘\w/
\,V ,,_«.-"/ PGO  Iafly = DHEG
- mm am . mm aa am o 100 shen [T ) 1 o
e WV RTINS [T |

1
(g
[\
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k1
N2
(VA

80

75k

70 -

Contact angle (° )

0 0005 00075 001 0.1

Dopamine cocentration in dope solution (%)
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