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Abstract
In this study, PDMS-HNT and PDMS-mHNT composite membranes were prepared by the addition of halloysite nanotube
(HNT) and modified HNT (mHNT) to PDMS. To investigate the physico-chemical characteristics of composite membranes,
analytical methods such as FT-IR, XRD, TGA, and SEM were utilized. The gas permeability and selectivity properties of
N; and CO, were evaluated. In particular, the PDMS-HNT with 10 wt% HNT and PDMS-mHNT with 5 wt% mHNT showed
the highest CO»/N; selectivity and CO, permeability at 35 C, respectively. Overall, PDMS-HNT and PDMS-mHNT composite

membranes improved the CO,/N, selectivity compared to that of using PDMS membrane.
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AT+l A A1-8-# halloysite nanotube (HNT)i= CNT2} 72¢] hol-
low tubular B8-S 7FA 31 Q1=d] CNTHG} w2 v 7}A o2 4]
Al d& 4= Stk HNTE] 3822 (ALSi,Os(OH), - nH,0)2.Z =1
druolEsl FARE dnlw AgAle]Eeln[12,13], 9¥-FE<)
-2 Si-0-Sid 22 siloxane group . E Fo] a1, U Eof
+ hydroxy group, Al-OH¥} 22 Z+8-7]7} ik URFA O % HNT+
0.05~5 ume] Aol& 7ML i, W@t 2174 ZH2F 10~70 nm,
20~200 nm% F|o] glom, Y] 543 Faje vl %S %
HAE 7FA 3L QIeH13]. 28] 3 ek o)a AA A s 7HA
I glom g SETEME o 4R TR Q)
tH14,15]. Foll 2R AsHEAE HNTZF AR =l aatatel
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vinyl alcohol, butadiene-styrene rubber (SBR) 5°] & U 743lE 1, 4
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Figure 1. Schematic representation of in situ modification of HNT by y-MPS.

#Ast7] 84 HNTE 7Mdshs A7% X183 lvk Pasbakhsh
52 ethylene propylene diene monomer (EPDM) el 7H2 ¥ HNTE
A3t B84 A ES A7 2120], Murali 52 polyanilineS
A5t HNT-S 7123 3 polysulfone®l] 0~2.5 wt%= 715101 CO,,
CHs, O, No8| 33 4& Huagict 1 23 HNTE] WF&E B¢
FIAIES] Frdo] golsto] 7AIFHEE SV, 53] pol-
yaniline®] polarst AJ2-& Zk= CO,°ll 3ol o HNT & 0~
1 wt% HEolA CON, HEEE T7FeF o 1 ool W elelA]
 HNTY $3O0= 7 &¥= 4o CON, AY s Fasiel
ot sk 14].

AA7EA] Aol HNTE ARgato] B w258 tid =2 -
3184 EAE] U3k Z1 07 HNTE AREat] 71A153 Aol Bt
A7} ol X3 A] kol Z|AFI EA | dist thkst A7t 2
Q3 Zlo|tt,

Polydimethylsiloxane (PDMS)+:= 7579, AAA T, FddS
A3 3L, AL 7o R E AZo] Thseh Z)Alel ts) %2 F
TE Hoj A ow g o]&H1 9hg Wk ozt £2 7|A)
gl AAjo|th21]. Raharjo & PDMS ©Au-S Al&3}o] CH,¥}
n-CHpd F3=el ke dis] RarsFia22], Merkel 5=
PDMS =} poly(1-trimethylsilyl-1-propyne)(PTMSP) & H]w A3
sto] H,, CO, CO,, HpSoll tisll 2] 545 A7siivh23]. wst
Sadrzadeh 52 PDMS/polyamide (PA) =328 %3+ H,, CH,, C:Hg
o] 7Ali-g]l A5 3F331[24], Defontaine s+ clay (sepiolite2}
montmorillonite)S A3k 7|A52 A3st A3} CO,/CH, A8 %
= SRk B A4skitha Sk TH25]. Nour 52 PDMSe]
CNT$} carbon black (CB)9} 22 carbons 7|HFO.2 3t THES 7}
sto] Aozl Butel] st H,, CH,2) 8] 5/3-& Rasklvh26,27].
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2.1. THE 2 A
o] Ago)x AL&-E PDMS [C,HeOSi),]& Dow Corning®] Sylgard
184 kitE AME3I 3L, 81Ql n-hexane 32| DaejungAle] extra
purest % 95.0%5 ARESISITE aEAtel] H7EEE FX1E<] halloysite
nanoclay [ALSiOs(OH) + 2H,0, A 294.19 g/mol] Sigma
AldrichA}2] nano powder®] HFE]ZE pore volume 1.26~1.34 mL/g,
EHALS 64 mYg, DAL 30~70 nm, Zo]E 1~3 umeo|th 181
HNTS 7Hdsh=t]l AM-EE 7 -methacryloxypropytrimethoxysilane
(7 -MPS) [C1oH0sSi]2 Sigma AldrichAFolx] 7-9)&k3iT.

2.2. modified HNT (mHNT)2| &4

Ethanol 100 mLel| acetic acidS 7Fste] pH 5.0°.% Y&t} o] g
o y-MPSE 10 mL 7}8Fal 5 min ¥<F w¥AIZItk 71 & HNT 50
g2 flof| 718131 15 min §<9F WHIAZIEE T18]a 9ARE7)E A
£3}9] 3,000 rpm, 5 min®] AT AAEY] Fk AE9 ethanol>
AATA A7 mHNTE 2 h Bt Aol AZAIZ F 24 h B2t
70 T2 ovenollX AT AFAIZITH20]. Figure 1= y -MPSell ]3]
HNTZ} 712 5= RS Yelbd 2122 ANTS 7Hd=ke| g} 329
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Figure 2. A schematic diagram of gas permeation apparatus.
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PDMS 9 gofl €72l 1 g2 n-Hexanes 7}k WHEZ]OIA 150 rpm
OF 24 h B WRIAFITE 28] 3 PDMSe] tiete] 242t 5, 10, 20,
30 wt%2] HNTQ} mHNTE v]g] FH|3|E PDMS £l 3713t 3
24 h F<?F 180 rpm O = wWHIElFETE 183l Sylgard 184BR1 7 SHA]
1 WHEsH= g9of] HZMAIZI @ F 3 h ] wyksich o]
fls fgdo AAE 3 F 60 TY ovenolld 24 h AFRAIZITH
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FT-IR 41 BruckerAH5%) Vertex 705 ©]-8-3to film AEIZ
400~4,000 cm™ HE oA A3, XRD £ PhilipsAHUl@ &
) xpert system (1.2 kW, 26 = 5°~60°)= ©]-83}3IT} ASHA]
(TGA)S] 7%= TA Instruments*HP)=) DSC 20108 ARE-3lo]
50~800 C HS]oIA scanning rateE 10 C/min%E 3} FAEAS
=439 th B2 JEOLAKYE) JSM-5600LV SEM= ©]83
o] BFE Y, 71AFY 4L SepraTekAH=AH VPA-601Z =74
skl

2.5. 7|H|IEa A

Fejuke] 71A1% 3} AEL 3 bar, 35 T~65 T 2=Z00A 213
stk T AR 71A1E Ny, C0,0111, 99.99%2] =55 2t
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Aot 227 FAEE SIGTE vlolEE o] A9 AAH HAFEe|
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sHAl Yhei= 5709 ks Farste] Faick f-4E 71AE Fshs
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3. d4ut 3
3.1. S8iato| =9} EM
Figure 3 HNT, mHNT 12|31 PDMS-HNT®} PDMS-mHNT &3}
- Fof] tlaEzQl A 9] FT-IR #4475 veRdH Ao|th Figure 3
B HNTE 911 cm'ol4 AI-OH vibration, 1,031 cm'ol|A4 Si-O
stretching, 3,621 cm™ 3} 3,693 cm |4 O-H vibration ¥ =7} YEh}
I 9tk mHNTE 7 -MPSe] 9JallA 7MdE AR 1,720 cm™ oA
CO2} 2,950 em'oll4] C-H stretching vibration®l] 2|3t 357} 22} 1}
ERtth 18] 37 HNT] 339} mHNTE B 3F3S wl 911 cm! oA
mHNTS] 3 I M 7]7} 2¥7F 2715199, 1,088 cm™ oAl mHNTS] 33
A717F & Bl BREFHAWEA A3kE ik o= HNTS stde) e
Al-OH I3, Si-09 5% 7 -MPS9 RSi-OCH; Alo]elx<]
RSi-0-Si$} RSi-0-Al2] A3 7Fe/d-& YERATH20]. PDMSE 1,260
em'ollA Si-C stretching, 1,100 cm™, 1,020 cm™, 800 cm™ oA silox-
ane bond®l| &J3t FFEo] e} $137[28], PDMS-HNT &3=-3}
PDMS- mHNT Ealox= A2 02 PDMSe|A] Hol= 35
o] FEHAA vehtarl Stk
Figure 43= HNT, mHNT Z12]3Z PDMS-HNTS} PDMS-mHNT -3
252 XRD 42 7E YeRA Zlolt). Figure 4014 X PDMS+
20 =11.0°~14.5° Yol BEES 3|35 Holu glom 7o
Ao mEA9)S o 5= 9lck PDMSO| HNTSF mHNTZS 10 wt% 7}
3 Balulol A= UNTQ mHNTS] A4 9358 A9 Yyehtx] o
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Figure 3. FT-IR spectra of HNT, mHNT, PDMS, PDMD-HNT 20 wt% and PDMD-mHNT 20 wt%.
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Figure 4. XRD patterns of HNT, mHNT, PDMS-HNT and PDMS-
mHNT membranes. (a) PDMS-HNT (b) PDMS-mHNT.

oo} 1 o)Ake] ol A= UNTS mANTS] AAA 3|350] Kol
7] N Z=d HNT9 mHNT $Ho] 20 wi% 71|zl Eetatol =

26 = 20.5° F2o4 PDMS-mHNT 20 wt% &38+to] PDMS-HNT

3sst M 29 A A1 =, 2018
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Figure 5. TGA curves of PDMS-HNT and PDMS-mHNT. (a) HNT,
(b) mHNT, (c¢) PDMS-HNT 10 wt%, (d) PDMS-mHNT 10 wt%, and
(e) PDMS.

Eeunn 54491 444 F3Ee] o FEsH e, 30 wi%
o= PDMS-HNT Huto] A4 v=7F o =7 ekt 30
wit% 2] & koA HNTE= mHNTE T 1821919] 13p4o] vo}
SHEESC] 3 =] A% 939 A7 Y 34 vERdt
Zo@ AZbEr) TS mHNTE <5 HNTHU ¥ 380] o H&7
Al e ol o] A2 HNTZF 7187)9F AstshdA HNTS| 4
34 A717Y oFslEl Ao R HolW Murali 50 B A% polyani-
line® 2 7|4 HNTE &5 HNTET} XRD 4717} <A Yep=
d] ©]&= polyaniline AFE©] HNT 7% UZ 4}1Eo] Yelu= A4
o7 diseloh14].

Figure 5= HNT, mHNT ~1]3l PDMS-HNT$} PDMS-mHNT -3}
- ol tjxAQl 319 TGA #4275 Yehd Zlo|th. Figure 594
HNTE 7 @R 97 71271 doju=d] 3 )= HNTS] 72 )
Aol 'R Qlsle] 250 T H-ollA] €A A dojuba, F ®
A BAIE HNTS] EpAkss] 7] wlitel] 480 C F-ollA] 47 7havt
dojitr}. 78] HNTS /Hdsh=d AREE v -MPSQ| J3°2 300
T oldo] 2% o4 mHNTE HNTEU 97 7H A B 3ul20].
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Figure 6. SEM image of the HNTs.

Botuko] A AAA TGA F41& B AL u|et B3 Ak
S Bold oF 450 T o) %ol PDMS-mHNTE PDMS-
HNTHT} o -2 mass loss @4to] LEREIL, ©]i= PDMS©] HNTH.
ot @4 745 Kol mHNTS] 37| wlEel Aoz 23]8 7127
7F 44 #AaE AL Aow A7,

Figures 6, 7 HNT¥} PDMS-HNT 54}, PDMS-mHNT +-3tu}o)
SEM AR5 vERd Zlojt) $-A Figure 62] HNT ARS B A=
BAA YARE # FEHS] Boks #1E 4 QUltk 33l Figure
(@)%t b)2] F ST ARKE AAHoE B PDMS A} Uiof
HNTZ mHNT &=go] Z7lshaA] Hxp SxE0] SHE s dds ®
At} 7214 PDMS-HNT E-¢dlal= 2] PDMS-mHNT 332 1]
o= Fefo] Z71slHA mHNTH PDMS TEAF A2 JAELS
P2 B3Eo] FAE o] 9190, 53] mHNT 30 wt%ollA= HNT
30 wt%X ot & 7719 $HEL WA 183 PDMSS} mHNT

AAFo] o4 2] voidi= HolA| ¢Skt o] A2 == HNTXH.t} 712
¥ mHNTo] PDMS$} ] X3}l Aszg-S o Aoz AztEc)
Figure 7(c)& e FAE Gotnr] 9k x4l Hguke] o
W A2 2 PDMS-HNT 30 wt% %3122} PDMS-mHNT 30 wt% =
ko] FAE 44 oF 350 pm¥t 310 pmel itk

r>~
o

3.2. S| J(HEL &Y

PDMS-HNT %347} PDMS-mHNT =3talte] tfst N, 9} 0,9 &
AL dotr ] f15te] PDMSe] 7HliAl= HNTSF mHNTS]
o] z}7} 0, 5, 10, 20, 30 wt%7F B =5 3L, 35 T~65 C =+%=x1
7} 3 barollA 7|AF APE sIelvh

Figure 8(a)~(d)< 5 HNTE AHE-¢F PDMS-HNT 5327 714
2] HNT—E— AFE-3F PDMS-mHNT 5392 74153525 2H2te] A9

= 2704 YeRd Btk 94 7 £2of|A PDMS-HNT +-3hdh

4 A5 ATEY HUNT $o] 715kl wet Cco, Z-$+ 0~10
wit% BN o] gk wheh 71iﬂ$ﬂ£t Arsitrt 7t
ska1, 71 o]$9] e oA A S Hdth a2ln
PDMS-mHNT E3}ule] 9= 77} Eoﬂfﬂ mHNT 5 wit%7}4]
VAR STVl 1 o] 59 hgellM= HAF fhAshe
&S Hoh N, A$ A ow F Hatutel A9 n)5=3k A
< Hol=y F SUbel wiEl Ny AAF oz okt 2hAaE AL A
ol 9% g otk NAFHE A4S F v A Figure 8
o 7z} oA CO,9 79 PDMS-HNT E3HRe 5~10 wi%,
PDMS-mHNT 5352 0~5 wt% H$lolM FHE2] gefo] F713h
o wa} 7| AT Es} 17}6}031 1 o)%9] gheF MM FrAh
sh= @S H3led ol Npeoll Hlate] Co&= §54 Ads 7
B2 HNTH mHNT EHo tzﬂ ke S48 B AEVEE st
At A% 7w ZAIF ARSI S7FE O PDMS-HNT

PDMS-HNT
) L]

HNT 10 wt% HNT 30 wt%

@

HNT 5 wt%

PDMS-mHNT

mHNT 5 wt% mHNT 10 wt%

(®)

HNT 30 wt%

mHNT 30 wt%
(©)
Figure 7. Cross-sectional SEM images of PDMS-HNT and PDMS-
mHNT composite membranes.

3197} PDMS-mHNT H3He 25 oA 3 o] fojal= a9 o
9] FXEY SHOE AR AT Lot NAFHRET) A
steet AZEy ®Baef oshd polyethersulfone (PES) Lﬂoﬂ
HNT$} 2] nanotube FENQ] MWCNT FHE-S H7lsh= 4¢ %
2o] A o]} ArFEE wEAFRTHR: 2AE Ajo] <] /\}izl—ﬁ_o]
O] 7dst] clusters©] /3% a1, o3 el AA 9] AH-TE 7
2AA ZNAFL =TT FAshoka el 10] TS polyetherimide (PEI)
Aot ‘44°ﬂ silane & = /|AE HNT THES AMSsh= 45 =4 A4
A& 2H= amine groupd] EAE CO,9 T = SUISITHT SFYE
Eﬂ e %}‘%W]HT: Rk} A FRE Afolel] FaMdo] EopAul
FRE9] TNl AFEERE silane®] FE7F FAF WolAA @3] X
577]31«] s3] AA SRSl doljdria By vh QITH29].
“12) 31 Figure 8(a)2] 35 C 75 COoIAE 22 Ftekol4] PDMS-
mHNT 5 §1¥o] PDMS-HNT 5390 v S7He AdS B3l
d] o]2]g €242 PDMS el ENTR U= 712 ¥ mHNTZF 27HE 9L
< u HNTol| Ao f7AER 54 44s 7 cot &
13E 4= ole Yol FEo] Co,9 §3allide] wolAa, o= A%
A8 AV FdeE YeFH WHE Co, 7 111]7]' ¥atod
PDMS Hj¢] —rﬂrxﬁﬂol ekl 71T S Aew A7t
HTh Murali 52 polyanilines A3l HNTS 7&3sk & 712w
HNT-2 polysulfone®ll H7}ate] Hate] st CO,9 N, 52 T34
Ag A7 53 U] ANT U5 53 F271AEe] it
o] 8o]8k 11, polyaniline<> polardt d8-& Zl= COyoll U &2
FAPIE 7HA A e E F2 A éii W FaaeA
£ Bvha i 14). BEf& Yoon 5o] W EJL[M]Oﬂ A
dlell -COOH7 17} X84 7R CNTE 718HH 5 CNTE AR
SE wrT; TR ) i3] A CoE EAtka sl o17]

o.l)j, JN‘

J__“]?"Z]'
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