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Z5: 89 A (solution intercalation) WHS ©]-8-3led thefet Ve AHES XS poly(lactic acid)(PLA) Y

B35 ST f7138 v A2E WEUo|E HE(NSE), SEH Ao (ODA)S 4tsl 223 (GO)el
F-3 ODA-GO, 283 §713F A29 MEL|ES ODA-GOY 342l NSE/ODA-GO 5°] PLA B3 3
52 A7) 9 v g8Z2 47 AREE A 3714 Uri ZHEL 0-10 wit%2] sHFo = AMS-EUY PLA E3)
A EE 47144 44, BEEA, A4 BRE AH4ES AMZ ¥, B nES Tk e
A4 NSE/ODA-GO E3HH|&= oF7t &3 %12111 , NSEY4 ODA-GO 52| 2252 PLA "jEZ o] Filo)
- STIRSS & & UMY PLA EFA %‘*é% A3l AREE 37EA] "] FollA, 3 el = NSE/
ODA-GO7} 7V¢ A o|AARE, 71A18 17 /dd ol Aba Aol = 2+ NSE®F ODA-GO7t 7P -3t
Atk

Abstract: Poly(lactic acid)(PLA) nanocomposites containing various nanofillers were synthesized using the solution
intercalation method. Organically modified bentonite clay (NSE), octadecylamine—graphene oxide (ODA-GO), and an
NSE/ODA-GO complex were utilized as nanofillers in the fabrication of PLA hybrid films. PLA hybrid films with vary-
ing nanofiller contents in the range of 0-10 wt% were examined and compared in terms of their thermomechanical prop-
erties, morphologies, and oxygen permeabilities. Transmission electron microscopy (TEM) confirmed that most of the
NSE and ODA-GO nanofillers were dispersed homogeneously throughout the PLA matrix on the nanoscale, although
some agglomerate NSE/ODA-GO complex particles were also formed. Among the three nanofillers for PLA hybrid
films, the NSE/ODA-GO complex showed the best improvement in film thermal stability. In contrast, NSE and ODA-
GO exhibited the best improvement in tensile mechanical properties and oxygen barrier properties of the PLA hybrid
films, respectively.

Keywords: poly(lactic acid), organoclay, functionalized graphene oxide, organoclay/functionalized graphene complex,
nanocomposite.
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1}o] E (montmorillonite), &) E2}o] E (hectorite), Wl EU-o]E
(bentonite), 28] 22 vFo]7Hmica) 5°] AT dubgog 4=
T SH(pristine) HE= AL} 280 0] X &7] wfz
ol gt oFHE /fdst] A8l FEe {7138} vheS A1717]
T gt} olygt {718t AE F HEUC|ES 7713} AE
slo] AL Nanofil® SE 3010(NSE)y= olgke, 22X E 5
o] 1§ gufjol] 2 FAkEo] 3 WEAS 7HITH

T ofv] ZF Azl B vhie FHe AR H
ot & AxA, A7l AEA, 23 7IAA E4S THE
o), @d F 2] A9 2630 mYge] W WS 7t
AW, E AEEE 5000 WmK, H7] AEEE 6000 S/cm
59 9 548 RITE PN Bk a9l 98%2] W+
S B A= w9 T FaH dHdx 7 A
b #JA] B2 A77F JAE A Q= 7 2 A
9 FS Ao ERokE SRS 7S A
3L QITh” e e ] 2ERF WellA Eibdo] £
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NHo] Fgsjct et

Poly(lactic acid)(PLA)= A3l ALEAE 7 Q.o
st AzH4lo] =2 oY W #AS W QUTh Y HZ
ST AR} 5o R dojA|= Zak(lactic acidyS Y
B2 Az dig BAke] 7l Hof WeA FetiE o
2& AMgo] 7FssliRTh 58 AL SlE 23, A, 2
7], 22 A5 X 5 AAS} AFH o= Aol U= ol
Bo| ARGETE! o]F = ARG 7} w9~ H2H vl PLA
= wig- el FHekabH, 71713 A 71A Apid o] 4
Falth? olgst S-S Beshr] flal v =79 delE
AR e BEA A7 Bol RI8E AL ek

2 AFoME o] 7K v HHE o]-8allA PLA H3
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A I7AA 4E, BEZA, 9 A BaE 58 A
ek A7 tE s ARSSe] P e 5] 4
T A2 H|wsiith

Ui H3A A3 3714 B8 FellA
NSE= ol ataiar, o]lell zefjd o] £4H3E =o17] 2ls)
2ksl 7129 (graphene oxide, GO 7181491 SEEA o
T (octadecyl amine, ODA)S- #7138} X2t 21873} 12|
¥1(ODA-GO) 2 NSE9} ODA-GO2] =349 NSE/ODA-
GOw= & dA4ddA 2R FAdste] ARt

718 HEQ
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SKColA Algrigtom, AREE 3714] Wi F] FollA]
713} &Sl NSE+= Sud-Chemie(AG, Germany)ol|A] ol 5}
k. 28713t 2efAS Fsk] 9lsl S92 Sigma Aldrich

(Korea, Seoul)oll A sl o Z@ol=2 Hejg =27]7}
75 mesh?! A|ZE ARESIATE 2 vHe] §7] AlFES TCI
(Tokyo, Japan)ollA —Fulj3}%)

ODA-GO &M, 4573 GO= WEY 2 T EAE ALS-3
PLA®| 4te] golslA] ko= f7]3) gk GOE A
39t GOE Hummers®} Offeman®] HHHO 2 A %35k 0
H* ODA-GO2| 34 WS thast 2t} 1.5 L8] S/
1 g2 GO2F =191 0.5 g2 phosphotungstic acid(PTA)E %
3 RSt 25 mL olEk2o] ODA 2 g& ¢H313] 521 3 GO
ollof] A Wstrt dold wizkA] gk i 28] Hojryd
o}k ¥kgo] B &S AR FolE Auia A8 1Y
5 =3 ek (viv=1/1) & &l AlF £, 70 °CollA
Z1F 71zt ODA-GO®] &3} %= Scheme 19 YERY
ATt

NSE/ODA-GO =&t 8. 1519 7l 1g9 GO
o} 0.5¢g9] PTAS B A2o4 12417k &< A4E3] wyt
gt} Eo] Hlo]7 ol 25 mLe] dler2o) 2 go] NSE=
Y3 6AI7F B 229 AElE B ] BRI
%, GO &) NSE 848 3] Hojrmg] 308 &< L
Hate] #UsHAl 411 T NSE/GO &0l 25 mL o
g2l =<1 2g°] ODA &5 4 Wshyt dojd wj7hA]
73] golEth whgo] v A4S AR FolE o83t
Aedlx 487 48 B3 deS(viv=1/1) £ &0
AlZ 3 70 °CollA] R 7AZxgth. NSE/ODA-GOS] 3}shH4]
T2} TEMS |43 9-& NSE/ODA-GO £33 A+
Figure 17} 2t} 2017 NSE/ODA-GO E3H|9] HE Hi2
(Figure 1(a))3} 2] FE(Figure 1(b))S 2tz 21k 4=

Scheme 1. Synthesis of ODA-GO.
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NSE
3 PTA (phosphotungstic acid)
E=E ODA-GO

Figure 1. TEM micrograph of the clay/GO complex: (a) clay; (b)
graphene sheet.

AT}

PLA S§H| 28 M=. 3717 252 AH835t 4
PLA 53 259] 34 WL BT SYUsRRE o7|Me
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4 ZAL PLA 53 5 dyo] #4ke ERIs7] fls)
AHeE Be 7b X-A 33 = (wide angle X-ray diffraction,
WAXD)= Cu-Ka EFJlS ©]-83= PANalytical(Netherland),
XPert PRO-MRDE ARE-3I9132, 20 Fto] 2~10° ol A 2%
min®] £E2 =43tk F3 A=A & v] 7 (transmission
electron microscopy, TEM)S &74317] $3ll PLA A|2& |
ZAZ A3 F, 70°C LB 24747 WFE AojE F,
fre] Zo] 42 mlo] A& = (microtome)S -85t FAI7F
90 nme] A 7S Ax3At AHEE TEM 2498 EM 912
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A EAS AL S8l AR AlRF FAF G 247

[e

¢

(¢3
=
N

=
do do o

o

Zan, #1384 A23, 20143

(differential scanning calorimeter, DSC: 200F3, NETZSCH)
E 5 £5 20°C/mindl] A 7)F $olx 2482, &
=% 4 7](thermogravimetric analyzer, TGA: Auto-TGA
Q500y= 5 £% 10°C/min 2719 A4 715 &4 =4
sttt 71418 54 5743171 9138l instron mechanical
tester(29 W3 5564)2 AFE3FA L, =4 Al cross head <5
== 9 smme|t} Instron® A|FE 5x100 mm*e] F7]
2 SIaL, vlolHe] At 3re 471 218 2 AE °F 10
3] o] dH Ayt HA It HAd s ¥l UHAE
HBateeh. ks FHEE SAs] fla Ak T 54
7](oxygen transmission rate tester, O,TR: OX-TRAN Model
2/61, Mocon)= AME3I913L, ASTM E-96 S o]&3le] 17]
$F 23°C Z71eA S48
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XRD BE=E. 20=2~10° H9lolA =3t d2] ¢ PLA &
5, 18|30 vhekst sheke] Hejrt 4k PLA E3A 2E
o] XA 31EEE Figure 20| BTt NSES T = AMS-sH
Figure 2(a)elAE 20=2.30°(d=42.63 A) & 20-4.60°(d=21.32 A)
N f718F HENSE)] 5744 17t vebster, o] 1=
= 3~10 wt% NSE &o] Eoj7k 534 e 543
ReNA B T =37 2FEAL, ©] 3] A7 (intensity)
= HE9 F=7F 3904 10 wi%Z S7HE AH 718t
ATt o] A3E B8l FHe] vt SHESE AEY §
Z (agglomeration) @7do] F7tete] =] A|7)7F MA8] &
7R o AU

Figure 2(b)°l= ODA-GOE ©]&-3 PLA E3A 2 &9
X-A 3 A=E Bo]FATh 73 ODA-GOIA = 20=
3.03°%(d=33.81 A)Z} 26=6.14°(d=16.35 A)2] T 7} EA o
3= B9t} 22y ODA-GO/PLA 349 73-¢-ol& 30
A1 10 wt%7kA] Heje] o] F71ste] mhel ODA-GO 3L+
o] B4 ¥aw AFFAN FAlo I3 M7= AAE] F
7S B 4 AT 53] Twit o)l E Zy fe
E4 93 9ol 20=2.13°(d=46.03 Ayl = 73k Al7]<]
37} FEEE o2 Hol dyrf o= I dA F=E
AP FAREA] Felal o SARE & AT

NSE/ODA-GO E3AE &2 AME-38I9-S 4o PLA
E2ak o] XA 3% TE Figure 2(c)ll BT &3 2
2Ql NSE/ODA-GOS| 54 ¥a= #&H A %L, gt
NSE/ODA-GO®] gaFoll F-3asiAl EA|o] 93 Tgt
26=2~10° HelM = Heje] 54 F=27} A8 #E=A &
k). o] Axke vhx] st PLAYY vlEE Aoz #7)s)
7] AT XRDE o] &3iA 42 A5 Heje] M A%
S % e IAEA A Wola, Hje] Aol vt
g As ] flaiMe EA] AR dAnA S SEliA
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Figure 2. XRD patterns of pure fillers and PLA hybrids with var-
ious nanofiller contents.

oAl ERlslof & Ha vt o)

BEEZX|, Figure 3(a)°l NSE7} 5 wt% ¥-2H¢l PLA -8
A2l TEM ARS Rt} AAF 2= oF 20~50 nme] F
Az ke Y E B2 5= 3, o] A3 ojv] By
<= Figure 2(a)2] XRD AFFA] &Rle &= i) sHHo
Z, ODA-GO7} 5wt% ®4FE PLA 53t TEM A S
Figure 3(b)°ll Rt AA¥ 2= Hef7} v]wd NSE] 74
SHUE o 2ol SAHUARANE, sHo = o7t Aol &
el zjH A EZ 2 ddEoe Qo] FqF /& shx
ardel a3t & Fo= g = g

NSE/ODA-GO 53 €87} ot F 714 g} H2
(5 wt%) H-AHEl PLA E-3H4 9] TEM AMXS <A Figure
3(c)ll HAATE oln] A&gt XRDoME 54 =7t et
A AR & A T 7R 9] HEjo] A= ko] ¢
=X &3 93]8 °F 100nm 2718 E Yolgl2 FAUE
BEES & 4 U} Figure 39 2327 Y3 g
(5 wi%) AHE 53FA1 o] 7% TEM ARRS mFof Ho}
NSE/ODA-GO E§A] ZEollx deje] F4bo] 7P 4] &
Adtt. o] A= Yoz =9 GHIAH A 9 7k F
o] B2 FFE vXA € Fo|th

Figure 3. TEM micrographs of PLA hybrid film with 5 wt% nano-
fillers at different magnifications: (a) NSE; (b) ODA-GO; (c) NSE/
ODA-GO.

YN E4. DSCE ol&3lq Al 74 747 & Hejof 5
Tof| wE B3] A3 S Table 100 FskAdh Al 7+
A o] HA B Helo] FAF Foll FasH frel A
o] &% (glass transition temperature: 7,) 2 5 o] &
(melt transition temperature: T, }= =53+ PLAS} 2& =23}
AolA 59°C & 165 °CE s A==t o] Ax=H
B 747t 72 HF t=2A% dejE0] PLAY 4 AkE
FAYNe F 9L 7AA Kol AR dAdEn”

TGASN 23t & M4 A3 3k 9A] Table 101 A28k
3L, 21 71%5-& Figures 4, 5, 283 69 zt2} BTk &=
PLA E9] 27] 2% &4 ZH(Tp) 294 °Cot}. WA NSE
o] A2 B v} swi%d W 7, %kol 309°CE 73
F 38 vERT o] dak= HET}F iAol #ikeo] I
o] o]F3le HAEE A A E2 252 7FE A AR}
e IS AAIY7] e R AW 4 ok 1y
U )7} 7004 10 wi%z S7vePH, viiE 7, 7ol 30990
Al 297 °C2 ZHAsl=d], olwfi= NSES] HEZF 44 Al &
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Table 1. Thermal Properties of PLA Hybrid Films with Various Nanofiller Contents

Filler in PLA NSE ODA-GO NSE/ODA-GO
Hler n - -
(Wt%) T, T e wg™ T, T Ty wig® T, T Ty wig®
°C) °C) (°C) (%) °C) (°C) (°C) (%) (0 °C) (°C) (%)
0 (pure PLA) 59 165 294 0 59 165 294 0 59 165 294 0
3 59 165 306 2 59 165 284 2 59 165 314 1
5 59 165 309 4 59 165 278 2 59 165 312 2
7 59 165 299 5 59 165 269 2 59 165 312 3
10 59 165 297 5 59 165 255 3 59 165 310 3

“Temperature at 2% initial weight-loss. "Weight percent of residue at 600 °C.

120 7

100 —

80 1

60 1
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Weight (%)

NSE in PLA (Wt%)
40 1 0 (pure PLA)

20477775
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Figure 4. TGA thermograms of PLA hybrid films with various NSE
contents.
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Figure S. TGA thermograms of PLA hybrid films with various
ODA-GO contents.
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Figure 6. TGA thermograms of PLA hybrid films with various
NSE/ODA-GO contents.
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7THA F7VEEE Ty Zkol 294004 255°CE A A 7
gth, I olfE W A Eo Eolle & ek Ao] nj¢
oFst thefe] f71ste 4U7|(ODAYE &2 =004 7Y
A Zslal EellEle 2 o2 32 Fh. NSE/ODA-GO S-3A]
o] Aol dAS dA F=TAE E Aol SUtsIth
7} 21 o)do] EH Trashes TR, ofn] SHoflA] Argt
NSE®] Ao} v]s=abA| djast 4= At

600 °CollA o] THirF(wr® ) 3714 D8 R gheol
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TE =ol7] 98liA S5k g5 AR FAI= 40~44 um
o] o2 UA3HA AUt HF U 7d=(ultimate tensile

A

strength)2] 739~ =573k PLA Z &2 30 MPao| it} o37]o]
NSEE 5 wt% A4 Q1 F=7} 52 MPaZ, 73% A%
Z71ek 32, Z7] ¥4 E(initial tensile modulusy 1.81914]
3.65 GPaZ °F 24](100%) Z71313Th. o12A 71414 A2 o)
7kt ol AE AA A1, £2 widd s
2 Avert, 2ev NSEY] 3Hgel] 7wt% olde] =™ oA
Aaehe A3E VERET o= XRD2F TEM Z23E ©|
B3lo] Ao, Al T oPde] ARFOE EAISl= NSE
7t SRR I8 HFA Eolx= A(defec) o= 21
sl7] wioth.*

ODA-GOT= 7wt%d o 17 Awet 7] edEo] 2t
35 MPa, 3.36 GPaZ <=5=3F PLA®I BlalA] 163} 85%= zt
7} F7Yslth. NSEETE S7F |7} B o]f= uj g~
Aol 4] o2 AT & Stk e} o] 79
= FHE 10 wi%ZE S7FsIH 7= (21 MPa)el ZE# 2~
(3.11 GPa)=. A ZFA3iT.

NSE/ODA-GO H3HAIE AR 7390l 9] Amdsk NS
1} ODA-GO®} H|=8E s Bt dE 59, 5wi% &
u] o1 7= 40 MPaZ 33% S718I9 3, 7] B E
2.89 GPa=Z ¢F 60% S 7Ftth. AR, Al 7 wit% ©]/d<]

S m

flo

o
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B2 ASIE ol A4 5ol esle Zasidnk
ARHoE TP BeIE AHEHAL Mol TAT G
A NSEZE 7P 9 0 BEsh BEES A3E nglo

H d AEE oPlME B 71A1A Addo] st

vt A% (elongation at break, EBYE 2]e] gafo] Z7}
s A BHE AR E9A] BEOIM BF Aasid
ot o] A= Aagk 548 7 HES; aHjds AR
sk 17} g3l 7|Q1g.

7[M o=, i HHE AMSske EAA S 7IA F
e gt a3te FA F 7RE ABE = Aok A WA
A EIA FollA dehds 28R AREe] Alaug 24
2] (segmental motion) WiT-o] 3L 7% F M= e ZE A}
ool dojuhi= 71A] gt Aot EAkeE Hel2 AHo| &
= 93] A=Z v](detour ratio)= AT 5 A}t WefF F &
A Ao AgAo] F uff yEA}F jEY A Fo EAs=
& &% ¥l(aspect ratio)s 7HA|= ©ekg W BoFe] Hvt
A 71A BAE @4A BFesA] Eakar R 7
25 AWM =As] 714 Fpde] fdasH Enk”

T8 PLA BE3 Ze)7F X3 PLA BgAe] 4k &
H= ZAIE Table 30| JERHIT FHE g Fir o=
Ho} AgstA vlash] g8 2 BE 5 FA= 71
A JAL 2R w9} nR R OF 40~44 pmE 7L M

Table 2. Mechanical Properties of PLA Hybrid Films with Various Nanofiller Contents

NSE ODA-GO NSE/ODA-GO
Filler in PLA
(Wi%) Thickness Ult. str.” Ini. mod.” E. B.° Thickness Ult str. Ini. mod. E.B. Thickness Ult str. Ini. mod. E. B.
(um)  (MPa)  (GPa) (%) (um)  (MPa)  (GPa) (%) (um)  (MPa)  (GPa) (%)
0 (pure PLA) 40 30 1.81 226 40 30 1.81 226 40 30 1.81 226
3 41 52 3.16 30 41 32 3.10 2 41 40 2.59 6
5 40 52 3.65 21 40 35 3.23 1 41 40 2.89 2
7 40 48 3.49 19 42 35 3.36 1 40 35 2.85 2
10 42 43 3.48 18 44 21 3.11 1 40 27 2.85 1
“Ultimate tensile strength. ’Initial tensile modulus. “Elongation percentage at break.
Table 3. Oxygen Permeation Properties of PLA Hybrid Films with Various Nanofiller Contents
NSE ODA-GO NSE/ODA-GO
Filler in PLA
(Wt%) Thickness O,TR¢ P/pb Thickness O, TR PP Thickness O, TR PP
(um) (cc/m*/day) ap (um) (cc/m*/day) orp (um) (cc/m*/day) “tp
0 (pure PLA) 40 889 1.00 40 889 1.00 40 889 1.00
3 43 714 0.80 42 555 0.62 43 636 0.72
5 40 308 0.35 43 338 0.38 40 604 0.68
7 42 378 0.43 42 249 0.28 42 619 0.70
10 42 421 0.47 44 201 0.23 42 658 0.74

“Oxygen transmission rate. “Composite permeability/polymer permeability (i.e. relative permeability rate).
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AUt

=73k PLA ZE-2 889 co/m¥day ] 2k Fabe -8
ERATE NSES] 7% 5 wt% 371 3 308 cc/m¥day= 2F 65%
A B FASH AAskdnh sHARE 7 wi%eltEl =
T Bt S7kske s Vet 2 olfe 49471
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ODA-GO®] 7-5-oll= Zefe] FHol 30014 10 wt%= 571
shH AA A FA=TE aste] 10 wid%eoll A= 889914
201 cc/m’/day 2, FH == oF 77%2] AAE B olv
Figure 3(b)°] TEM ARRIC 25 E FRlsIg%e] 1efjde] o
= B Aol ouAIRE HERTE & 3 H[E 7
= YA 7AE Eot a0 R Adste] o|FARE
ST AAE Adshe 23E Woa B S 9

NSE/ODA-GO®| &34 o] A= 5wi%olA
604 cc/m*’/day = WH3le] FH=7F oF 32% 7HASHH A g
10 wt%= Heje] go] S7tstd NSE] 74-9-9} Hl=xs
o] Frhes 93l SRR s i AR 37
2 3 FolA 7P Ak} o] A= o]v] Figure 3(c)<]
TEM ARzl 2 ZRlsl%o] ARE-E 3714 B8 FollA &
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