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Z5: Poly(vinyl alcohol)(PVA)b e Ao 2 el 1A Aol Fsted 71A A En_i g ALg
HaAL AR, 22 W Aol VIR QIS e Abdo] Ytk s loh & AFellMe i AR S =
ol7] Q& A4 H7HAQ alkylated graphene ox1de(AGO)9‘r X187 7t AQ] dialdehyde cellulose nanocrystal
(DCNO)E =3t 8 xpedo] Hetd njglo] 58 Azt A% DCNCE cellulose nanocrystal®] -
i ABkE Fal XlliElM— , Ao A B XA SEEA S Bl tholdds|=r1e] EA7E ER1ETh
TBET“E =3 PVA/AGO/DCNC &3 BEo] dekgdn s 243 47, PVAO] 221719} DCNCe] 28] =7]7F
o] 7lw AL & °ll A JE|E Ao g ol dekydAlo] =Tl e-s & lol—oili‘r Poly(ethylene terephthalate)
714 E& 9ol 28 F 7k 59 wigjo] 259 A 550 anll*l 87 9% o] & £ Yelliglen, PVA

=
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Abstract: Poly(vinyl alcohol) (PVA) has an excellent gas barrier property but its moisture barrier property is poor due
to its own abundant hydroxyl groups. In this study, alkylated graphene oxide (AGO) as a hydrophobic filler and dial-
dehyde cellulose nanocrystal (DCNC) as a crosslinking agent, were incorporated to improve the moisture barrier property
of PVA composite barrier films. DCNC was prepared through partial oxidation of cellulose nanocrystals and the presence
of its dialdehyde groups was confirmed through FTIR spectroscopy and XRD analysis. The crosslinking linkage between
the hydroxyl group of PVA and the aldehyde group of DCNC was confirmed through FTIR spectroscopy. The increase
in thermal stability due to ether bonding was observed with TGA. The dispersion stability of the PVA/AGO/DCNC solu-
tion was also checked from the Turbiscan analysis before coating on the poly(ethylene terephthalate) substrate film. The
composite barrier film decreased oxygen transmission rate by 90% and water vapor transmission rate by 15% compared
to PVA barrier film.

Keywords: poly(vinyl alcohol), water barrier, cellulose nanocrystals, crosslinking, graphene oxide.
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A 2t T A7) tigk 877 ksl QAL AR} o
Hpo]29o] fAstR <8l KA FEdo]l 8= QU
Tgh X|& 7hs sk Wl thek Aol Fvek AlAIA g
ZATAI7E 7SRl wel 2183 E A QE A k. &
Hjgo] 52 71AA] B2 B8 VA 2 i A,
A8, T8, A, Mol BEPHoR aEn I
b ALY, 78, 0] ol B ofde}, 74 o)
At sk £ 545 7RI ol 54 wiiE
o A= ThgE ZEofellA wlig]o] Ee] AR e A
ERC U=

H|THd a2zt wljz]o] dgollx 7149 T WA SL2
£3)|-82F 2 (solution-diffusion model)S’ W2, I&
FHete 714 2k v S Aeth 18 A 25
Hol| thal] 71A] 22t 2efde® 2k, F2kE 71A|
A7t A W 9l F7ke g gelE & vAdE 99
ZHr -3 (free volume)E et GitshH & 5 £
22pgit}, o] wf F2k} gt g gHite= o] ¢
A P 7] v, 714 FAF e we] vhs F2
st=Alodl digh H=Ql 71A F3} Al9(gas permeability
coefficienty= &3l %= A7t A AlFe] o= Yepd
Ak 71A B Al ZE G Atele] E Aolol] s
g Faete 1A H5S ovlsh, v A (1) 2ol
vepd 4 9ok’

P [Barrer]

!

N

[F o 1o ¢ b o ¢

10710 cmgTP(Volume) -cm(thickness)

cmz(area) -s(time) - cmHg(change in pressure)

~16 mol-m

=3.35%x10
m -s-Pa

2

:3.35x10"6( I;“’l )(‘l)
m -Pa’ "8

=SxD @)

(P: permeability coefficient, S: solublity, D: diffusion

coefficient)

714 ApdE ALEAL Akee] A, EAREE ) wE At
F, AAsks, Wi, Akl ik s 71A|e] S8l =
Soll oJsll AH). dnbx oz FAo] e AR g
A IRA] A%, o AT 2L A BADHOR o
s A7t Ao} 714 Aekiel $4ste) FH 49 Y
I ES AR e R VA R B ti3AS] A
ZFEZ poly(vinylidene chloride)(PVDC),® poly(vinyl alcohol)
(PVA),” ethylene vinyl alcohol(EVOH)" 5-©] lt}. o]# gt
A SR 2 WY e EE =e HE, =

ZaH, Al454 A5%, 20213

YE e FEEo] 7A T ek Ao wixE 73
717 AY A WS e wo] A ol a4
02 Z7MA7]E tortuous effectS kst !l 714 B ==
g WE 5 2tk 2 62 PVDC ZEel e} 2+ 2D
W Tz 27t E4sESS W, < PVDC SR}
714 =7t ol o F38]7E 2 cellulose nanocrystal
(CNC)e] Ml 5543k90e v CNC7F 2efale] 24 7=
Sl 3173 (patching)=] o] 714 T 24 a7} B1S AR
the Bk Uik

o] it BEE Fashs WAUS B3 7IA|9] F
I HAUSZ FAbsi. i AP S fleliM= 71A] Ak
A3 mRPRAR & AR B A7 QA
9 7R A3 e ohEA] ol thEk 88l =r QL
AALZ 2g-3HAS HTk. PVAS] ¢ A7) 73t 4
Aol A 7 o] =g 25 Y 7 W] wE
o 71A] xpdo] frsiAINh, B 3 28] wiiEel]
ol FHekgk 548 7HAAL ok PVASE & 317/ Lt
P R o 2 B e P I = A ) e et K A=A L | B
AR TR & #AY 5, TRt &olsith & At
21578 Al gk kA 9ES sl =W, LA Ab
< 7he] #Ao] dofjur] wfiZof uigle] §Ado] wopx|A M
"oy 5 8 A% EA4E 7 IEARE
polyethylene,” polypropylene® 5°] oM, o] A$ 244
o= sl Wgde] Hojurth, s ek gk R
3l 714 AL Hrhe SRS 7R Atk S 9
TAR AR SRS B e A2 SAI7E Sk
A v ER o) HAg A
Ak Ao 7A Fee 77 FHEE de Fo2 A
T7F A=A Tt

S SR xphio] & A} flEY AR PVDCE AR
st} g FAE Bl 7IAEE flol YL Ay o
7] &l E ARgslok sl o= <ls) £ xS}l A0 oF
F XA T Hofell sl A-&st= Aol sAVE AN
o} gk A7k FEl #71ehe AR TholSAl 2
HAYA7)7] w2l 2 9 EAIE frdEtt
O PVAE =70 AL 3sh4], €4 =t
| FHoAu ZE oA 53 A=
o] lof'e Thekst Ak EolollA de] ARS
ojth, 878 ALEARI PVAE" wjg|o] HFo
BuiE g & F8S P 5 U, 34
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tho|dH3|lE AER QX irme] e 93] 7}aE Alkylated Graphene Oxides/Poly(vinyl alcohol) B-32E9] njzle] B4 785

72 Ay F5 A (random copolymer)Z, ethylene
32-38 mol%2] koA PVASL FARSH 714 2}
< 7HAIWA], PVA thH] Rk i AP S ZEIT
SIAIRE Al A7) ol o jdell SEstal lem i
2ol 1 stollA= uiiglo] 5/do] "ojx] oxds] aiat
@02 date o] wigle] SAS TArT e
7F Atk webA PVAS] 7l BRS-S Sall Eoll thek A&t
A AT sk A7 vt 2ol ISITE. AR
O 2 PVAQ 3184 7luA 2 FFEFEZ L 5 =(glutar-
aldehyde),”?? Z2]S-2H(glyoxal),” SAb €@ t]o]Aa]oh)
©]E (hexamethylene diisocyanate)* & 5-4F(boric acid)** &
o] Ak F Jlom, 53] SFEELH S| = 5L 9]
E(formaldehyde)ot 72 LHs|= AL 7hAlE F= ©]
3t} A|RE ol2gh 518k ThaAlle 5A4S 7R 3o
2]-o]okzo] wjgo] HEelA ARgsl7] o9, S o
doIth=" ©xlo] Slt}. o]2fgt SHolA, PVAS] ZA
S =X 2o thE S Eole IAE WS AR
P AR, o] 73-9- 3ol o3k E2l3 7kl Ago] PVA

AR sE Wellet] 284S WAL, 2 A 71AA 7

£ AsA F UTh weba] 2]-e]epEe] wijgle] IEo
2 ARESE A, o E 5A4E 7HAE 7hAlE A
ste] =do] flAY A2 AARISHH 7taAE AResle A
o] upgrA] sttt AU F (genipin)e] A5A 7IRAR WA =
Y= Ao, AgkE 718 =2 HGo = Qe iR
ARg-o] AlgtEth= A7 SR st 2ol Wil AEEQ
25 BEA o= 2HslA7] dialdehyde cellulose nanocrystal
(DCNC)= 737t 7hebste] &2 3184481 7hA|l = 5+
Bk 9t DONCeE 348 5292 A9 7hA
2 AFsial Hdo] 5 W o}, YW o R AMEE=
7HA Q] SFEEGH S| =R A F/do] 6-124] Sol”
o g8l AME F Utk

2 AoMs, wigle] 25029 A&-S 3l PVAol U
= dHE Sgsleie] 28 898 Alztsle] PVA 7|¥F &
o] i AAE AT ALAL STt PVAS] = Abets
< =o)7] flslix= PVA 5§ Z59] &ell=E dsfof
7] wjiZel], vrejd 23S dAslete] A4S S
2 ¥ (alkylated graphene oxide, AGO)S H# & &-8-3}
o =3 PVAS] 218291 7 vEe-5 IPAA Eoll o
g AR 71 SRih wiEA PVA 8ol A&
4 X7 AGOS} %13 7EAIQl DCNCE =3ke] &
3t 8NS AZ3 T poly(ethylene terephthalate)(PET) 7141
L5 gl AZ"ste] Gt xedo] Bete wiglo] 255 Al
ZsISleh. H5 8o Ak KA Wt Ball Ak
TH| Abole] e zhe-g FA s, - E vigle] 59
714 FHE 2 FHEE Sste] wjelo] gl
HAeS Flsisnh. 2182 £ wijgle] D52 AEE

ox Mo

o

[e]
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Alof & ME. 2 A7olX PVAE M,=66100, 73}
=79.0mol%S  AFEEIAUTE AGOE A0l AR (IMC,
www.jmcfinechem.com, Ulsan, Korea)Z %€ A&ttt}
PVA/AGO #4FH-& Triton X-100 HA4H| 2 EAbE o] =
FEIZ PVA 3 wt%, Triton X-100 0.1 wt%(ZF5= thH)),
AGO 0.1 wt%(PVA tiH]) /9] F~8N-& #|F3t] A1-8-3F
%t} Polyurethane(PUY] 8% PET 714 "E2 50 um
A 2] &2 Kolon Co.(Seoul, Korea)oll 4, cellulose nano-
crystal(CNC)2 CelluForce(Quebec, Canada)Z -] #|a2k
t}. Sodium periodate(> 99.8%)<= Sigma-Aldrich Chemical
Co.(Seoul, Korea)X}°llA], hydrochloric acid(GR reagent, 35.0-
37.0%)<= Daejung Chemicals & Matals Co., Ltd.(Korea)©ll
A1 Tl eEiTh.

Dialdehyde Cellulose Nanocrystal(DCNC)2| H|=.
CNCE %53 E4FH7](Kyungil Ultrasonic Co., Korea; 800
W, 4 s on/off pulses)E ©l-§ 7Tl 2 wt%= Ak o] &
HIE T 2 3 AbskA|e} CNCe] FA] vl&0] 2:10] H=5
2 wt% CNC £2Fel 200 mLol] 8 Q@ =4 YEF(NalO,) 8
g A7kt e e =4 YEFS] FESE HHe] 9
3 7= LR SR ARFRIAL, 45°CollA 12417
&t wRkel Aksh w35 Zeeiitt. whgo] it -, A
52 94E2]17](Gyrozen Co., Ltd., Korea)(8000 rpm, 10
olgst] SHTE W AFHEFAUTE Aozl AMES =
3 FA71E 8l oAl SRl Ak

PVA/AGO/DCNC ZEY I EEFE M= 15 g9 PVA/
AGO €99 PVA thH] 45 wt%2] DCNC7} 23 4 wt%
DCNC stock solution 5 g& H718F & 23} EAH7|E o]
£33t ¥4HAA PVA/AGO/DCNC £-4-& A Z3sk9 ) 1
F pH=3.0°] & w7} 4k SHl= 1M HCl 895 Hska,
A7k wuks Sl 7hal vhE-S Zlee & Aggoo=w
AHE-3F9ATE PVA/AGO/DCNC Z 52 A28 3 §9&
HEZ T Fo 60 °ColA 24A17F 7AZAIA A 2= ATk

HIZ & (bar coating) 38. 60°C2] SEHo|E o)A,
wire bar(No. 7)< ©]-&3ld PU/PET 7|4 ZE(50 um) 1ol
PVA/AGO/DCNC &5 5953tk I8 - 80°C &
A AAIZE B 1% & A" 7AxE 53] WSSk PVA/
AGO/DCNC =¥ ZE55 Alx33

Degree of Oxidation(D.0.) &H. 17.55 go| ¥3}slo|=
=41 ¢+ F(hydroxylamine hydrochloride)2 150 mL2] D.I.
waterell -2 ., 0.1%2] methyl orange A A 2FS 3 mL 3
7¥el3ict 89S 1 L2 #3 ¥, 0.1 M2 NaOHZ pHE 4
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786 g -

M

o

2 93 pH49] 025 M Ffelo|=E54dE s S48 Az
skt FwslE WAIsk] 918l 100 mL 42 E2k=a A
WS 4T SU=E I LS Apdet 3 025 M Fstst
ol=Zaol gy gHS 25 mL ¥, 7AXAIZ] DCNC Z&
0.1 g& H7IAATE 150 pmellA] WHAIZ|H 2A17F 304 |k
SAIATFAL REgo] v A& A4EE71(9500 rpm)=
102 g =] FdE MELS Wz 105°C L2 1A7F

17132, A58 wE Rol 0.1 M NaOH £9& o]&

SEN
ste] ThA] pH 45 2HFUTE 4H]E 0.1 M NaOH €9 9]
FUE T, AxE Ase] FAE S8 vl 4 (2)
£ %3] D.O.(degree of oxidation)®] #te 3FH T g
Agle 38 wEEle] Bage A&
C o MNaOH( Vsam le ™ Vcontrol)
Degree of oxidation = — ]\[;[W 2

A7, Myor=0.1 M, Viample=Vconro=0.1 M NaOH Sl 4]
H(mL), m=712% DCNC &2 ¥4, M,=DCNC T2|A|
(CeHs0,0),2] FA175(160.125 g/mol)o|Th.

EM EM CNC, DCNCY EZ=ZX] M3]= transmission
electron microscopy(TEM; CM200, Philips, Nederland)E 5
af #HzElom, o]t F2 Imagel software(National
Institutes of Health, Bethesda, Maryland, USA)E ©]£-3}<
b7k 158] 24 & Hapks ARk 2442 XA 3"
21 7](XRD; Rigaku DMAX 2500, Rigaku, Japan)S %3}
AT FEA Q) Ak BEE- o] % CNCe A sk= W)
£ Fat7] s A (3)E ol &3kl A7 3t (erystallinity
index, Crh& AlLtFsIATES

(ooo—Lam)

Crl(%) == —

(©)
o Wl = XRD L 2Z9] (002) ¥ =] sigsl= 24
Fte] =old gshH, [, amorphous B 2] =ol&
g},

CNC®} DCNC, PVA$} PVA/AGO/DCNC E &9 31314
Tz WHslE £249317] 918l Fourier transform infrared(FTIR)
spectroscopy(Nicolet iS5 FTIR spectrometer, Nicolet Analytical
Instruments, Madison, W1, USA)<2 attenuated total reflectance
(ATR) modeE scan resolution of 8 cm™, 32 scans =71 3}
o] 4000-700 cm™ & 275t SH =Tt TGA(thermo-
gravimetric analyzer, TG 209 F3 Tarsus, Netzsch Gerdtebau
GmbH & Co., Deutschland)= A& ¢F 10 mgS d4 24
3ol A 10°C/min?] $& £EZ 800 C7HA $eA1A =4
afo] 7 FYAS BESIsinh AlxE 9 gefe] 4k <t
48Z W71l $lall, 73A] W3} o|mIx]7} digital photography
(Galaxy Note 10, Samsung, Korea)= Z3 =0 A4
4+ 9P 4) W8l= Turbiscan optical analyzer(Formulation,

1 oX

ZaH, Al454 A5%, 20213

>
od
AN

France)& &3l S4=3Uct.
H28E H5e] FHEE Hrlelr] fls] &9 onA 7}

29 =A™, UV-visible spectrophotometer(Agilent 8453,
Agilent Technologies, USAYS F3ll 400-800 nm 37 H$o]
A FAREE SA ST ZY 259 A T (oxygen
transmission rate, OTR) 2 & %3} (water vapor trans-
mission rate, WVTR)E 4t4 £33 % A& 7](OX-TRAN,
Model 2/61, MOCON, USA)®} $& T3} = AJ&7](Permatran-
W, Model 3/61, MOCON, USA)E F3] ASTM F 1927-14
S} ASTM F 1249-13¢] Ao s 430t

DCNCe| §M £4]. CNC7| DCNCZ /12 E™ WA=
NSt stete, A7 sta wislell theh 2t S/dE41E Figure
1ol YERATE Figure 1(a)S B CNC7F & 3V E 7}

A= BE2AJES 8RIT 4 9o, DCNCE 7HdH Fol
T g RERAE RSk o= Yehth 2] FH
= 7IAA A=l 93 71 Wi, CNCe| ZEZA|7F
DCNCOM = FAE= 218 DCNC7}F 7hA] gt B3 ol
2} CNCS} YA At EA o] J8% e F IS
olmait}, CNCe] Zo] 240 nmet Z 12 nmollA, 4H3} wh&-
¥ DCNCe] Z4o]= 150 nm, -2 10 nmZ Z o]} Zo] 1

T AaEgon 53] do|7t FuAAl AUt wEk
A1 DCNC7F 232 7HFd A] CNCHEY} ©] -8k #4204
< T F IS AoF G4 4 k. CNC7F DCNCE
o] RRA0l 3} gL FHon o= 38HE = W
sl= Figure 1(b)ell 318t 9hg-21 02 YRt it CNCe] 2
T30 2k =2 (glucopyranose) C,-C; Agte] A=™ |7}
=]z 29, 39 fIx]19] gl zhzh G|s| =77} A
o] to|gus| =7} =€t wWebA Figure 1(c)llX] DCNC
o] FTIR 2FEHS CNC| A9} v|ws| 2™ 1733 cm’
ARelM L3l =719] =00 sFsle Tart AAEIL
W, 775 ecm! f1A]A|A LHls|=7]9] C-H7] T =] Al7]|7t
Z71 A& B 5 ok =3 AR Y =r]E vk
o] Hou} &n|obr| e (hemiacetal) 2] A 3o] WE=A Lout
7] W&ol 887 cmlelA O-C-O0 A3}l aidsl= w37 &
71t AL 1 4 Yt o5 T, ONC/F FEHo=
sksle]o] tholdH|s|=7F =y DCNCE 71d € AL g
o1gt 4= 22Ut} Figure 1(a)ellA] TEM o)W S Saf H}e}sh
REEZAZ DCNC7F CNCAHE 71A1A A= so5e 4
S| GEE I AT F A ASE o SIAAIRE, 7]
AR Zizel ik JS Hop s ddshr] fsiMe
AR T2} 2784 gRlsfioF gt Figure 1(d)°llA] CNC
o] XRD &S HH 22.6%14 27122 (002) T)=27t AL,
152014 16.8° Aol &) ZHe- (110) =7} BEE =t o=
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OH
$ o 3 o/ 4
4 5 o OH -
HO. 1 4 5
3 ho Z 6 ©
'OH
OH
NalO, M
 — OH o
P s
45°C/12h {0 D)A/ &
b4

'OH
“Dialdehyde”
(c)
- C-H of aldehyde
5 :
c
8 ,
S Hemiacetal
o
[
3
o CNC

4000 3500 3000 2500 2000 1500 1000
Wavenumber (cm)

@

DCNC

Intensity (a.u.)

CNC

10 20 30 40

Figure 1. Characterization of CNC and DCNC: (a) TEM images;
(b) oxidation reaction scheme of CNC to DCNC; (c) FTIR spectra;
(d) XRD patterns of CNC and DCNC.

HPA<1 **‘EiQ_/\ 1@79 s =0t} ¥ DCNCS] WAXD o)
HS HH I3 9% W) glo] 7739 Aﬂﬂﬂ dEas iy
|Z Segal ¥ (peak helght ratio] )& o838l AAsl=E Al
e 75%A ™ CNCe] A 3H=7} DCNCe] 73% 57%E
st 21S & 4 stk ole 4748499 A= DCNCE
s} =9} v 15}\11 3 o] 2kl Al 98] CNCel &
Favehes yE7F A AR G99 w7t dojub]
wjFolt}t. A2k DCNCS] Al 3 43l HaS

¢

\I)tO
Ol

r> d
l->

oh OH
OH 0
0
0 0
OH 0

OH

HCI

(b)

C-H of aldehyde .

c-0-C
PVA/AGO/DCNC

O-H C-H C-O-H
stretching stretching In plane bend

Absorbance (a.u.)

4000 3500 3000 2500 2000 1500 1000
Wavenumber (cm)

3bbNdhbbha®
(uwy,) ybram aaneaniaq

100 200 300 400 500 600 700 800
Temperature (°C)
Figure 2. (a) Scheme of acetal crosslinking reaction of PVA and
DCNC; (b) FTIR spectra of PVA and PVA/AGO/DCNC blend

films; (c) TGA/DTG curves of PVA, PVA/AGO, and PVA/AGO/
DCNC blend films.

D.O. &2 05901, sllg A& AAd0] HaskA|vr ¢
3] ARKIARE %2 WAXD wiele] Ao}l FaAdo] Ux|ghc),

PVA/AGO/DCNC =% =&l SM 24, Figure 2(a)°]
PVAS} DCNC Atele] 7kl whgof gt vkg-21e YepRiTh
HCle] vl zhg-35lo] PVAL] $=2F7]12} DCNCe] ddls]=
7re] slshd Aol FAd=H, -C-0-C-2] oHZ AT (ether
linkage)o] AJ”JET}. ©]= Figure 2(b)2] FTIR 2~HEH9] 3
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788

= HskE 1 4= lvk. PVASH PVA/AGO/DCNC 259
FEEAE sHekA A9 2lel= PVAS] -OH &5 ¥4 Al

7] 7h2es} oEH = ﬁf{}( C-0-C-) A& s a7t A= &
B ]u Zolt}. O-H 415 %5 3=(3300 em™)E 7|5 =2
Z 3L PVAS} PVA/AGO/DCNCOIA 33 939 Eo]9}
Dd@% H) w8138 o, PVA/AGO/DCNC?] 7-$- PVA thH]
O-H TF9] Zol= 47%, HAL 50% 7Hisle] 2]=9] A7)
7F H4ss19i) ol PVAS] A7t 7t AfRES Fdshs
Y 22597 mﬂ%o]uq’ T35 U= P2 AGO, DCNCE]

7.

Fagel B1eS vidth teby B3 4s85
£ A A1 7 SR T, o) 25
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Figure 3. (a) Change in dispersion stability of PVA/AGO/DCNC
solutions with various contents of DCNC compared to PVA content
(weight ratio) after ultra-sonication treatment; (b) turbiscan data of
PVA/AGO and PVA/AGO/DCNC solution; (c) difference in dis-
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to PVA (wi%) 0 5 10 15 20 25 30 35 40 45 50
Solubility (wt%) 99.0 84.6 81.2 759 98.1 40.6 30.4 28.8 21.5 12.8 349
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Figure 4. UV-vis spectra and optical images of PVA/AGO, PVA/
AGO/CNC and PVA/AGO/DCNC coating film.
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Table 2. OTR and WVTR of PET Substrate, PVA, and PVA Composite Films
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Figure 5. Schematic diagram of interaction between PVA chain and AGO, DCNC such as crosslinking and hydrogen bonding.
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