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Abstract: Graphene oxide-g-poly(g-caprolactone) (GO-g-PCL) with various graft yields was synthesized by grafting
PCL diol on acyl derivative of GO and used as a filler to enhance the toughness of poly(vinyl chloride) (PVC). PVC/
GO-g-PCL composite films were prepared by mixing GO-g-PCL of different graft yields with PVC at a constant content
or by mixing GO-g-PCL of a constant graft yield with PVC at different contents. Then changes in physical properties
including toughness of the composite films and the interactions between PVC and GO-g-PCL were analyzed. GO-g-PCL
was more effective in enhancing toughness of PVC than GO, and the toughness improved more as increasing the graft
yield of GO-g-PCL. When GO-g(6.4%)-PCL was used, the toughness improvement effect was greatest when the content
was 0.3 wt%, and when it was 0.5 wt% or more, the toughness of the composite decreased. GO-g-PCL improves the
toughness of PVC by loosening the PVC molecular chain, but when the content exceeds a certain level, the toughness
decreases because they aggregate together. Even when GO-g-PCL and bis(2-ethylhexyl) phthalate plasticizer were used
together, the effect of improving PVC toughness by the addition of GO-g-PCL was maintained.
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Figure 1. (A) FTIR spectra; (B) Raman spectra; (C) X-ray diffrac-
tion patterns; (D) TGA curves of (a) GO; (b) GO-g(6.4%)-PCL.
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Figure 2. Tensile stress-strain curves of PVC composite s-films: (a)
neat PVC; (b) PVC/0.3 wt% GO; (c) PVC/0.3 wt% GO-g(6.4%)-
PCL.
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Figure 6. FTIR spectra of PVC/GO-g(6.4%)-PCL composite s-
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2(6.4%)-PCL s-films. GO-g(6.4%)-PCL content (wt%): (a) 0.3; (b)
0.5; (c) 2. Magnification: left x500, right x10000. Scale bar: left
20 um, right 1 pm.

st FARES =8| ate] H3A1] Q1] Y 2
7t ARt RS AlERIE 5 ik ey 1 o] ek
MM GO-g(6.4%)-PCLZF PVCe] A5 2o &3 a1
The GO-g(6.4%)-PCL7|E] 9] 75 2h8-el o3 3ol 57t
3o we} PVC M EY 2 oA ] BEabdo] £x] &A &
3L, YRERE 7RIA = $8o] Bwtdsh £ 3 Ay
o2 Seh$Es) sfilmr oo FojEe] AspHo
2 AAo] st & 4 et

39, PVCOl GO-g-PCLS &§slo] 23t
GO-g-PCLe| F3ol| oJs 5 A5 £H
o= ogEn, o]t FAHEAY L EAE A
Ng2 71AIE A Add) PVC s-Z2E
g-PCL 534 s-dFe] TAHEAS Yolrr] 9
ol E3 H]=A A2l diiodomethanedl] 3t HE22FS =4
3121t} Figure 95 GO-g(6.4%)-PCL kol w2 234 s
IEE°] "7 WstE vehd Zojth o]& BH GO-
8(6.4%)-PCL 3Fgo] Z71gtel weh &l ot HF22 A
Al s 483 k2, Wl E diiodomethanedl] €17
712 37 SrrsitE 9A 9 s whe fAlEA ol
GO-g(6.4%)-PCL Frgo] Wobdel wiet 5504 5 %39
A2 S7FSIAL AdS sk, 0.5 wive oo &
A T o] Wt fleS UERith el #571E 2
F8h= GO-g-PCLE| o] WolkA™ 2 ¢l H]E|ste] A&
o] 2=Ado] AA ok gt - H GO-g-PCL 0.5 wt% ©]7

2
it
2
B
i)
e

&
ofo L
o
e, 1

Ee:) _L\N_,
-]
<
Q

Zay, Al4548 A15, 20213

80
701
3 (a) °
5
o 60 T
=,
]
éﬂ 50 4+
o
k3]
g (b) _—
5]
]
20 + + + b
0.0 05 1.0 1.5 20

GO-g(6.4%)-PCL content (wt%)

Figure 9. Water contact angles of PVC/GO-g(6.4%)-PCL compos-
ite s-films with various GO-g(6.4%)-PCL contents. Wetting liquid:
(a) water; (b) diiodomethane.

60

E 50 ®) o

% ®)

T 401 O—0 0

&

L

5 30¢

£

o 20 +

(&3

€ (c)

rg ]0;‘/3/&__,: T — Ay
0+ + + + +

0.0 0.5 1.0 1.5 2.0

GO-g(6.4%)-PCL content (wt%)

Figure 10. Changes in surface free energies of PVC/GO-g(6.4%)-
PCL composite s-films according to the GO-g(6.4%,)-PCL content.
(a) surface free energy (,); (b) dispersive component of surface free
energy (v%); (c) polar component of free surface energy (y").

oA z1gAd0] T ol FUelA| = A o5 HeEol
EHo| #YsHA EAIsks Zlo] ofveke RS omgitt. &,
QoA A3k uhe} 7ro] GO-g(6.4%)-PCL Tl 0.5 wi%
oo =W A|E7E R Ee el et dE &
HojlA] 1 o] w3 STk ethe 28 7zt
a2 Bk ef 22 A Al ojA Fas BHE
92 EHAFAGA ()= 5L 4 2425 AL
g AhB &3} diiodomethane®] 2714 AAof 3t HE=2+
=4 A2 HE 53 5 AEEe] ZAAFIUA Y] &
AR (v O FARE (S AL Figure 109 LERAS]
t}. o]2 ®¥™ PVCYl| GO-g(6.4%)-PCLS E5t3PH A &
HAFAUA = GO-g(6.4%)-PCL grfo] WHsiH et A<

S

N



Ak aeid-g-Ee] (e7hERERE) A1 2l E2idshlde] ¢

Wsh7h gtk v Aol o] A3 2k
THE 0.5 wt% o]’3e] FHgellre Ao, S448%
S7Fslc7E dAsiATt. o]7to] AU A
At F8E TP T 03~0.5 wt% FETE I
We Uehle @49 eolld fe o 7 A -
st o] A= e odelM EstEE Zlo] MR A
£ Ao= Azte

PVCE EARE71E 24k 378 dsargel ofs wig +
=5 Fsta Aok o]y PVCY] GO-g-PCLE E33td
PVCS} GO-g-PCL Afololl =443 529 BAF Jazkgo]
gdgol wet PvC mjg 727t X EEAel A 9
Hrdite] Hadte e R & 4 Qlth B3 PVCSE GO-
g-PCLe] AR 32kl os) FA-fellvA1¢] 54743
o Sk Aoz wdE) Eba] GO-g-PCLe] &3t
o &l PVC £ &S] Mg 27} AR AL TR A
27} BdE o] PVC EAAES] 8543 Fradol 7144
A AEES] sles Z7MTe ZoE Azt o
23k EAARETE AR gt w2 gbel] SJa] E3HA)
Alge] HgY At dojgd e AUAIT, GO-g-PCLE
B2 GOl #& =9} PVCete] AaA% 9 A=A
2t 35 AE o del HrE ael ofal E3A ] sk
go] 23]8 o7k S 2o F wdEr)

ARH o2 o]yt kg Tl wo] FA] STl 9
al GO-g(6.4%)-PCLS 0.3 wt% Egsle] A %3+ PVC Egt
A FE<] Q1Ko =% PVCel s Z7tsHAl # el

7IaM| HI17F GO-g-PCLO| 2|8t PVC Q14 &kdof O]
e g&. PVCe E7EdS 7HAAL JARE Sf-e] wegt
AR Q8| AFLRE §-&3l7] falixe APdshe FFelA
7FeA| ARgo] HgH o)t ol#f gt 7kaAle] H7bE PVCe]
7IAA 2Rl e F71 "ol 7k H7PF GO-g-PCL
o] Q13 R} el o FFE F=A A o
7heAlE AR A d AR EE RS TheAIQ
DEHPE AH&-8I51T.

Figure 11 7}2:4] DEHPZ 0, 20, 40 phr F7}sle] 4§
9ol o8 M=% PVC m-ZE5 ¥ PVC/0.3 wt% GO-
2(6.4%)-PCL 53 m-2F2] w85, vl 3 Q14
HsE vebd Zeoltt. ghelld ARggE BE AEES 89 &
o g AzA T, 712419 DEHPE J71eb7] f1siA
= 89 SIS AREs] Zdete] &8 ERHORE IF
& AZSITE PVCel 7kaAlE ek shae 2 2ha
slal S =E Z7Fsk Figure 11(A)14= DEHPE 3
7kt & PVC m-359] 3-8 24313t PVC/GO-
8(6.4%)-PCL EA 2] 7%l = 712241 DEHPE 712 3
7ksbd shehg-glo] ZHassigith. 28t PVCell DEHPRE 3
7¥eE 73R ot e ] g E S vERfo] 7k
A A7l o3 A AskE 7 JAlsks &7 AT

ol
o

flo

2R A

q 47
60
A 1 DEHP 0 phr
= 50t (A) DEHP 20 phr
o B DEHP 40 phr
2 401
=
£xr NS \
5 \ \
S 20 \ \
177} Nkl
= \ \
@ 10t \I \
. N AN
(a) (b)
25
{B) [ DEHFPF 0 phr
204 [ZZZ DEHP 20 phr

I DEHP 40 phr

Strain-at-break (mm/mm)

= AN
DN

0.0
(b)
50
(©) [ DEHP 0 phr
40 EZZ] DEHP 20 phr
B DEHP 40 phr
30 +

Toughness (MJz’m")

(a)

Figure 11. (A) Stress-at-break; (B) strain-at-break; (C) toughness of
(a) neat PVC; (b) PVC/0.3 wt% GO-g(6.4%)-PCL composite m-
film containing various plasticizer (DEHP) contents.

Figure 11(B)& 7}4&4] DEHPE %713 PVC m-Z & ¥
PVC/0.3 W% GO-g(6.4%)-PCL 53] m-Z52] iz
H3lE Vbl Aot} 7144 DEHP 37t &3l ¢js) st
A w7} 27484 RE, PVC/GO-g-PCL B84 ¢] 79 pvCel
DEHPRF 7t 749-He) &4 & sl =g Jepliich
Figure 11(C)& 7}2:#] DEHPE 3713 PVC m-Z& ¥
PVC/GO-g(6.4%)-PCL E53A m-BE<2] 4 ®¥slE Jerd
Zo]t}, PVCOl 7144l DEHP 78 #H7lslde= QAo] 5
7}k % PVC/GO-g-PCL E3H|o DEHPS 37} F7)shd
PVCel 7haATE 371k A5-Hot Q1ge] 84 A S7tst

Polym. Korea, Vol. 45, No. 1, 2021



Aom, PVCa HlE) ¢1Ao] 30.1~32.5% S713F T} ol&
A w3l uel 74o] GO-g-PCLo] &322 PVCe}t A
F2g3le] PVC MY 25 33l A 54
A Fo2H BAFZRE H =85 s7] wlitolt),

24 =

= —

GO= %‘@V‘ FEASslaL o 7)o A}l 1250 g/mol
¢l PCL H&5 ZHZRAIA 2] 7K ZHZESS 2=
GO-g-PCL& W*—c& 3, o] pvCel EAZ PVC/GO-g-
PCL 53 HEES AR o5 A4S 33 714
A 243 7e BAES BM5 v B2 HEES
Atk

GO & IZPZE L] THE GO—g—PCL% oA T
(0.3 wt%)C. 2 PVCo| EFA7|& 7%, GORTF GO-g-PCL
= ARERE 5319 Q1o B FEE FY TEelE s
GO-g—PCL"/] Y ZTESO] F4E o s} a3} AR

T ZEL] 6.4%E L3 GO-g(6.4%)-PCLS =
ALEERE 739, S 0.3 wi%ed ® Hoi oA s aa) o
B 0.5 wi% oo R =W 935]8 1o THaske A%
S YepdTh gake] 03 wi%s! - PVCSH GO-g-PCL A
°l°ﬂ S Ag o] A EAst] g} AT B

S7hete] 14 o] wig- =A FdEh v kel
0.5 wit% ©]’do2 A E3A] WA GO-g-PCL #AE©]
ME GHEe] EAdo] VhiER] 7] wZel] sftEel skl
_‘.:_7} A YaNe }oq /Ho] 7L/\s]-q_ EE]—E]—H GO-g(6 4ty) PCL 3} )

FS 0.3 wi%= 3= Zo| 1A -t 71 a3}7 o)t}

GO-g-PCL,Jr 71221 DEHPE 94| ARE-SHE 2t GO-g-
PCLE 37F8IA] 92 73920 GO-g-PCLE 371e df <l
Aol f AL A AAH o2 Euf GO-g-PCLS PVC
A P YR AT 5 S FoE JgiETh

M=

2028

1. Wypych, G. PVC Degradation and Stabilization, ChemTec
Publishing: Toronto, Canada, 2015; pp 1-2.

2. Matthews, G. The Institute of Materials, in PVC: Production,
Properties and Uses; CRC Press: London, UK, 1997; pp 87-88.

3. Wang, G; Wang, L.; Zu, M.; Chang. Z. Reinforcement and
Toughening of Poly(vinyl chloride) with Poly(caprolactone)
Grafted Carbon Nanotubes. Compos. Part A 2009, 40, 1476-
1481.

4. Wang, G; Qu, Z.; Liu, L.; Shi, Q.; Guo, J. Study of SMA Graft
Modified MWNT/PVC Composite Materials. Mater: Sci. Eng. A
2008, 472, 136-139.

5. Zhu, A.; Cai, A.; Zhou, W.; Shi, Z. Effect of Flexibility of
Grafted Polymer on the Morphology and Property of Nanosilica/
PVC Composites. Appl. Surf. Sci. 2008, 254, 3745-3752.

Zay, Al4548 A15, 20213

6.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

Chen, C.-H.; Li, H.-C.; Teng, C.-C.; Yang, C.-H. Fusion,
Electrical Conductivity, Thermal, and Mechanical Properties of
Rigid Poly(vinyl chloride) (PVC)/Carbon Black (CB) Composites.
J. Appl. Polym. Sci. 2006, 99, 2167-2173.

. Tian, M.; Chen, G.; Guo, S. Effect of High-Energy Vibromilling

on Interfacial Interaction and Mechanical Properties of PVC/
Nano-CaCO; Composites. Macromol. Mater. Eng. 2005, 290,
927-932.

. Wang, D.; Parlow, D.; Yao, Q.; Wilkie, C. A. Melt Blending

Preparation of PVC-sodium Clay Nanocomposites. J. Vinyl Add.
Technol. 2002, 8, 139-150.

. Gongalves, G.; Marques, P. A. A. P.; Barros-Timmons, A.; Bdkin,

L.; Singh, M. K.; Emami, N.; Gracio, J. Graphene Oxide Modified
with PMMA via ATRP as a Reinforcement Filler. J. Mater:
Chem. 2010, 20, 9927-9934.

Yuan, M.; Chen, Y.; Yuan, M.; Li, H.; Xia, X.; Xiong, C.
Functionalization of Graphene Oxide with Low Molecular
Weight Poly(Lactic Acid). Polymers 2018, 10, 177.

Chiu, F.; Min, K. Miscibility, Morphology and Tensile Properties
of Vinyl Chloride Polymer and Poly(e-caprolactone) Blends.
Polym. Int. 2000, 49, 223-234.

Kalouskova, R.; Fartakova, H.; Malinova, L.; Brozek, J. A New
Strategy for Plasticizing and Stabilization of PVC Mixtures. J.
Appl. Polym. Sci. 2014, 131, 41066,

Oh, P; Lee, H. M.; Kim, Y. H. Synthesis and Characterization of
Graphen Oxide-g-poly(e-caprolactone). Polym. Korea 2020, 44,
641-651.

Talyzin, A. V.; Mercier, G; Klechikov, A.; Hedenstrom, M.;
Johnels, D.; Wei, D.; Cotton, D.; Opitz, A.; Moons, E. Brodie vs
Hummers Graphite Oxides for Preparation of Multi-layered
Materials. Carbon 2017, 115, 430-440.

Hontoria-Lucas, C.; Lopez-Peinado, A. J.; Lopez-Gonzalez, J. de
D.; Rojas-Cervantes, M. L.; Martin-Aranda, R. M. Study of
Oxygen-containing Groups in a Series of Graphite Oxides:
Physical and Chemical Characterization. Carbon, 1995, 33,
1585-1592.

Si, Y.; Samulski, E. T. Synthesis of Water Soluble Graphene.
Nano Lett. 2008, 8, 1679-1682.

Stankovich, S.; Dikin, D. A.; Piner, R. D.; Kohlhaas, K. A.;
Kleinhammes, A.; Jia, Y.; Wu, Y.; Nguyen, S. T.; Ruoff, R. S.
Synthesis of Graphene-based Nanosheets via Chemical
Reduction of Exfoliated Graphite Oxide. Carbon 2007, 45, 1558-
1565.

Roghani-Mamagqani, H. Surface-initiated ATRP of Styrene from
Epoxy Groups of Graphene Nanolayers: Twofold Polystyrene
Chains and Various Graft Densities. RSC Adv. 2015, 5, 53357-
53368.

Wang, D.; Wilkie, C. A. Preparation of PVC-clay Nanocomposites
by Solution Blending. J. Vinyl Add. Technol. 2002, 8, 238-245.
Guo, Y.; He, S.; Yang, K.; Xue, Y.; Zuo, X.; Yu, Y.; Liu, Y,
Chang, C.; Rafailovich, M. H. Enhancing the Mechanical
Properties of Biodegradable Polymer Blends Using Tubular
Nanoparticle Stitching of the Interfaces. ACS Appl. Mater. Interf.
2016, 8, 17565-17573.



21.

22.

23.

24.

Ak aea-g-Ee] (e7ERERE) A7l o3 Zeidshde] oY

Cheng, H. K. F.; Sahoo, N. G; Tan, Y. P,; Pan, Y.; Bao, H.; Li,
L.; Chan, S. H.; Zhao, J. Poly(vinyl alcohol) Nanocomposites
Filled with Poly(vinyl alcohol)-Grafted Graphene Oxide. ACS
Appl. Mater. Interf. 2012, 4, 2387-2394.

Hezma, A. M.; Elashmawi, I. S.; Rajeh, A.; Kamal, M. Change
Spectroscopic, Thermal and Mechanical Studies of PU/PVC
Blends. Phys. B: Condens. Matter 2016, 495, 4-10.

Ramesh, S.; Leen, K. H.; Kumutha, K.; Arof, A. K. FTIR Studies
of PVC/PMMA Blend Based Polymer Electrolytes. Spectrochim.
Acta A 2007, 66, 1237-1242.

Altenhofen da Silva, M.; Adeodato Vieira, M. G; Gomes

o

P 49

O

Magumoto, A. C.; Beppu, M. M. Polyvinylchloride (PVC) and
Natural Rubber Films Plasticized with a Natural Polymeric
Plasticizer Obtained Through Polyesterification of Rice Fatty
Acid. Polym. Test. 2011, 30, 478-484.

25. Lindstrom, A.; Hakkarainen, M. Miscibility and Surface
Segregation in PVC/Polyester Blends—The Influence of Chain
Architecture and Composition. J. Polym. Sci. Part B: Polym.
Phys. 2007, 45, 1552-1563.

Polym. Korea, Vol. 45, No. 1, 2021



