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Abstract Because of the global pollution caused by plastic disposal, demand for eco-friendly transformation in the
packaging industry is increased. As part of that, the utilization of polylactic acid (PLA) as a food packaging material is
increased. However, it is necessary to improve the crystallinity of PLA by adding nucleating agents or to improve the
modulus by adding fillers because of the excessive brittleness of the PLA matrix. Thus, the cellulose nanofiber (CNF)
was fabricated and dried to obtain a powder form and applied to the CNF/PLA nanocomposite. The effect of CNF on
the morphological, thermal, rheological, and dynamic mechanical properties of the composite was analyzed. We can con-
firm the impregnated CNF particle in the PLA matrix through the field emission scanning electron microscope (FE-
SEM). Differential scanning calorimetry (DSC) analysis showed that the crystallinity of not annealed CNF/PLA nano-
composite was increased approximately 2 and 4 times in the Ist and 2nd cycle, respectively, with the shift to lower tem-
perature of cold crystallization temperature (T, ) in the 2nd cycle. Moreover, the crystallinity of annealed CNF/PLA
nanocomposite increased by 13.4%, and shifted T, was confirmed.
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Fig. 1. SEM image of CNF (a) FDCNF, (b) ODCNEF, and (c¢) X-
ray diffraction spectra of C6288, FDCNF, and ODCNF.
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Fig. 2. SEM image of specimen (a) PLA, (b) FDCNF/PLA, (c)
ODCNF/PLA, and (d) Impregnated ODCNF in PLA matrix.
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Fig. 3. DSC curves of PLA and ODCNF/PLA nanocomposite
at (a) Ist cycle, (b) 2nd cycle and DSC curves of annealed
PLA and CNF/PLA nanocomposite at (¢) 1st cycle, and (d)
2nd cycle.

= Fig. 39 JeiSITh Fig 3@@)2 (b)E £ ODCNF/
PLA AlHoA 7 71 F7] BF ¥zF 34 F 110°C +
ZollA s dojubs S & AT 58] T W
A 7HE F71604 71 g 5 9EAAS 22U o W
25 AR dIARN RAoR YeHth o HUHE
ODCNF2] 4] a3z Qg 2oz e, L3 Fig.
3(c)2] 718 ¥zt 2 AEE A A WA 7k 7000
Al ODCNF7} 71 739 88 gy gho] S7kd Ao
2 vetEn o] H7FE ODCNFZE ¢la] T3] e A
Holl vlsf 7FE W7t FFolx] AR dgo] U A=A
7] wjFolct, T3k 7FE W7zt AHE AXA %2 AlH
XA Fig. 3(d)°lA ODCNF7F 71 AlHe] 734
WAARs Lwrt ve ex® gAZ Ao 2XE ODCNF
o] 3 AA BHE ] F ERIE = USlTh
ODCNF9] & A4 a3E o AAsHA Blastr] <18l
7+ NHEY WA} % (T,), 243 dg9 H,),
4§ dgy H,), 23 (X)E Table 19 YeRH AT
olF Fall 7FE WS AXA k& AlHe] 45 ODCNF
A7F=2 el Agshert A WAl 9 7 A tE 571 7
7k 2068, 4.0080 S7ek Zlow AQlsielnt. B 7hE
W7ks B o AIZE 5 AAskE frest s A
A 7t F7]90A PLAS ARSIt 41.9%%0 wHd
ODCNE/PLA &A1 7% 475%F 13.4%%] H&= 4

Aslert T7Ke S & ATk

olE T HWH F ume] AE FFoz dojxl
ODCNF= A A A&x]o] T2 AEAte] X x]
= A0SR yeE ¥, DSColA Hole A WA ey F
WA 71E 7] 9@ ] ool tist ZE A @

A 7154S B3k ol PLA A2 F40IA 1-5um =2
719] tale7b F71AR ARREE 99} HlwES w SA}



Vol. 29, No. 1 (2023) WM a2 B NS 22510 LY SN A1g 4 55
Table 1. Detailed DSC analysis on each sample
Sample T.. (°C) H. (J/g) H,, (J/g) X, (%)
PLA I 105.9 31.1 35.8 5.0
ODCNF/PLA 1% 105.0 26.6 36.1 10.3
Neat
PLA 2% 118.3 36.3 40.6 46
ODCNF/PLA 2™ 109.3 243 41.7 18.8
PLA I - - 39.2 41.9
ODCNF/PLA 1% - - 44.0 475
Annealed
PLA 2% 126.3 31.6 36.5 52
ODCNF/PLA 2™ 116.6 326 38.7 6.6
S mh 22 =17]9] sjAle] 38 ODCNFZ} 33 & AT, o5 F3l H7hE ODCNF/F PLAS| Sl
= Z02 Hola FIYAE ARNAE 771 AAZ A FHolx E WAL I WAATIATE, 2137 A=A
g s Aoz ZEg, o] Aghs FY3= Ae ¢ T UAUTH
F712 o2 A7 ODCNF7} AHe] & eyl njx]
B 9EE Yoty 5t RS A Fig 3. fpbisA EN
4(a)2] EFHEANS B3l Aoz E Aol "o 7FE ODCNF 9A7F 34 73l v 92 Hrtst
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PLA A thy] F7152 AS2929 4 B2 motd ATt 1,641 PasolA 2,205 Pas® °F 34.4% =713+ A
< SISkt ©l& PLA &4k A& ONF 7be] szt
23}, CNF 47k ggez Qlste] M=yt st 3oz
(a) 100 — - E(P)IB‘::NFIPLA FAETH?), =3 v)FE FA1Q PLAS] e kel AFo
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Fig. 4. (a) TGA and (b) DTG curves of PLA and ODCNF/PLA
nanocomposite.

Shear rate (rad/s)

Fig. 5. Rheological property of PLA and ODCNF/PLA nano-
composite.
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Fig. 6. (a) Storage modulus ratio of PLA and ODCNF/PLA
nanocomposite obtained by 3-point bending test on injection
molded specimens. (b) An enlarged view in the temperature
range of 30 to 75°C, and (c) Above T, (58°C).

Fig. 7. Photographs of (a) PLA and (b) ODCNF/PLA nano-
composite film after hot pressing on each injection molded
specimen.

oleldt A7 ANE TAE VE Tt s 94 BF
o AeT 5 U TS AIs] Sla) $HHoR ¢
2, AES 59 %

. Fig. 7914 &R1e 5 gl%o] PLAS}

o (0] -
0 =

o] AFolMe= 2 #2715 E3l
NS PLAC A-EA171=Hl o] vg
Hol] T4 X Wo] ofd oF A

A% ODCNFE A|zsluth. 74x%
g AEEA ZEXR] PLAY HEAIA
oA BASh= M-S H o2 AEANS H
02 AJHo] grEoF Tt A2 Al tiste] XaE

CNF

i

oo Mool Rorx

F

oN

BN o
i >
Ol-m 1;‘0{[
LS

5 q; o

o

Ol
b lob

H
o
et
Kl
2
okl of

o

2
T

EY 2 Yo g0 e RS A T3 A}
FA19 A 2444 ODCNF7} PLAY ALEULS of 2
sl A5 @ 243} et dIARE AL st
Aok 2o ¥zt AelA Aol APEE AL Tl A
Al AL Tl AT A, 218 A=A o

g & Qe o= AL FHH R FHEA
715 53l #7I¥ ODCNF7} PLAS] HEE
TWZIA] kot 71 T4 Ze 2= HE =5
IRISAL, ol A AHS FeMe & o}
54 Hed EAolME H7FE ODCNF g#ke] g a3}
o} g AAeg A8 Feldat aFAdelA A
2 EMdgo] ulgo] PLAY H|3 =4 A== A

= '7}):_—5‘]_

>

o H

ZAe =

o] 7= 202295 AT B AR ER
2] A (KEIT) 4] Aol o5k AA5-9)(RS-2022-00156142).
o] =R AT SFANATARI ] A Pg whof
F3E A7 (2020R1C1C1012581).

References

1. Verma, R., Vinoda, K., Papireddy, M. and Gowda, A. 2016.
Toxic pollutants from plastic waste-a review. Procedia
Environmental Sciences, 35: 701-708.

2. Yang, K. K., Wang, X.L. and Wang, Y.-Z., 2007, Progress in



Vol. 29, No. 1 (2023)

LieMERon

HI

nanocomposite of biodegradable polymer. Journal of Industrial
and Engineering Chemistry, 13(4): 485-500.

. Guo, X,, Yao, Y., Zhao, H., Chi, C., Zeng, F., Qian, F., Liu,

Z., Huo, L. and Lv, Y. 2021. Environmental impacts of
functional fillers in polylactide (PLA)-based bottles using life
cycle assessment methodology. Science of The Total

Environment, 788: 147852.

. Cheng, S., Lau, K.-t., Liu, T., Zhao, Y., Lam, P.-M. and Yin,

Y. 2009. Mechanical and thermal properties of chicken
feather fiber/PLA green composites. Composites Part B:
Engineering, 40(7): 650-654.

. Maliekkal, V., Maduskar, S., Saxon, D. J., Nasiri, M.,

Reineke, T. M., Neurock, M. and Dauenhauer, P. 2018.
Activation of cellulose via cooperative hydroxyl-catalyzed
transglycosylation of glycosidic bonds. ACS Catalysis, 9(3):
1943-1955.

. Sharma, A., Thakur, M., Bhattacharya, M., Mandal, T. and

Goswami, S. 2019. Commercial application of cellulose nano-
composites-A review. Biotechnology Reports, 21: €00316.

. Lavoine, N., Desloges, 1., Dufresne, A. and Bras, J. 2012.

Microfibrillated cellulose-Its barrier properties and applications
in cellulosic materials: A review. Carbohydrate polymers, 90
(2): 735-764.

. Kim, C. H., Youn, H. J. and Lee, H. L. 2015. Preparation of

cross-linked cellulose nanofibril aerogel with water absorbency
and shape recovery. Cellulose, 22: 3715-3724.

. Ju, S, Lee, A., Shin, Y., Jang, H., Yi, J.-W., Oh, Y., Jo, N.-J.

and Park, T., 2023. Preventing the Collapse Behavior of
Polyurethane Foams with the Addition of Cellulose Nanofiber.
Polymers, 15(6): 1499.

. Keshtkar, M., Nofar, M., Park, C. B. and Carreau, P. 2014.

Extruded PLA/clay nanocomposite foams blown with

supercritical CO,. Polymer, 55(16): 4077-4090.

. Mathew, A. P., Oksman, K. and Sain, M. 2005. Mechanical

properties of biodegradable composites from poly lactic acid
(PLA) and microcrystalline cellulose (MCC). Journal of
applied polymer science, 97(5), 2014-2025.

. Huang, R., Zhu, X., Tu, H. and Wan, A. 2014. The

crystallization behavior of porous poly (lactic acid) prepared

ERdiEe,

T

13.

14.

15.

16.

17.

18.

19.

20.

225 L SR KIS 017

57

by modified solvent casting/particulate leaching technique for
potential use of tissue engineering scaffold. Materials letters,
136: 126-129.

Jonoobi, M., Harun, J., Mathew, A. P. and Oksman, K.
2010. Mechanical properties of cellulose nanofiber (CNF)
reinforced polylactic acid (PLA) prepared by twin screw
extrusion. Composites Science and Technology, 70(12):
1742-1747.

Mathew, A. P, Chakraborty, A., Oksman, K. and Sain, M.
2006. The structure and mechanical properties of cellulose
nanocomposites prepared by twin screw extrusion. ACS
Publications.

Sumigin, D., Tarasova, E., Krumme, A. and Viikna, A. 2012.
Influence of cellulose content on thermal properties of poly
(lactic) acid/cellulose and low-density polyethylene/cellulose
composites. Proceedings of the Estonian Academy of Sciences,
61(3): 237-244.

Dai, J. X, Yang, Q., and Liu, B. J. 2013. In Crystallization
behavior of PLA/PEG/nucleating agent blends, Advanced
Materials Research, Trans Tech Publ. pp 578-581.

Lee, J. H, Park, S. H. and Kim, S. H., Preparation of
cellulose nanowhiskers and their reinforcing effect in
polylactide. Macromolecular Research, 21: 1218-1225.
Manshor, M., Anuar, H., Aimi, M. N., Fitrie, M. A., Nazri,
W. W.,, Sapuan, S., El-Shekeil, Y. and Wahit, M. 2014.
Mechanical, thermal and morphological properties of durian
skin fibre reinforced PLA biocomposites. Materials &
Design, 59: 279-286.

Ding, W., Kuboki, T., Wong, A., Park, C. B. and Sain, M.
2015. Rheology, thermal properties, and foaming behavior of
high d-content polylactic acid/cellulose nanofiber composites.
RSC advances, 5(111): 91544-91557.

Du, L., Zhong, T., Wolcott, M. P, Zhang, Y., Qi, C., Zhao,
B., Wang, J. and Yu, Z. 2018. Dispersing and stabilizing
cellulose nanoparticles in acrylic resin dispersions with unreduced
transparency and changed rheological property. Cellulose, 25:
2435-2450.

371 2023.03.20 / AAFEE: 2023.03.25 / AA A 2023.04.05



