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Abstract: Among lignocelluloses, a component of wood, lignin is currently in the limelight as a green additive for
imparting various functions such as reinforcing the mechanical strength of general-purpose plastics, antioxidation, and
UV protection. In this study, lignin nanoparticles (LNPs) with a size of 100-200 nm were prepared using a gamma-valero-
lactone-based solvent system. The prepared LNPs were added to poly vinyl alcohol (PVA), and PVA nanofibers incor-
porated into the LNPs were successfully prepared through electrospinning. The tensile strength of the PVA/LNPs
nanofibers was improved by up to 338% as LNPs were added, and the morphology of the nanofibers was stably main-
tained without melting even when heat was applied at 200 C, which is above the melting point of the matrix polymer.
In addition, the added LNPs effectively prevented the degradation of PVA nanofibers by UV exposure. These results sug-
gest that LNPs can be used as natural polymer additives that can provide effects such as thermal and mechanical stability
and photolysis resistance to PVA nanofibers.
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Figure 1. (a) Schematic of the PVA/LNP fabrication process; (b) Comparison of KL and LNP dispersed in water; (c) KL and LNP dispersed
in 10% PVA solution; (d) LNP particle size distribution measured by DLS.
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Figure 2. TEM images of LNP 0.5, 1, and 1.5.
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Figure 3. Graph of (a) apparent viscosity with shear rate according to PVA concentration; (b) relationship between specific viscosity and PVA
concentration; (c) apparent viscosity with shear rate according to LNP concentration.
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Figure 5. (a) FTIR spectra; (b) TG curves; (¢) DTG curves of KL, LNP, PVA, PVA/LNP 5%, 10%, 15%; (d) TG curves, (e) DTG curves
of PVA, PVA/LNP5%, 10%, 15% up to 200 C. Sample FE-SEM image after TGA analysis up to 200 C (f) PVA; (g) PVA/LNP 5%; (h)

PVA/LNP 10%; (i) PVA/LNP 15%.

7NAA A el 228 E e AATEAR IEA
ATH whEA] LNP 71 whE P Uri*é%ﬁ °1%7JE%
B & oz =39 9 oh‘i i
(a-d)ow B %ol LNP7} %}%EQ}
T AS %‘01 sloith 53] = OW% LNPE %‘7}%‘
?% fﬂ%z}Eﬂ 37 H‘iiouﬁ E AR AAE
L63eellA BAIE 3.2807kR1] JIFHIEE B o] €
ade) ek FATE, 1A Blade) 3AM UEY A
Z9} PVA Al& 7o) Aao = Qs Q7w 271
Tl AT 1 AXE9] Hf-ollE LNPL] M7tk
e} gAAEo] TATHS B LNPL| 7 1] PVA
IR O] 5% wjolE Aalgo] SU1EE BT 1L o]

25 LNP2| 38913}l ax2 23k 2102 AlRHT? LNPE
PVA vEZ| 29} 7}t Al A9s 3 *ééh 21213 LNPe]l
S0 M= Yieidf AAFoZ 7RiIAE 35S 4t
AlA PVA/LNP W= d 19| d4lgo] S7st Aoz sicts

ok 9 LNPE 10% o3 A718lS wolle= 1 dals
o] 7+7t YRt o= LNPS S o2 Qs A2} uj
EY2 Yol 224 #AkER] Rl Aee THEAAY 33

T-Z2] gds} PVA AR 7He) st ddez Qs
1%1} AbEe] o]EAdo] Wl 22113 1 Al
EdEa s 1= PN A=A ‘/P"“ el 914 SHoIX = Figure
6(dollA & 5 %ol L HA7eEE g9 94

ol TS wEE »l‘}i\:}. ol =S| S 9%

Polym. Korea, Vol. 47, No. 6, 2023



726 - A - w8 - A9 - 2adl

16

a b )

= 144 -~

& © 144

= 12 4 o

>3 S 12

@ 101 w10

O gl i

| g o
64/ o

2 o 8

o 44 B 4

5 s

= % —PVA ——PVAILNP 5% 22
0 ——PVA/LNP 10% ——PVA/LNP 15% 0.

0 20 40 60 80 100 120 140 160 180
Tensile strain (%)

(2]

Tensile strain (%)

PVA

PVA/LNP PVAILNP PVA/LNP
5% 10% 15%

PVA  PVALNP PVAILNP PVAILNP

5% 10% 15%

Toughness (J/m°) o

PVA

PVALNP PVA/LNP PVAILNP
5% 10% 15%

Figure 6. (a) Stress-strain curve; (b) tensile stress; (c) tensile strain; (d) toughness of PVA, PVA/LNP 5%, 10%, and 15%.

Qo] WalE ngo s HUY 4 3
S8l /18 o LNpS| A s
AIAE Foate] b=l fel <)

& Zjo|ddl, Felraws e Ok Fekay
*ZH«] nz} MRee Aese] 3
A AUtk Zpe)Mo] TE }A}?— ddshk= AUES &
2hElol] A2l UL FElo] A Bhtize] FAEE
P82 8] Fepago] Ral=A Hek JwHoE 8o
e A2)HE Aeksls 540 ik LAt 2lade)
RS A B e o) W T2, W fEo R )
e HskEE 317 H:CH)°1 | AA= o] = olF A3, FH=

vete] = B —?5 A 72, 7HEE 72 52 250-400 nm
el A e R AFodE INPel A7k
PVAS] BE3E A8 % YA Brlela st |
A 2Rl tist dfe] REEA] Wals #sh] Qs =
AUV-C)2 2H7ke] Wieidf Aol 72413 2AFSHIAL
A 88| £WS FE-SEMS &3l #zhslich. 2 234 Figure
73 7ol BE AlFA A EUS_OJWQ] 2 Wisle By
A] 9FA PVA YiAd-fof 1?_
o g vEA SE5
& PVAY] 22| SolxeiA]

fl

opzke] st BAHAL,
| 727} b e ol
7118}, PVAE JEAF Ab

Za), A4778 A 63, 20234

<ol V] 255 Egel] weel oA el =L

o= ASNG) oI BRARIE A N d R 5
g Wt oz} 17} A BT a7 75 7W

Aol ApejAdel ofsl) WAske A 2hr] ol *P7H
Ajol olal) AA=lo] Aol ol A181E WA 5 w%‘
nhAo] FHEe)7F dojule o= LA Sl PE, PP 4
Folle B39 7es FoAT F Axe 287171 f17] wiEell
o Be a7} dojuA Hek. olejst o) f 2 The TH
Apshs th2A) LNP A7bel mE B oA @zt =7
UERUA] kgt shekein) 2

g4 B

o] o]

B A oA= LNP A7l wE PVAL] Lk
2 520 sl tisl #Estdth WA LNP= GVLS

sk
= &AE o] &ste WHORE Az oen 1 A
24+7 nmellA] 155.62428 nme] Hit FAS zh= YAt
ds T }la’it} PVA U=l re] S A7EALE 93
A IEA FEo w2 HeE sl HH] aEA} F
2 E oo A| %3+ LNP&o| PVAS H718te
HO R PVA/LNP €48 A3 o] & A7HAlste]
52 A9} PVA Ve 412493 nme] BHAAS

& o Lo

= =]
ki

o M1 &

=

kr



g whesixle] A7bt AIRAE PVA Lhedifie] Eelstery Sl viXe 9% 727

PVA/LNP 10%-UV

Y& h

10%, and 15% after UV irradiation.

7152 PVA/LNP Wh=Ad-r9] 73-9- LNPO] 7] et
A2l A73e] 777460 nmol| A 835+71 nm= A7 o] AF
Z7FeHe #Fs 5= QAT LNPE Wieadfre] dergaat
AR AEE 71407 Z7E - den 200 T
7153t AT AR BEEA7F FR1EE e <l
AEeMe ol 328%2 S7IsIAT. e, glade] tii
ARl A2 At w8 HEg Qi Atslel = fA] = o] 219
A ZAF Fo| = Aol Adte] AR &oktt. o]9f 2
A3E 73S 0 LNP= PVAS} 7222 3154 aitake] 71414

AEE FANIT G 9 A RS HoiF & e
ARAA MR B89 5 UL o Audt

ZMel Z: 2 A7 AP EEHAUATER)S et
71% ATNEARE (2020215B10-2222-AC01)2] A 2 3=+
H7|EH TR A Yete S AFATNRF) A 9ARS

10.

11.

12.

13.

14.

L

. Nasrollahzadeh, M.; Issaabadi,Z.; Sajjadi,M.; Mohammad Sajadi,

S.; Atarod, M. Types of Nanostructures. In Interface Science and
Technology; Nasrollahzadeh, M., Mohammad Sajadi, S., Sajjadi,
M., Issaabadi, Z., Atarod, M., Eds.; Elsevier: London, 2019, Vol.
28, pp 29-80.

. Vollath, D. Nanomaterials an introduction to synthesis, properties

and application. Environ. Eng. Manag. J. 2008, 7, 865-870.

. Anstey, A.; Chang, E.; Kim, E. S.; Rizvi, A.; Kakroodi, A. R.;

Park, C. B.; Lee, P. C. Nanofibrillated Polymer Systems: Design,
Application, and Current State of the Art. Prog. Polym. Sci. 2021,
113, 101346.

. Xue, J.; Wu, T.; Dai, Y.; Xia, Y. Electrospinning and Electrospun

Nanofibers: Methods, Materials, and Applications. Chem. Rev.
2019, 119, 5298-5415.

. Xue, J.; Xie, J.; Liu, W.; Xia, Y. Electrospun Nanofibers: New

Concepts, Materials, and Applications. Acc. Chem. Res. 2017, 50,
1976-1987.

. Chen, H. Chemical Composition and Structure of Natural

Lignocellulose. In Biotechnology of Lignocellulose; Springer:
Dordrecht, 2014; pp 25-71.

. Bang, J.; Kim, J.-H.; Park, S.-W.; Kim, J.; Jung, M.; Jung, S.;

Kim, J.-C.; Choi, 1.-G; Kwak, H. W. Effect of Chemically Modified
Lignin Addition on the Physicochemical Properties of PCL
Nanofibers. Int. J. Biol. Macromol. 2023, 240, 124330.

. Huang, Y.-B.; Yang, T.; Luo, Y.-J.; Liu, A.-F.; Zhou, Y.-H.; Pan,

H.; Wang, F. Simple and Efficient Conversion of Cellulose
to y-valerolactone Through An Integrated Alcoholysis/transfer
Hydrogenation System Using Ru and Aluminium Sulfate Catalysts.
Catal. Sci. Technol. 2018, 8, 6252-6262.

. Iravani, S.; Varma, R. S. Greener Synthesis of Lignin Nanoparticles

And Their Applications. Green Chem. 2020, 22, 612-636.
Lievonen, M.; Valle-Delgado, J. J.; Mattinen, M.-L.; Hult, E.-L.;
Lintinen, K.; Kostiainen, M. A.; Paananen, A.; Szilvay, G. R.;
Setils, H.; Osterberg, M. A Simple Process for Lignin Nanoparticle
Preparation. Green Chem. 2016, 18, 1416-1422.

Gilca, 1. A.; Popa, V. L; Crestini, C. Obtaining Lignin Nanoparticles
by Sonication. Ultrason. Sonochem. 2015, 23, 369-375.
Wettstein, S. G; Alonso, D. M.; Chong, Y.; Dumesic, J. A. Production
of Levulinic Acid and Gamma-valerolactone (GVL) from Cellulose
Using GVL as a Solvent in Biphasic Systems. Energy Environ.
Sci. 2012, 5, 8199-8203.

Gilca, I. A.; Ghitescu, R. E.; Puitel, A. C.; Popa, V. 1. Preparation
of Lignin Nanoparticles by Chemical Modification. Iran. Polym.
J. 2014, 23, 355-363.

Cooper, C. J.; Mohanty, A. K.; Misra, M. Electrospinning Process
and Structure Relationship of Biobased Poly(butylene succinate)

Polym. Korea, Vol. 47, No. 6, 2023



728

15.

16.

17.

18.

19.

for Nanoporous Fibers. ACS Omega 2018, 3, 5547-5557.

Oh, S.; Bang, J.; Jin, H.-J.; Kwak, H. W. Green Fabrication of
Underwater Superoleophobic Biopolymeric Nanofibrous Membranes
for Effective Oil-Water Separation. Adv. Fiber. Mater. 2023, 5,
603-616.

Haider, M. K.; Kharaghani, D.; Sun, L.; Ullah, S.; Sarwar, M. N.;
Ullah, A.; Khatri, M.; Yoshiko, Y.; Gopiraman, M.; Kim, I. S.
Synthesized Bioactive Lignin Nanoparticles/polycaprolactone
Nanofibers: A Novel Nanobiocomposite for Bone Tissue Engineering.
Biomater. Adv. 2023, 144, 213203.

Zhang, Y.; Naebe, M. Lignin: A Review on Structure, Properties,
and Applications as a Light-colored UV Absorber. ACS Sustain
Chem. Eng. 2021, 9, 1427-1442.

Bang, J.; Kim, J.; Kim, Y.; Oh, J.-K.; Yeo, H.; Kwak, H. W.
Preparation and Characterization of Hydrophobic Coatings from
Carnauba Wax/lignin Blends. J. Korean Wood Sci. Technol 2022,
50, 149-158.

Yan, Y.; Zhang, L.; Zhao, X.; Zhai, S.; Wang, Q.; Li, C.; Zhang,
X. Utilization of Lignin Upon Successive Fractionation and

Za), A4778 A 63, 20234

20.

21.

22.

Esterification in Polylactic Acid (PLA)/lignin Biocomposite. /nf.
J. Biol. Macromol. 2022, 203, 49-57.

Nguyen, N. A.; Barnes, S. H.; Bowland, C. C.; Meek, K. M.;
Littrell, K. C.; Keum, J. K.; Naskar, A. K. A Path for Lignin
Valorization via Additive Manufacturing of High-performance
Sustainable Composites with Enhanced 3D Printability. Sci. Adv.
2018, 4, 4967.

Wu, L.; Liu, S.; Wang, Q.; Wang, Y.; Ji, X; Yang, G; Chen, J.;
Li, C.; Fatehi, P. High Strength and Multifunctional Polyurethane
Film Incorporated with Lignin Nanoparticles. /nd. Crops. Prod.
2022, 177 114526.

Ye, B.; Li, Y.; Chen, Z.; Wu, Q.-Y.; Wang, W.-L.; Wang, T.; Hu,
H.-Y. Degradation of Polyvinyl Alcohol (PVA) by UV/chlorine
Oxidation: Radical Roles, Influencing Factors, and Degradation
Pathway. Water Res. 2017, 124, 381-387.

TR} BRAE: @R TRAIE AT =8 D 718 249
2 743} sl YL KA,



