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Figure 3. Schematic diagram of environmental, solution and process parameters of conventional electrospinning [58]
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Figure 4. Schematic diagram of solution blow spinning process [43]
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3. A5 9 74

3.1. A=

2 etE ek (e —Caprolactone monomer, 99%)+ Alfa Aesar °lA]
Tt ARgskglth. A E gl (lignin, Kraft) > 3 P&P 258 A58kt
Zy 7tz g E (Polycaprolactone, M,=80,000), ElElg O] A F EAlo| =
(Titanium (IV) isopropoxide, 97%), +3&#d (Pyridine, 99.8%), < 43}
22 %% (Chroloform—d, 99.8%)+ Sigma—Aldrich °lA F&te] At og
olAlH|o|E (Ethyl acetate, 99.5%), °|¥% (Ethyl alcohol, 99.5%) tlo]E=Z=Z €I
(Dichloromethane, 99.8%), HEgsto]| == F7 (Tetrahydrofuran, 99%), 222X &
(Chloroform, 99.8%), HE <52 (Methyl alcohol, 99.8%), FAFIYEE (Sodium
hydroxide, 98%), oF*EAF (Acetic acid, 99.5%), EF<¢ (Toluene, 99.8%)

RS T AN Tl ALgsHe T,
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IFZE gade od ofAMHo]|E (Ethyl acetate)$} ©&r2 (Ethanol) &

[ Kraft lignin ] [ Kraft lignin ]
[ Ethyl acetate H EA lignin [ Ethanol HEtOH Iignin}

Figure 5. Fractionation process diagram of kraft lignin

2l g 2l &S S8 SR Arba (1) = ol g8kl

M

757 (%) = W, /Wy x 100 --- 2] (1)

A7 Woz 271 H1d 8 FA (9ol W= w28 F 2 1d o] FA o]t
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3.2.2.1. A 53 3=2atE 75 (GPC)

23 @ 5%F5F0 g de A 3 32utE 789 (LC-40, Shimadzu, Japan) =
o] gato] FH EAF(Mn), THF A TAE Mw), A5 (PDD & 4 sAt. Z}
MELS HPLC 5w9 HE#Zso|=2F ¢ (THE) © 1 mg/ml 9 & el A1 F 0.45
gm o EZYHEZEZFe=oEd (PTFE) A#¢x H¥ (Advantech Co., Japan) &
o]-§-8tof o gt H 1 mL/min ¢ %02 Atk GPC 9] B2 Ao 9171 266

65,000 Da Q1 ZZ]AEloldll 154 S AFEEHA

3.2.2.2. & &7 ¥4 £FH (NMR)

£, 28 " gade s Aok ARS il s 538 fd
W o2 3'p NMR (Avance 600 MHz high—resolution spectrometers, Bruker,
Germany) < o] 43191tk 40 mg ¢ ¥ ® U 75 delds) 5 25 2RELE
Gl 1.6:1 9 P9 E EFE 49 0.5mL ol ¥ F 0.2 mL °] FFAF (e—NHI, N-
hydroxy—5—-norborene—2,3—Diimide) & F7}3}%t}. o]% 0.05 mL ¢ HdA (3 7}

olAElol A EYolE & IS 33 T 0.1 mL 9 <43t A¢k (TMDP, 2—

chloromethyl—1,3,2—dioxaphospholane) & ©] €3} Q1A+ A 2] slo] M ES #| 23513 )
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3.2.2.3. ¥ W& X EFH FT-IR)

g 1d o] 38t 54 FEle] W A9 3% (Fourier transform infrared
spectroscopy, FT—IR, Summit, Thermo scientific Inc., USA) S o]&3}o] &1} T}
oluj 7+ WA} REE Ea BEAEgow 4000-550 cm Tt MY AHeAM B3G

A EY S 64 M AT 4 em ! 9] SRS BalA Ak

e 44 54 B4 A5 47] (TGA, TA instrument, USA) & 53
A8 10 mg & &L 25 mL/min & 59 AA&3HHo)A 10 C/min & 2=

750 T7HA 52417 DTG =48 S48kt
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3.2.3. PCL—g—38ad 9 Az

ZyytzregtEo g A 2ad (PCL-g—d 1) 9 Az ZE7ZzgE9)
Met T8 ol ettt 7hZ 22 /e S8 GFAl = o] &5 o] g ad 3 T3kl
oluf, AMEHE Yade IgZE gady ggzE gads BEsle] de
MRt EOlE glad EE oukE glad F &, dsy 7 5 oY .4 E
aEste] ARSI FhxrEEY Fade £ v&2 511, 10:1, 2511 o FHHE
=

s Sul 2t Hebr o AT EAC| S o] §3h] Zrjo] e Axze

ol =& VAl o sHA ¢dom o] e SR S ST 17

o]t [64].

77 (%) = (W /W) x 100 -+ 2 (1)
A7IM W 7] FUF (@ olH W= TFES FAolt.

PCL-g-2 249 Azl Sol7b Alne g3e oh xe 2ot
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HC——0O
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OCH;

R=Hor~[7

W
C_CH2CH2CHQCH20H20

Figure 6. Grafting polymerization scheme of lignin and caprolactone monomers

23

i
S— |

A



Table 1. Mixing ratio of lignin, caprolactone monomer and catalyst

5:1 10:1 25:1

e —Caprolactone bg bg bg
Lignin lg 0.5¢g 0.2¢g
Titanium (IV) isopropoxide 0.02¢g 0.02¢g 0.02¢g

24



3.2.4. PCL—g-3 149 EA%7}

3.2.4.1.4 &3 32 vE 733 (GPC)

Azd ¢ A T3 A2vpE 7189 (LC-40, Shimadzu, Japan) 5 ©] &3}
St HAE Mn), THE T SAF Mw), thitatA 4 (PDD S S48kt 72 &2
HPLC 5+ 9 HEZsto| =23 (THF) o 1 mg/mL ¢ & L2170 F 0.45 ¢m 9
ZHHEGEZFe=2odd (PTFE) 29X =¥ (Advantech Co., Japan)E ©] &3}

A3t 7 1 mL/min &) F&5 0% #4183tk GPC o] B & 22 H 917} 266—65,000

3.2.4.2. & &7 ¥4 &34 (NMR)

'H NMR spectrum < %3 gad3y stZzgtE79 FH|o wE
glad/EetEesEe] SR EE S8t sl olw 547]71 2+ 600 MHz high
resolution NMR spectrometer (AVANCE 600, Bruker, Germany) & A}&3} CDCl; &
SlE AFgEith S EE NMR A#E# 2] 4.03 ppm (=CH:0— repeating unit) 2}

3.65 ppm (=CH,OH end group) ©l| | @3sh= 2159 v &S F3lo] Alxtsit

3.2.4.3. ¥l H& A 39 FT-IR)

PCL—g—2l1d9] 3}84 542 Felo W3k 4 24d &4349 (Fourier transform
infrared spectroscopy, FT—IR, Summit, Thermo scientific Inc., USA) & ©]&3}4
F1stgiet. ol u) 714 AW RES o 243k 4000-550 em™ W91 29 A 2

AHEYL 64 M A0 4 em o] AP EE FAA U
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3.2.4.4. XA FA EFY (DSO)
+7] (Discovery DSC, TA

e ol ermel A4 st
atolth. 3—5mg 2] 4

A Z7 3ol 10 CT/min 9 &

instrument, USA) & ©] 8
AeoA 200 T7HA] AWMA 289 1 3, —10 C/min ¢ %% —80 T7HA]
HEE 200 T7HA tA] 7hdeto] fefdo] & ef
2 3}0]

Bz eklvh. A e o %2 10 C/min ©] %

X.(%) = (AHy/AHE) -+ 2] (3)

w2 ou)ae, AH S AEe) A4 A

o] A7 3} ey (136 J/g) & o vlstt} [26]

9E B8 o 5 glov AHE

3.2.4.5. %
PCL-g—-gl1d9 Wy EAL g onE (HAAKE MARS 40, Thermo
52 T4 F95 AEYHE o859 e 35mm
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3.2.5. PCL-g—-3a14/PCL Yx AH9 A%

PCL-g—-8]29d/PCL Y= AR Ax WS §A4UAF 34L& ol &t

ZYNERGES FREEF 1~9% FEZ 5o S ALel F

)
rO
off

Z3¥ PCL—g-8lade Zejrtz2eE9] 74 oiv] 0.25 w], 0.5, 1w, 2], 4 wj=
A7retsint.
¢kds] g87F © & PCL/PCL-g—#Id &94& 10 mL A#A] (22 AolA,

AL, thEkRlsr) ol ¥ % 50 psi o F719S &o1¥°] 30 cm A2 o] AH YA

ol
o
K
i,
=]
™
~
K
o2
~
>
ol
3%
o
o2
>~
>,
o
a2
rlo
AW
=8
o

e Aol 24 A3 <

\ Polymer solution \
o -
A N _ [

preSsure —'m LR R R Y

Injection pump \

| | Collector

Figure 7. Schematic diagram of PCL/PCL —g—lignin nanofiber manufacturing
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3.2.6. PCL—g—2 2d/PCL b= 4 #2 5437}

ZertzesE v A dad Ho & ey 548 E48] flske
AA YA FAFAAFE R (Field emission scanning electron microscope, FE—SEM,
Carl Zeiss, Germany) & AR&SIATE ¢4 MEs 30 T A3 oA dAxs 5 712
glo] Lo o] ~FE 78 7] (EMACE200, Leica, Austria) & ©]&3lo] W 78 & ¥

b

ol
O
k=
ol
&
g
)
off
krt
i
=
b
o
Jo
1o,
i
o,
flo
5
[ab)
0
D

2.0kV o] 7SN 245 A

J (National Institutes of Health, USA) XX & 13 -& o]-&3}o] A3} t}

3.2.6.2. 71414 54 H7}

FUAZRLE b AR 9% 54 BHe 9

i
rlo

AsZFe47] (TGA, TA

instrument, USA) = E3 439 tE 10 mg 2] =2 25 mL/min &) F52] tf) 7] 874 ol A

ol

g

10 C/min ¢ €% =2 500 C7HA] £2A|#A DTG FAE =4
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3.2.6.4. %84 A2 A F7}

>

AzE dwe A5 A 2d AsS Frbsly] 98 o U A4S A
Aol &<l ¥ UV-Vis ¥ F %7 (Optizen pop, Mecasys, tahl =) = o] £3}o] 250—

800nm THaHel A o] FigE STt

3.2.6.5. AYA FAL 5 43} HV}

Az Y A7 2e)d A Aes Frketr] fet o ® Yy Aol 254
nm 3F2 45W UV-C #3Z (GL 45, SANKYO DENKAI, Japan)ZE 30 cm A g elA
72 A7 59F ZAEEA T 11 o5 71A A BEA S A5 Yl A E AlE S Akt

AAAE AFL2 vhsA 5 A3 7] (Universal testing machine, UTM, 34SC—1, Instron,

U AR AFela AR AIZE A EAEF AEE A e flEl Z2H2 e v A el
254nm °] 34-E Zhi= A A S 24, 48, 72 AE S F AT ol Y A A R
AZvtE 79 (LC-40, Shimadzu, Japan) & ©] &3] 37 FAFMn), THF
4% Mw), T2AAS (PDDE A&tk 2 A& HPLC F39
HEZso|l=2#F7d (THR Y 1 mg/mlL 9 FE& &A1 F 045 pm 9
ZHHEgZFo2odd (PTFE) A¥% ZHE (Advantech Co., Japan) & ©]£3}¢]
o] 7}st 7 1 mL/min 2] %02 413813t} GPC o] B4 & #2152 |17} 266—-65,000

a?l el avold =4S ARSI
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fsto] AALA FAPAAFA ] (Field emission scanning electron microscope, FE—

SEM, Carl Zeiss, Germany) = AFE3lth ¢4 AMZS 30 C AF B oA Ax3t

4d

FHE glo] T Bo] AFE] 78 7] (EMACE200, Leica, Austria) 2 o] 83fo] W+ 7 &

=

7 2.0kV 9] 7HEAGAN £ & APt

3.2.6.6. 7tEE ZAA B H7}

G Ao @ 84 atela e AsraEs Brkar] 98 0.1M NaOH &

30



hs

3 2] 19 e

o=

Z2gES]

A

ow #adyt 7t

w4

o)
=

ot (65, 66].

Q3

o]

T
RN

o
HH
il

&

2y gade

A

712 e AT [26]. whEbA 7}

&+

7171 Aol

S =
= o

gadel AEy e g%

A=

9

=ol7] Sl

Kol
=

o)
=

;QL

o
2

)

HA et [26, 39, 67]. &)

ol

A g el

G2l

ks
T

.

o1&

glod Ao g

.
.

SEEEMEEE

3} e

}‘\l_

2
=

W 2s oeS, e, oddotHolE, 2-F8he, ofAlE, o

olo

o|J
L

ol

W ANHF (8 =3k [69], A 3 [70]0] &

iy

FA719

= ATelM e dEA

w2}

[39, 71, 72].

LA HO] E &} o gHERES o] &

i old

9|

T A3 717] §

14.4% =

2~ 0. O
TE O

= (EA #14) 9

3]
=

E 9ade) 28 g doluolE #

b=

31



A2 E g d 9 4% 600-6,000 Da 7-A] vheFattta & A Slvk(5, 33].

AtrE Yad e e BAE RES sk S A o R & Z2lo] ohelA

lom ol et Gl 22 FE AN Sl &9 =8HE welete] AT EAE
o4

Al wt== W olt}[72, 73]. Park et al. o 7o W= o ElolAEHo| EE

ojgate] ATTE 27

rC

(KL) 3 clgolAlHolE (EA), & (EtOHE #3% %

gl ad e Bxpeks shels)] Bt 1 Ay 13 8 9 3 2 9F o] EA gl EtOH 8 1d,

9o B kS Bk o, tHEAA A T B8 W g ad 25 2.86 9 tRRARA | E

A

it
rr
flo

b= g2 e ggde] vlE] zbzh 1.75, 1.61 9 We gEAASE zh=t)
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—KL

EtOH

15 20 25 30 35
Retention time (min)

Figure 8. GPC chromatogram of kraft lignin and fractionated lignin

Table 2. Molecular weight, polydispersity index, yield result of kraft lignin and
fractionated lignin

Mn Mw PDI Yield
KL 590 1690 2.86 -
EA 410 730 1.75 14.4%
EtOH 650 1050 1.61 39.6%
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gtk & A9 = EA g 2d ¥ EtOH @ 2deolA 2+2F 5.18 mmol/g, 4.99

1o

mmol/g 0% T x}o]& Ho|x| ¢k,

EtOH

e ~M

KL/~
4000 3500 3000 2500 2000 1500 1000
Wavenumbers (cm™)

Figure 9. FT—IR spectra of kraft lignin and fractionated lignin
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Internal standard —— KL

—EA
Condensed FtOH
phenolic OH
Aliphatic OH |' A Gualacyl OH " Garboxylic acid

— f—x—‘/—‘—w

LA

150 148 146 144 142 140 138 136 134 132
Chemical shift (ppm)

Figure 10. >'P—NMR spectrum of kraft lignin and fractionated lignin

Table 3. Analysis of hydroxyl group content of kraft lignin and fractionated lignin

Phenolic OH Aliphatic OH COOH Total OH
KL 3.45 0.90 0.04 4.36
EA 5.11 0.06 0.03 5.18
EtOH 4.40 0.58 0.02 4.99
36

ﬂ =, 1]| jlr

T



E

8]
o

LN

B —°lH=

gl =t

-
fius

o

o, g

= =

=90

12 dHAUY6, 75, 76].

& viAY

9

23 11 3 2o

0

601:

Felde] A

2] el A

ko)

H
=

I7F defubAl ek 223 300 CelA A
o]

MeolA Uehdisd WA 150-300 TN a,

0

Eix

3

[}
e

];].O

0

|

400-600 9]

[e)

z
—_,_"

e}

S

o

A7t FrHAG[77-79].

hs

S

dojupAl =i 370-400 Teld C-CZAFe] Awdo] dojipm o]
e

4.2.3. 43 54 &

[e= =]
1%

u}
=

A A3 g2 E g4, o g

=
=

7Fskalth,

Ry
[€]

o
=

3

JX!O

2=
e Sl
=

(Ts09) &+ HF

T

°
pul

zE
e

3

o], 2t

1

AN

1}

535.00 T, 452.98 T,

Ao 7}

1

2
=
a

7_]1-7

1

o et E3 #Id& 38.58%,

21199 Tso4

36.42% % A =kv}

o

T

Tsoe ¥RF ofYel, 750 T oA 9] & F&FolA
AL 7F e 40.80% 7V gekow,
HH[80].

9

T

506.28 CT= g1 9] BAlFo] wrold 45 T 7}

olAlElol = ¥3 27
SlAlElo = B3 21y

2 7}
g1y

o

100 CollA =4

| —
T

g

Fe]

ko)
H

C-C A3

L —

L

Eis

o

Sl Y

H
=

}1+= 300-400 C
37

o

A ]

Aol /b F e vhebget,



Weight (%)

110

100 -
90 +
80 ~
70 4
60 4
50 4

40
30

—KL

1T—EA

EtOH

100 200 300 400 500 600 700

Temperature (°C)

P

Deriv. weight (%/°C

0.04

-0.5 -

-1.0 -

-1.5

-2.0 1

\/“‘w‘:\\

—KL

J—ea

EtOH

100 200 300 400 500 600 700

Temperature (°C)

Figure 11. Kraft lignin and fractionated lignin TGA results (A) TG curve, (B) DTG curve
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4.3. PCL—g—314d9
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Figure 12. Melt image of polycaprolactone, kraft lignin, and PCL —g—lignin
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Figure 13. GPC chromatogram of PCL—g—1lignin by type and content of PCL and

Table 4. Molecular weight analysis result of PCL, PCL—g—lignin

lignin

Mn Mw PDI

PCL 12100 17200 1.42

KL 5 2200 14400 6.52
KL 10 3600 13700 3.79
KL 25 4700 14500 3.08
ET 5 2100 6800 3.24
ET 10 2800 9300 3.44
ET 25 3300 10400 3.10
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Figure 14. FT—IR spectrum of lignin and PCL, PCL —g—1lignin by type and content of lignin
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Table 5. Yield, polymerization degree, polymer chain length of PCL —g—lignin by
type and content of lignin

Yield DP,’ Chain length
PCL 96.28% 71.66 73.23
KL 5 64.84% 11.95 8.17
KL 10 77.81% 17.83 19.80
KL 25 84.32% 23.49 27.99
EtOH 5 70.16% 13.84 11.00
EtOH 10 84.68% 18.35 19.30
EtOH 25 91.21% 26.32 21.89
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Figure 16. Schematic diagram of grafting reaction between lignin and caprolactone
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Figure 17. Differential scanning calorimetry graph of PCL—g—lignin by type and content of PCL and lignin (A) second heating,
(B) first cooling
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Table 6. Results of differential scanning calorimetry of PCL —g—lignin

Tm (C) Crystallinity (%)
PCL 53.06 78.59
KL5 49.26 51.25
KL10 50.93 57.68
KL25 51.24 53.78
EtOHb5 44.36 52.51
EtOH10 49.46 57.36
EtOHZ25 50.47 62.05
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Figure 27. (A) Tensile strength, (B) Tensile strain change of nanofiber before and after UV irradiation
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Table 7. Reduced molecular weight of polycaprolactone nanofibers by UV irradiation time

PCL KL5 ETS5
Time Oh 24h 48h 72h Oh 24h 48h 72h Oh 24h 48h 72h
Mn 75000 44400 37400 26300 66200 65000 63400 57000 70400 70300 63200 61500
Mw 83400 60200 55900 46300 74700 71300 70000 63500 76200 76700 71800 68000
PDI 1.11 1.35 1.49 1.76 1.12 1.09 1.10 1.11 1.08 1.09 1.13 1.10
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Figure 29. Scanning electron microscope image of nanofibers by UV irradiation time
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Figure 30

. Time—dependent hydrolysis experiment image of polycaprolactone nanofibers and PCL —g—lignin—added nanofibers
in 0.1M NaOH
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Abstract

Effect of caprolactone—modified lignin
addition on the physico—chemical
properties of polycaprolactone nanofiber

Bang Junsik

Program in Environmental Materials Science
Department of Agriculture, Forestry and Bioresources
The Graduate School

Seoul National University

Recently, the problem of petroleum—based commercial plastics has been raised, and
research on biodegradable plastics is being actively conducted. Despite research,
biodegradable plastics have low mechanical properties and processability, so it is
considered difficult to replace commercial plastics. Therefore, studies to improve
the physical properties of biodegradable plastics using natural polymers are actively

focused on compensating for these shortcomings.

Lignin, the second most abundant natural polymer after cellulose, is attracting
attention as a sustainable biomass—derived polymeric raw material. However, due to
the indefinite molecular structure and self —aggregation phenomenon, the utilization
of lignin is limited. Therefore, many researchers suggest lignin modification methods

such as alkylation, grafting polymerization, and solvent fraction to overcome these
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defects and utilize them as polymer materials.

This study used graft polymerization between lignin and caprolactone to use lignin
as an effective additive for biodegradable polycaprolactone nanofibers. First, the
polydispersity of lignin was controlled through solvent fractionation using ethyl
acetate and ethanol, and the content of hydroxyl groups as a reaction site was
increased. After that, the physicochemical properties of the fractionated lignin were
analyzed through GPC, *'P NMR, and TGA. In consideration of the molecular weight,
yield, and thermal stability of each lignin obtained in the solvent fractionation process,
ethanol—fractionated lignin was selected as a suitable lignin for graft polymerization.
The obtained ethanol fraction lignin was mixed with caprolactone in a predetermined
ratio, and then grafting polymerization was performed. As caprolactone was grafted
onto the lignin surface, thermoplasticity appeared. In addition, the degree of
polymerization, molecular weight, thermal, and rheological properties of grafted
lignin (PCL—g—lignin) were changed according to the type and content of lignin. The
optimum PCL concentration was determined by analyzing the viscosity of the
spinning solution according to the polymer concentration and shear rate using a
rheometer. After adding different amounts of PCL—g—lignin to the selected PCL
solution, the optimal amount of PCL—g—lignin for solution blown spinning was
determined through rheological analysis. Through the solution spinning process,
PCL/PCL—-g-lignin nanofibers having a diameter of 78-458 nm could be
successfully prepared. As a result of the tensile test, compared to PCL nanofibers,
the tensile strength increased by about 1.3 to 2.8 times when PCL —g—lignin was

added. Moreover, blocking UV rays with a wavelength of 250—400 nm was possible
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when PCL—g—lignin was added. In the UV irradiation decomposition experiment, the
tensile strain of PCL nanofibers was reduced by about 99%. However, in the case of
PCL/PCL—g-lignin nanofibers, only a 40% reduction in tensile strain was observed.
In terms of molecular weight reduction, the molecular weight of PCL nanofibers
decreased by about 65% from 83,400 g/mol to 46,300 g/mol after UV irradiation.
However, the nanofibers containing PCL—g—lignin only decreased by about 13%
from 76,200 g/mol to 68,000 g/mol. As a result of the hydrolysis test under alkaline
conditions, pure PCL nanofibers were not degraded even after 12 hours, but PCL —

g—lignin—added nanofibers caused rapid morphological dissociation.

This study presented chemically modified lignin as an effective additive to
polycaprolactone nanofibers. PCL-—g—lignin—added PCL nanofibers showed
improved tensile strength and photooxidation stability due to the UV blocking
functionality of lignin. Considering the results of the study, lignin, which was
considered a by —product of the pulp industry, could be applied to various polymers
through chemical modification. Through this, this study is expected to contribute to

the high added value of lignin and its use as a polymer material in the future.

Keywords : Lignin, Polycaprolactone, Graft polymerization, Biodegradation,

Nanofiber, Solution blow spinning
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