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(phenyl isocyanate)(MDI)®} WH-3-AIA 21847 Z2]-9-deh =832 & Axshs A5 T3ttt gk 3-amino-
propyltriethoxysilane(APS) A& AZHAE A&3le, AEZ Q2 Y= ZHH(cellulose nanocrystal, CNC) ¥ -NH,
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Abstract: In this study, a polyol mixture of bio-polyol and petroleum-polyol in a mass ratio of 3:7 was reacted with 4,4'-
methylenebis(phenyl isocyanate) (MDI) to prepare an eco-friendly polyurethane (PU) nanocomposite. Also, using 3-ami-
nopropyltriethoxysilane (APS) silane coupling agent, -NH, group was grafted onto the cellulose nanocrystals (CNCs) sur-
faces, which was used as fillers. We studied the effects of surface modified CNC fillers on the mechanical properties of
PU nanocomposites using thermogravimetric analysis (TGA), universal testing machine (UTM) and dynamic mechanical
analyzer (DMA). The -NH, groups grafted on the CNC surface can form urea bonds with -NCO groups of MDI at the
interface, which increased the tensile strength and modulus of PU nanocomposites more than those of the pristine CNC
as fillers.

Keywords: cellulose nanocrystal (CNC), silane coupling agent, 3-aminopropyltriethoxysilane (APS), polyurethane, bio-
polyol.
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A3 QoA B A e B SHAR AREal] g A
T7F Es] g Folohd

CNCE #H the] -OH71E K& 24 £4o)7]
ool 239 atat 2 IULEM ARgsE7] Sl =
A AEFYAE AREste] CNC 39S 7idste] a3 3t
FH& EofFolof gt

A AEHA = FLT A2 Holl 271 o9 v
7RG o, 2 F shbe X8 FUlE R wheekal, o
E 3 B2 oA Ay *3]'01 71 SAA ek {71
2 Ak o (bridge) 9ES ke EFo|Th A7 A
ZHAIE APolv ) delA TSz & doju, A
BollM= 71 el e Al Feit P8 star, el
ANe F dkgo] dojdt &2]329 (oligomer) FE|7F Qg
Aoz oA Qi
B 2gof| A= opn|=7](amino group, -NH,)E 7F|2L )
AZEAEAI 3-aminopropyltriethoxysilane(APS)S A
slo CNCE 7l”sle] CNC-APSE AstazAt gt PU U
=8 Az Pl ONC F9ol =9 -NH,7 19k 4.4-
methylenebis(phenyl 1socyanate)(MDIH -NCO7]|7} AlHe)A
Selol 29S AT & AUk Eol 4 Ae] Aol
(4.63 A7} el i Agte] Aol(5.10 ARtk F7) W
off g} 4 Ajte] e et 74 Age] Axrh

S A0R A Ark” wEps ol A Alolo] A
7%%“’] S A Atel] a4 At A wiel] o
73t 73- AlZHE(hard segment)S A= Ao2 U
A QIThP mEk CNC-APS F3Ae] 27 a37t &
CNCHET} 5% Z o= 7|tjdt.
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Scheme 1. Scheme for the surface modification of CNC with
MPTMS by silanization.
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27 8-S gsh] flstke] tFRE 7Nk R gk ulo] Q.
£ 2]-2(B-2466, Mitsui Chemical & SKC Poyurethanes Inc.,
MCNSAD 30%<F 24174 poly(tetrahydrofuran)(PTHF) 70%
£ E3ste] A st o] v A% A= 2
AN ofn] WEE =7l S 7]Esnh 2 A
TolME CNC-APS S3A|2] B AHeg L%}ﬂ sk,
-NCO/OH & H]&°| 2.2:1°] HE5 Z2&& e MDI
o} REGAIA & & Uik NCO7|& 7}X1f oA ¥ A
(prepolymer)E AZ3IAE. L -, AREAAIR] 1,4-butanediol
(14-BD)S -NCO/OH H]7} 1.1:1°] H&2 H7lsk 5 49 4
slete] PU SEAIE A3t Egk 54 CNC9F CNC-
APSE ZAAZ AMgal] PU LB S A3 & A%
® PU =B 94 EA, 71414 24 4 %?%H 5
Ak delE 27819 EE Scheme 191 CNC B9 7)1 2o &3t
BAEE YeRlITH

Al |

Alef 2 TYZ. Cellulose nanocrystal(CNC, H+t YA 273
7.5nm, Z°] 150 nm, CelluForce), microcrystalline cellulose
(Avicel® PH-101, 3+ YA 273 50 um, Sigma-Aldrich), 3-
aminopropyltriethoxysilane(APS, 99%, Sigma-Aldrich), & ©]
2<*(deionized water, MR-RU890, 18.2 MQ-cm, Mirae Sci.
Corp., Korea), ethanol(99.9%, DUKSAN) % acetic acid
(99.9%, DUKSAN)E AH8-3t] CNC EH/M2 AdS K13
313 TE PU =3k Az AR&-E poly(tetrahydrofuran)
(PTHF, Mw =~1000 g/mol, 107~118 OH value, Sigma-
Aldrich), 4,4'-methylenebis(phenyl isocyanate)(MDI, Sigma-
Aldrich), 1,4-butanediol(1,4-BD, DUKSAN) % dimethyl-
formamide(DMF, Daejung)= Al%%s T3] o] AA|
Slo] o= ARSIt B3 FTIR 278 potassium bromide
(KBr, FTIR grade, Sigma-Aldrichyg AF-3159.2H, bio-polyol
(B-2466, Mw =~2400 g/mol, 66 OH value, from soybean
oil}> MCNS(Mitsui Chemicals & SKC Polyurethanes Inc.)
A RE Aol g

APSH| |8t CNC E& WA HHS.°CNC %9 71 v
goll VX Yolese] pH FFL A7) S5kl A 7}
T T84l pHE 407 10.52 S9Nt pH 4.0 5
A A2 acetic acids g W24 Asfsty AT
F3F pH 10.5 89 A= Aloli= APS7} ofv|=7]E 714
= 97113 E4ol7] wjitel] HrhE pH 24 §lo] ol

o FYstAct.

500 mL WH&-7]o ©o]24 300 mLet APSE A gol
o tHH] 9.0 wA%(27.0 g) YL pHE 4.0 T& 1052 =2
3 & 7] A4 W8E7)(WISESTIR®, HS-100D)Z A}-&-3}o]
200 rpm O & 30+ F<F wRketAA A 7hEsi Az 2

Fl‘n o[:o
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A 71412 1R 1S AREEle] 200 rpmeE 24]7F WESAIZT

w3 & A2 7] (Hettich®, ROTOFIX 32A)2 o]-&3}]
4000 rppmellA] 204 &< FEAIZ &, S HE|a Hd
¥ CNCE gol25E5 ARt AT 2 & 4%
2715 ARE3td 4000 rpmol|A] 208 53t EEAR F, S

NS A AL S CNCE 8] HEe] T4 (petri dish)ol
&7 gol A= 33] X33k WF L E(JEOTECH, OV-12)
oA 105 °CE FFAA 2/7F 5 xS sl

Age2e] 2g 25°C7H] Hojredl &, CNCe} wha-s}
aAzo] Qe ATE A A7 St oes
(ethanol)ell EAMAIZ] & AR 71E )83k 4000 rpmol]
A 204 Bt EEske

fz

A kA F3

i)

A
AS 23] RiEaIGiTh 2 5, go]
ST ARgale] flok e RS 13] o Jasksith. CNC
o] S A7) 918l T4 Az A8 600 mL H]o]H
(ilShin BioBase, FB0600)°] CNC 4=&<94 200 mLE Ho} &
ZA7A%7](ilShin BioBase, TFD 5503)% 4% %<t A%E 3
3t 7AZ2E CNC-APSE A8l o] Fase Ae
W2)317] $8tke] HAIA o) 8l (desiccator)oll A &aHAA] ALg
Eisvi=

CNC ¥ CNC-APSE &TNZ ALZ8t ofd|SEA| &4.”
50 mL ®}o] Y(vial)oll DMF 20.0 g& 3t CNC &2
APSS} REGATA R obn]=7]& =YF CNC-APSE L
21 i) (1.0, 3.0, 2 5.0 wi%)E FU3F 5, bath®
Z237](KUDO, JAC-5020)5 AHE-3le] 3-2-olA 820 W,
60 Hz= 30% &<t A AR 21sg3isitt. 2 5 vlo|de] &
AL 250mL ¥Hg-7]ol ¥ i, DMF 18.26g, PTHF 7.0g
(0.007 mol) & Blo] 2. Z2]L 3.0 g(0.0013 molyS FU3 5,
60 °C2] WME(DAIHAN, WHM12032)S ARg-asle] 7]A14] w
712 200 rpmellA] 2A17F B9t wksAA AR ©]
of, 9h&-719] AAF= AEF 28 2E AMESH TS
AFslAeh. 2 F, MDI 4.57 g(0.018 molyS £943F 5 60 °C
oA 71A14] WHHZIE 200 rpm 2 WHHEPHEA 247 Fot
HESAIA RFAIE A3t

PU % PU LIS &M, 9 3oz dujsdA s
P 5 9IS WMEoA Aol 2EE R0 A
3] 431 &, Al A2 1.4-BDZE 0.70 g(0.0078 mol) F
Y3t 150 rppm 2 (A1ZF B9t WHSHHA] WAl ZTE L
% PFA(perfluoroalkoxy) | E 2]t <1(@=11 cm)ol| 57 <F
2.0mm =°|2 Fo] IFEoA v A Az 2 gx
F4E AFYsATE 2 F, 100°CY] BN 6417 nf A
A2 9 A3= JAste] pU 2 PU LB S Alxs}
At

QIMZT AIEXNIE., 9 Wyloz Azd PU Z PU Wik
IAHE ASTM D 1708 +4¢] A1 A& ARgste] 1%
7= A AlHS AT

Y

R =BG Al B Sl tig A 399

M. APSE ARgSe] 11 JHES 2197 CNCE obv]i=
7] =9 55 #24317] 915k Fourier transform infrared
spectroscopy(FTIR, ThermoFisher Scientific, Nicolet is50),
elemental analysis(EA, Thermo Scientific, FLASH EA1112),
X-ray photoelectron spectroscopy(XPS, ThermoFisher Scientific,
K-ALPHA) 2 32#)%+e] *Si NMR(Bruker, AVANCE III
HD 400)5 ARSIt

FTIR #4]-& diffuse reflectance infrared Fourier transform
spectroscopy(DRIFTS-FTIR)HS ©]8-3I3it}. <=5 KBrs 2
o}A backgroundZ ARE-33L, KBrak <57 AlRE 95:5 wit%
2 Zg3sE 3, 7ol 4000~400 cm™ IFEOA 4 cm?! Bl
O = 643] 27 (scan)ste] 57831t DRIFTS-FTIR 2~ E
-2 Kubelka-Munk function(K-M)©.2 #Hgkslo] Aoz 2
A& et ek A5 MA] v g A FRe]
2 EA(elemental analysis) v4]S Ad)3l3om, ¥4 10 nm
Zole] 5}8F -2 XPSE AME3ste] AJEE 50eV pass
energy°l A 0.82 eV Hal 502 103] 2705f0] F-2131 T},

pHell w2} 7HE®E CNCell 5 APSe| 3 Wsks 34
&17] 938t LA E] Si NMR(Bruker, AVANCE I HD
400)5 A}-83F] CP/MAS(cross polarization/magic angle
spinning) WO 2 3 AL&E 400 MHzZ =331

E3F FAAE ARgste] A x3 PU W53 FTIR,
TGA(Scinco, TGA N-1000), UTM(Qmesys, QM100SE),
DMA(TA, DMA Q800) ¥ field emission scanning electron
microscope(FE-SEM, Hitachi, SU8220) %42 25131t}

FTIR £4]& t}o]ol2=(diamond) 273& ARS8 AukA}
H(attenuated total reflection, ATR) accessoryS A& 3}
4000~400 cm'ellA] 4 em™ RalEO= 323] 27Wste] A5t
Act.

TGA #2412 ZAa2E917] soll A 30°Col A 800 °C7HA]
10°C/min®] £ 255 SEUA AR A Hals =
31k UTM #412 ASTM D 1708 T+4 22 AlHS A)|
Zste] 5 mm/min®] $E2 ST AlEE A Az
sto] JIFAE, sfdAlE 2 B ES] Harakat 2FAA}
£ 73190 DMA #42 10x40x] mm 422 AlHE A
Z31] 1 Hz8] =74 FakrollA -120~150 °C H21olA 3°C/
min®| FEE F2A7H AYEHEE, SHAHHE 2 tan §
e SASATE FE-SEM 42 PU W= E3HA o] Al S
WA AR Y7 &, gk AA °F 10nm F7¢] PE 2
gate] 5 kvel 7R AgtellA 245813

A

21 3 EE
APSOl 2|8t CNC E™ JHZE HIZ2 EM. APSE Al83
o] W J|AE Y CNCe oper] E9)S BRIs] <)

=]
3] DRIFTS-FTIRH-S ARg-sle] 28 E-S S350t 1
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{a) Pristine CNC
{b} CNC-APS {9.0 wivi, pH 4.0}
{c) CNC-APS (9.0 wivih, pH 10.5)
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Figure 1. DRIFTS-FTIR spectra with different pH values: (a) pris-
tine CNC; (b) CNC modified with 9.0 w/v% APS at pH 4.0; (c)
CNC modified with 9.0 w/v% APS at pH 10.5.

Table 1. Elemental Composition of Pristine and APS Modified

CNCs

Pristine CNC-APS CNC-APS
CNC (pH 4.0) (pH 10.5)

C (mass %) 4241 4323 42.32

H (mass %) 6.12 6.31 6.45

O (mass %) 50.85 48.22 46.76

N (mass %) - 1.81 4.16

S (mass %) 0.62 0.43 0.31

A= Figure 19 YeRSITH

Figure 1914 ()& <7 CNC, (b)E pH 4.0 F&HollA
APSZ 7HEE CNC-APS, (c)= pH 10.5 =&dllA 7)1 2=
CNC-APS 2= ERS 77k Jepf L Tt

Figure 1(b)2} 1(c) ZHEHANE 1(apelrls HE=A] &
A F327F 156034 1596 cm™'o|A] Z4zF AlEA Yehe 21e
13T}, Figure 1(b) 2 EH L] 1560 cm'ol A A& L}
ERE ¥3E -NH; 719 #3) (bending) 3.2 ST}, of
wrle] Aie ZY AP (lone pair)S 7FAIIL 9o, o}
w719l IHAAET pH -] AFRH acetic acid®] %4
2o} wkgste] NH;717F Ad| A o2 ek s ot
Figure 1(c)ollX= YA} obr] 7] (-NH,71)¢] 53§ 25 9=
7F 1596 cm'ellx] Uehd 202 Aeent.” o] 2 ¢l CNC
Rl APSO] A7hs} kg ojate] opn|r]7 HFH o R
S-S IRIEIT

&t7] f18ted EA 45 35 Table 1] YERASITH
EA £4] Z3}, pH 4.0 8ol 7haS gt 45 C,

Zan, 44478 A35, 20209

H, O, N ¥ S¢] &=Fo] 7}7} 4323, 631, 48.22, 1.81 ¥
0.43%°] 27, pH 10.59141 7H&E S 3yt Z - 4232, 6.45,
46.76, 4.16 3 032%= 7H7F Z8=EU. 9 AHAES v
sl] BH, 55 CNCAlM = N2 o] 0%e1A]RF pH 10.5
oA 7|ZE CNC-APSS] N 2 4.16%= pH 4.0014 7
2% CNC-APS®| 1.81%E Tt =tk wabA pH 10.5914
7NE " CNC-APSY B B NHy|7F &5 7oz et
At} S¢] RS <=5 CNC, pH 4.0914 712E CNC-APS,
pH 10.5914 7§2% CNC-APSeIIA zH2F 0.61, 0.43 2 0.31%
2 Yehsttt o]8d So] EAlE ONC Al A, AE2 0~
Ao Bk 71EPE CNC Bl e -OH7|¢] Y%7} 3
2k} of| 2B =23} Wk-3-(esterificationyS L oA SH3E W=
sulfate ester group(-SO;)= W3}el7| Wit o= ket

APSE= 1524 & 1712 N 9o tiste] 3719 ¢ 9AE
THRE FZ2A, A 28] 2 2 (cellobiose) 3+ FAfol] 274 =
A= 12k -OH7] FollA1 (12} -OH717} 23} -OH7| Bt} 1t
/0] & A= 4HA ), sht E F 7He] 12 -OHY]
7} APS9F A#hst whg-d A9 N/C 94 B¥l&2 2H7} 0.07
7} 0.11¢] 0t} pH 4.02 10.5014 7H2L K888 CNC-APS
o] Co} N A=FS arEsted AlLket N/IC 32 712} 0.049)
0.08= A=ZH] e gk B2} & oF 0.5771 2 1.1470¢] APS7}
WHgsle Ao® AdEnh ey o] ALk APS7E AZH]
22~ o A8 13} -OH7|9} HhS-Ele] v FS A4
gtk 7HgolA ALk Aot A@siA7E A A EH 9
-OH7|¢} A&s}t w8 & o, & ZWwt ofe dE] &
(multilayer)S FAL 7 7] woll, =R Q.2 FHE |
2t -OH7| SollA APSS} A%sh=s = o A2 Zle= &
2ezi=

CNC W] =9]¥ APSE
3lo] W 10nm Zo] S E4
20 VR ATt

Figure 29 (a), (b) & (c) ZHEHIME FEO2 C,, O,
2 S,0] AgeldA7} 286.1, 532.4 2 169.0 eVolr] 2k 1t
ERdth 54 CNC 23 EROA = HolR] 8. N, Sip, 2
Siy, IZ7F (b)2} (celA ZHE 400.1, 101.6 2 152.8 eVollA
Uepsit}, o] 2 Qlsle] CNC FHo| APS7) EYE2S &
= AT Figure 20] 2~ EY Avjollr] Zpzto] Aashts
Table 29141 JERHSATE.

Table 2¢] XPS ¥4 Aol BH, pH 4.02 10.5904
APS 71E-E 7183k CNC-APSS] N/C 94 H]&-L 712} 0.07
7 0.1092 EA £4 A391 0.049} 0.0820} o £& AL
o 4 Atk WA APS7E CNC ¥l o Wo] HEd
Zoz e

CNC #Hel] APS7F =99 $0] 2 W3t {Asl7] <
slod #Si NMR 412 Z1e)ste] 1 A5 Figure 391 YE}
Wit

Qdsl7] flste] XPSE AME
survey scan 235 Figure

o o
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{a) Pristine CNC
(b) CNC-APS (9.0 wiv%, pH 4.0)

| 0] Ciy
{c) CNC-APS (9.0 wiv%, pH 10.5)| o ;
- ' Ny |8, Sls s
| i L I
. — !
\{c)

(b)

@ S
1200 1000 80O 600 400 200 0
Binding energy (eV)

Figure 2. XPS survey spectra of (a) pristine CNC; (b) CNC modified
with 9.0 w/v% APS at pH 4.0; (c¢) CNC modified with 9.0 w/v%
APS at pH 10.5.

Intensity (cps)
T
g

Table 2. Elemental Surface Composition of Pristine and APS
Modified CNCs from XPS Survey Spectra

Pristine CNC-APS CNC-APS

CNC (pH 4.0) (pH 10.5)
C (at%) 56.4 52.3 51.9
O (at%) 432 39.1 37.1
N (at%) - 3.8 5.2
Si (at%) - 4.5 5.6
S (at%) 0.4 0.3 0.2

Figure 3(a)2} 3(by= 2HF pH 4.0 2 10.5 ~&HollX] APS
NS K3 CNCE] IASE NMR 2~F ERo]t}. Figure
3(a)2} 3(b) 25 APS®] Si7t £9=0], -49.8, -59.6 & -68.5
ppmoll A ZFzE T' (SiIO(OH),R), T (SiO,(OH)R) & T°
(SiO;R)] FAZEE RIS = AU 7 ZHEZ ] |
HlE A2 o2 Hlwslr] flste] NMR 7]7]el] Ax]= ¢
ANe AZEY ]2 Topsping AHE-3F] DeconvolutiondFed,
T, T* 9 T°9 |3 ¥ &S 43t 54 2 Figure
3)E zHzh 273, 469 2 25.8%°] 1, 3(b)= 7.3, 447 &
48.0%% YEPST}. Figure 3(a)2t 3(b)2 ¥laha, 3(a)2] T
HZo] 3(b)ETE A3 THALS 22 2S¢ F Ut} o=
g gdof| M= 7R 2 2 SiOH Aol fElsh
I G Aol -SiOH7 9] A7) T3 (self
condensation) .2 22|71 AAo] f2lsly] wEo g Jek
e} Z, AdollA 71EE CNC-APS= T 122 Aol 4
iFez ©2ar 9714300 -EE CNC-APSe T 1322 A
/do] A o= T Wol dojube Z o= Arte ;2

OllH|SEA &4, PTHFO} vlo] e F2&-8 7:39] HIERE

{a) CNC-APS (9.0 wivi:, pH 4.0) 2 TS
(b) CNC-APS (9.0 wivi, pH 10.5) |

40 20 -30 -40 -50 -60 -70 -80 -90 -100 -110
Frequency [ppm]

Figure 3. Solid state *Si NMR spectra of (a) CNC modified with
9.0 w/v% APS at pH 4.0; (b) CNC modified with 9.0 w/v% APS
at pH 10.5.

- (@) after 0 h with MDI
|- —(b) after 30 min with MDI |
- = {e) after 1 h 30 min with MDI

|- - {d) after 2 h with MDI urea, C=0
|—— (e) after 1 h with 1,4-BD 1712 em?’
5] urethane, C=0
i Free -NCO 1731 cm”
)y 3 2268 cm”’ Aromatic [}

(c=c) !
1600 cm' §

Absorbance (a. u.)

T T T T
2400 2200 2000 1800 1600
Wavenumber (cm™)

Figure 4. FTIR-ATR spectra of PU with different pre-polymeriza-
tion time.

ST F MDISF WHSAIA An]FdA] Az A, WHgo] F
22 #s] flste] 308 AL

(sampling)3l>] FTIR-ATRH O 2 ZA 31t} =
He Fyog =43 ~HEH o2 WElsly] flske] ATR
correctiong =8 3}1] Figure 49 YERNSITH

Figure 45 X 2268, 1731 % 1600 cm™ell 4] Z}2} MDI
o] vlRkS- -NCO J=, %-gge] =0 = % MDI &4l &
9] C=C FAE AT F AU} WHgA|7bo] TS5
MDI¢] -NCO717} £8]&-2] -OH7|9} whs-&lo] e A%
< PAsr] wiol 2268 cm™ F A e] WA o] Y 7AslaL,
-NCO717} 5 9hg3ted whgo] FZAEH -NCO I =7} A}
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2 Aoz AR webA 1600 cm'ollA] LreR = |l
A Yol C=C ¥=AE 7|F2& 2268 cm™] "]EFE- -NCO 3
o] WA HskE 2] ()2 ARS-ste] W3] vlE AlLbete] vk
S Hekd o g BAsIgT
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Figure 5. TGA weight loss curves and DTG curves of (a) PU; (b)
PU with 1.0 wt% CNC; (c¢) PU with 1.0 wt% CNC-APS (pH 4.0);
(d) PU with 1.0 wt% CNC-APS (pH 10.5).

1} CNC %1419} CNC-APS S3A19] Gia] 2% 2ol
2-3°CE 2 A7}k §le A& & 5 Uitk

800 °CollX] zHFeke] 739, v PU THAI= 4.88%, CNC
o} pH 4.0 % 10.59] & A 7HAE CNC-APSE T4
A= ARESE PU YB3 22} 6.35, 8.19 2 8.59%=
SAEATH AER O FAATL A Bl FAARE A
£2 739 zFHo] Z7tE=d, o= CNC9F CNC-APSO)
EABRE ©aet 74 Y4 )99 O, N ¥ Sigf 722 FE|
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A &) 73¢-ole CNC EHol] =% APS2] N3} Si Aol
olgl] kRl Lol Y= Aoz wtEh
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Figure 6. Stress-strain curves of (a) PU; (b) PU with 1.0 wt% MCC;
(c) PU with 1.0 wt% CNC; (d) PU with 1.0 wt% CNC-APS (pH
4.0); (e) PU with 1.0 wt% CNC-APS (pH 10.5).
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4.0) 2 CNC-APS(pH 10.5)5 27} 1.0 wi% SHA 2 AME-
3l PU WieBsha o] Q7w ZH2) 5.41+0.28, 6.82+0.36,
7.68+0.63 2 8.89+0.36 MPa, ¥4 &2 25.96+2.25, 30.48+
4.18, 44.5142.60 2 50.11+3.11 MPa, <IA1E-2 197.86+6.23,
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Figure 7. Stress-strain curves of (a) PU; (b) PU with 1.0 wt% CNC-

APS (pH 10.5); (c) PU with 3.0 wt% CNC-APS (pH 10.5); (d) PU
with 5.0 wt% CNC-APS (pH 10.5).
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56.69+2.27 2 60.18+1.64 MPa, 1A &S 392.64+6.00,
628.39+8.42, 338.68+10.43 % 324.86+9.77%% UEMGS-S

g & lo

127
o

o

Polym. Korea, Vol. 44, No. 3, 2020



404 olfLt - B - 1E

SRRISIAT o] A3ES +=F PU THAY $8-HIE
Q1 Figure 7(2)2} HladtAH QA7 = 1.65, 2.25 9 2.
Z7Velar, S-S 2,05, 2.61 2 2774 Z7FaeksiTh
o) 3 wt%HA = 343 Z7lelth} 5.0 vt/ 2
S7VshE ol A9 gFo] 5.0 wt%®E F71eHEA
A 0] -S54 (agglomerate)S F/g3te] LiAkele] A
o] Zasly] WEos FActEn * Ao 44
FeFo] 1.0 wi% o] <5 PU A BT} 1.608) Z7}st
02 5.0wt%d w 0.86, 0.838] 2 7HAsl]T) ol& &
A 2] ghgo] ol s SXA|e] A o] asl] 37
AL FAst7] wol| Ailgo] Hap HolAe Zo= Atk
%D]__so

ETNE AEEH PU LI-=8A 898 HE 24, +
4= PU S3A9} CNC 1.0 wt%, CNC-APS(pH 10.5) 1.0, 3.0
2 5.0 %S 247 FHAR AREsl] Alz3 PU e Egt
Aol A& AES DMAE AMEsle] 2798 23S Figure
8o LFERA AT

Figure 8(a)’ll PU S&A¢} WeBHA4 o] A3 E (S
YR =7 PU T8A1 2] 219921 -70 °ColA 2] E
£ 865 MPa, 79 J¢l 20 °Coll 2] E= 17 MPaZ 245
ATt

CNC 1.0 wt%, CNC-APS 1.0, 3.0 ¥ 5.0 wt%= A=
AREEE PU =B A9 70 °Colr1e] fa199¢] E= 1187,
1331, 1173 ¥ 1290 MPa= S8 =13z, 20 °CollA ] 27
o 9] FE 21, 25,27 2 30 MPagE A HAL) oS &5
PU FgAIeL vlashd 2999 B 712 1.37, 1.54, 1.36
2 140N E JEROH I RFHe] Fe 1.24, 147, 1.59 2
L7690 = ettt < PU AR T84S S8 PU
e o] E7F O = vehves S & 5 Al o]
= CNC 32 CNC-APS Ak}t PU 32A7E AlHA A 5
g A% ol AgS FAsHA B a3t Ftet
7] o g dAdtEn)

Figure 8(b)= PU A<t e E3HA9] tan § 74S YEL
W ZAO 2 tan § # SAHBHEE")H ES VI(EE)CIH,
tan 89] ¥ A7} e e 255 aEAle] 7,8 Aol Je
Aoz dHA dtt. 5 PU A, CNC 1.0 wt%, CNC-
APS 1.0, 3.0 & 5.0 wt%E SHAZ ARES PU Y534
o] T, &2 ZH7F -23.96, -15.81, -13.23, -11.39 ¥ -8.17°CE
A F7hhe AL & 5 AT

MDI®] -NCO7]& Zg]&3} CNC %™9] -OH7]9} vhid
ek 2382 A3 CNC-APSS] -NH,7]9} whpd $-
go} Ag-S A = Utk -NCO71¢H 12} -OH7] 2 23}
-OH7|9}2] Athuk3Ad (relative reactivityy> ZFzt 2.59} 0.70)
3, NHy19ke] AhukeAde 250002 deA ot wet
A MDI®] -NCO7]E= CNC-APS2] -NH,7]¢} iz o=z
2] wkgato] et ddtunt st Selof AgS Y

£ o
S

g

1o 8 ofw ok ox
ooh o

K

Zan, 44478 A35, 20209

J—TY
| — — PU +CNC 1 it
=TT - - PU + CNC-APS 1 wt% (pH 10.5)
1000 - ““"4.%\ — - =Pl + CNC-APS 3 Wit (pH 10.5)
- —=--.PU + CNC-APS 5 wt% (pH 10.5)
&
—
Ly
o
=
e
100+
1u T T T T T T
-60 -40 -20 0 20 40 60
Temperature (°C)
(a)
— P
— =PU+CHNC 1w
= = = PU+ CNC-APS 1 wi': (pH 10.5)
-84AT °C —--PUJCNG-AP‘SEM%[‘IH1(I.5|
= - FIJ"CNC-AFSQWW.[FH 10.5)
R R S
;:. _ - 3 :1.‘3‘9,‘: -------------
< o S,
— =T -3t T =
e R o }
c :
o Lot -1581°%C %
s L
-50 0 50
Temperature (°C)
(b)

Figure 8. DMA curves of PU and PU composites with different fill-
ers: (a) storage modulus curves; (b) tan & curves.
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Figure 9. FE-SEM images of (a) PU with 1.0 wt% CNC; (b) PU with 1.0 wt% CNC-APS (pH 10.5); (c) PU with 3.0 wt% CNC-APS (pH

10.5); (d) PU with 5.0 wt% CNC-APS (pH 10.5).
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