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Abstract: In this study, the effect of nanoparticles on the interaction between cellulose chains in solution state was
investigated. Halloysite nanotube (HNT) and HNT modified with sodium dodecanoate (NaL) were added to cel-
lulose solutions, respectively, and the rheological behaviors of each solution were investigated. The pristine HNT
interrupted the inter- and intra-molecular hydrogen bonding between cellulose chains and the solutions showed dif-
ferent phase transitions and rheological behaviors compared to homo-cellulose solution. However, the NaL mod-
ified HNT merely affected the hydrogen bonding between cellulose chains and showed similar physical state with
homo-cellulose solution. This study is expected to be helpful for the research on functionalization of cellulose prod-
ucts by introducing anisotropic fillers.
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nanotube(HNT)= =2 H|ZHE, ZAA1A4, A AT
Fg-XnJ_OE_ 7}@ o]ﬂol—/\g %Eﬂi, g|ﬂ-§'1—;<4 FARSR=NE TN
A7 Zhgkar QIok!2 BESE HNTZF 74132 Q)
3l Slo]=E A 719 H2] lumenS 2 215} HNTE &4
sl o 2 sfdsk= Aol &olsi, old wet tdst 7%
S FAT F e RS 7L QT S| EEAI R
FH 7|1gk S438kE Wil = HNTS] 9 FHL Yol
2/ AALIA S silanes ©]§3te] HET 4 QLA
W2 GAGE W W umenS 2024 AlAEAA 5o
IEAE NEekE Ao] goltth > ey, HNTSF 22
o W=l MCCHE] Foz-8-S Fato] el A
Foll FEFE HAA HH, o= yoprt HF AFe B4l
7] FEE = 7 AUk kA oA Wie FY B9l e
MCCe}e] 432k 2 2zlo)of thet A7 S sAIRE, o]
8] thFoAIA] 3kt

gk 242 o] st A} AKES] wllEH(conformation)
HelE SRlsl] flgk 183k 274 Wy & shuolth. Aot
e Ato]e] Fozhgo] gk 71230 ARE AT ¥Rt
ol &4 I T 7R AT A 379 218 AR
T o, HE AFe 248 x4t 5
o}, 228y HNT 32 72 ¥ HNTS]
Fo] AF E sk Asel tigk A7t 7535 Aot

£ AFollAE sodium dodecanoate(NaL) 7] &S &3}
E2)2 A7} O HNTS A3, 71 50 W HNT9}
MCC 7+e] 435283 MCCe £8]4 Hs Wsts &3}
Aok HWFEAnA ST FHEE 248 Bk MCC &
Aol £ HEE 2FsIHoH, o] & YFOE A|x3t
HNTZ} AlE2] % 46 miX= 938 IRl

Al
=

e

ME ¥ AlZ N =. HNT(Diameter 30-70 nm, Length 1-3 pm,
Sigma Aldrich, USA) 3 7}oll & MCC(DP 200, Sigma
Aldrich, USA)&-919] =8]8 755 AF 7] $15td MCCE
o] 24 A2 1-allyl-3-methylimidazolium chloride(AmimCl,
Purity >97%, Sigma Aldrich, USA)l TF¥3F F5=(5-18 wi%)=
B3 AT HNTS] xHAES 2437 98t S/ 500
mLoll NaL(Purity >99%, Sigma Aldrich, USA) 1 g3} HNT
3gs F7ete] 29 Bt wRkeE &, W0 EEslEE 8Y

7r WAt ergstsigint. olke Faolel H9E HNTE &
E893, FRFE 38 A5t] AT

& Az Agelld NaL= 2|2 HNTS} vxj2] HNT=
7}z MCC tH] 9 wt% H7FeE -, 90 Tollx] 117k wyts}
of NS AxAT. = Sl W IS AA] ¢
510 AR 7KK MCCoF HNTE 70 C 229, AmimCH: 4
& 20 Cell ¥ B33t

& YollA] HNT 7}l w2 w2 MCCo] As ¥shrt
JslE 50 Ak 54 vx|e F3E AR flsto
FHE MCC 891 2 mLe H219 slo] f2) ol 1o
slo] LE0 = Azt £ 3 BullE AA] fl8le] Sl
12AIZF E)t BRIt o) F 2ol A 48213k zste] 2
5 T5IITH

EMEM. HNT] 723} HNTZ} MCC Zhe] 449
m A YFE glsty] flste] Fejo] Mek 3 24
(Fourier-transform infrared spectroscopy, FTIR-4100, attenuated
total reflectance mode, Jasco, Japan)2- ©]-&3lo] 543 aAE
H| st} 7iEE HNT W NaLe] S 7Lkl | $181e] HNT,
NaL, 228]32 7§ ¥ HNT®| E5 4] 7](thermogravimetric
analyzer, TGA 8000, PerkinElmer, USA) %418 23§ &}3it}.
25-900 T HIeA4 10 CT/min®] 52 £=2 548 713}
Atk 7Hdel osk HNTS] FHZ S sl 44 del= Aet
9 #4719} Y= 4] 7](zeta potential analyzer, dynamic
light scattering analyzer, ELSZ-2000S, Otsuka Electronics Co.,
Japan) 402 Q1513

H3A |7 (polarized optical microscopy, BX-41, Olympus,
Japan)g- &5l AZH 49 ApHo] AES Azl o, AL
Z12] HAE Eo]7] 2J5led 530 nm HIE Z#|0] E(U-TP530,
Olympus, Japanys ©-8-3131ct. 88 243 1 4 X (stress-
controlled rheometer, RS-1, HAAKE, USA)Z 30 ColA 20
mm 79| HPTS ARg3te] G| FATS S o,
4 I F o] IS 2] flste] A S Y (KF-
96-10CS, Shin-Etsu Chemical Co., Japan)2 =¥3F & =34
S Z3yelsitt. 44 -5 Al (steady shear flow test)} 54
% A1 ¥ (dynamic shear flow test)= Z}Z} 0.01-100s”,
0.1-100 rad-s'e] eIl SA AT G4 frs AR A=
Cross model(?] (1)l &-83le] I A= (n,)E ALl

ik 2

Z59] A4 54 w45 918t "5 A3 7] (universal
testing machine, UTM5900, Instron, USA)E &-8-3}%] 5 mm/
min S22 ZHSh AR 5x 40 mm’AE] x Zol)2]
At ko g Alxaglen, 7 4L 3 3] wEat]
Pite et

=1+ (1
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a1 H EE
HNTS| NaL JHE &2l ¥ S4 2M. NaL Fol o5

HNT®| WS gRlst7] flste] ARE-E NalL, HNT 223
7NFE HNTS 715715 FTIRS o83l =433t} Figure
1@)elA &eldk 5= d%o] NaLollA C-H2| 4% EA4 ¥=
(29183} 2852 em™)e} 7+2E-47] 2] tiA] ZlE 3 =(1557 cm™)
7} #FE L HNTS 749 sfol==A1719] Al5 X 1]
(36959} 3624 c)e} lumenol] S H ol 23 54 ¥
(1651 em™)E B NaLZ x]2]%¥ HNT(HNT/NaL)ell
A= HNT®} NaLo] 574 127} §7 #FHAT ol &
gk A o]l NaLo] 87714 1ge]] oJste] HNTell
H| A A o2 yAE|o] 9 om HNTE 4t <
R F e 7FeAS g Aolth

HNT W NaLe] ZHS AlLtsr] $l8ted TGA S48 %
83113, AF=S Figure 1(b)oll YERAITE. HNTE= 500 C
2ol A kaoliniteZ B4t} (dehydroxylation) &= gl
A Bl I35 o, NaL2 480 Colld Bhi Al&e] A
col| 2)3F 917} UeRgTh HNT/NaLe] 73-%- NaL3} HNTS]
FAKSE Bl 259F Yk NaL $Hko & <lsle] 7jau=] oo
HNTS} B]5:8k 23 752 RATh NaLe] 2 &3 9
A (rule of mixture)ol] &3t 2] (2)2} 4] (3L ©] &3l
=g

D Mygy = 100—(RMogy+ ML 5)
)
DMy, =10 'Cf(DM900—DMp900)+DMp900

@
€)

R%OO: leO: DMT)OO: DAIp‘)OO j‘al C‘IJ\E 7_}—7_'1— 900 OC Oﬂ
A99] Ze, 120 CollM 2] =85 S22, 900 CollA] NaL-HNT2]
walleF, 28] 53 Wl NaLe| ke ojw|git}. TGA 1
Yz2RE =&F 7 S92 EES Table 19] YERNSI oM,
Ci2 ARKE A3} oF 44%2] NalLo] E3Heo] Q= 7o =7 5
A3IATE o= G4 o] Fo= NaLo] SFgZ o2 HNT ujo|

[SIe) =35
FIALo] 9JL-S wkEdit)
(a)
L
NaL W
C-H stretching Carboxylate group
(2918, 2852 cm) (1557 cm™)

W
HNT

LA

Carboxylate group
(1542 cm™)

—
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HNT/NaL (2923, 2851 cm")

Transmittance (a.u.)

T T T T T T
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S—

Weight Loss (%)

A A - A4

Table 1. Thermal Parameters of HNT, NaL, and HNT/NaL

(Unit: %)
RMygo ML,
HNT 85.11 1.025
NaL 23.30 1.728
HNT/NaL 82.21 1.231

NaL 7o) w2 HNTS] 9 H9le} Habde] Wsls 4
Hr7] flste] JHE A5e] Aet A9} dxF 271E S48t
Atk Figure 2(a)oll A EQ1E 4= 21%©] NaLe] 74 o] %
HNT®] FHAL= oF 29914 42 mVE 9] W3k g =7
Z71I5t & 44 d50] HNT= HH2] montmorillonite
(MMT) W= plate’} QA 24 alollA] 2 e 7]
FEHE 7= ALZE lumen WHE oF +8 mVe] YL,
HHE 48 mVe] 2AEHE 7HA AL Aok kA sk
w3l 9)E Nalol 2 S48k 7= HNTS] 9l &
2lglo] IAE7] Bijes FH5HE W= HNTS lumen WHE
IAstElE Ao] gold ZloR FAHEL" o]& QI8 lumen
U B A714 02 FAo] Hal 1 A9 He] S8
lumen WF-2}2] A &}t3 (charge balance)oll 2]3ke] O =
SAEE 7HA B Rz ddEn o9k e ¥ &
3ke] F7h= HNT YA 7He] whae S Zjjsie] SiHdS
A AS Ao E AZHET BlE flte] 2 Aol
ARE-E MCCe| FRd s 7853t gykdos dex
Hhe} o] AER QA= 29 mV ALY
Rom B Ao ARGE HNTSF AR &
3 e AR ERIHAT AEZ 2 A= ZF glucose
unit®] 2, 4, 23 6 TRl Slo|=EA7)7) EAEk] &
Hsls W, ol2gh sk 2= Qlsle] 3l o]fol=
AR 548HE 7HE Z10 R ol dEm, ofdl] we} i EA] e
HNT2} MCC 7Fe] 33 2-8-2 Z17He] YAHHNT) 52 &2
MCCyt 2| t=A] &= A o2 o) ddt). o]2]d fAKSH

2
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Figure 1. (a) FTIR spectra; (b) TGA results of NaL, HNT, and HNT/NaL.
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Figure 2. (a) Zeta potential of HNT, HNT/NaL and MCC; (b) Dispersibility of HNTs in distilled water; (c) Particle size distributions of HNT

and HNT/NaL in water and hexane, respectively.

FUT FRAGS AL,

2(byllA] Ko vke} Zho] JHAEER] 92 HNT= Hxlo]
ABFRAA T A E HNTE 1247 o] 5ol = ek A ¢l Hatk
e AL g ERIs

Figure 2(cy= hbl o] A2l m& HNT 947k 7H] $3&
U= 475 o] &3ty sk Ao} MAEHA e
HNT®] 745 4hfo] £ 739 oF 200 nmé] 4#} =7
HolE v, mjdo] £54S 7= ditollM = vl 42t
g -go] WAsle] Y=ke] =717k 4000 nm= F7HE S
FRISIATE o] EHe -3 S| =FA7|Z sl =2
215498 7= HNTE] 1 S0 2RE 7| o=z
AzbEth, NaLZ 7] 2" HNTS| S84 Aefol A HNT &
F7F S35 1000 nm 2] modeE 7= Zlo] A=y
Aom, vl R FrboA= R U] HNTZF 4k
A d=ke] =717F 200-300 nmE- 7FAl= mode”t &1 = At}

N r

ol& 71 Bt ARER 5] 294438 W Nalo] HNT] %
Hol| EtElo] A3 HNTS| FHo] 23le Aoz dds
t}. NaLzke] &3+ 2gollA NalLo] HNTS] lumen WH-2 3
3 gk o2} Y= lumen FO2 EZH 7, A% NaL
o] HNTS] ¥Wol] F2%o] HNT ¥Ho] 25A4S uA |
Aoz Azben) olef 7+ i A o] WalE MCCoe)
3528 TA M Ao AlsE

M=E 8do| SN HE. MCC & WA m7id
HNTSF 718 E HNTS] 932 A E7] 95t MCCE ©|
2N o)) TSRl FE(5-18 wi%e) = R3lA1Z] F MCC F7
tH] 9 wi%®] HNTE F7iste] &S Azt & 7 E4S
TSI, Figure 3(a)-(c)l MCC7} oS Hol= %
H2(12-16 wt%)ell A2 2= MCC €92+ HNT &2 HNT/
NaLe| 71 §io] AFdAng on|A]E HofFch HNT/F
HA7HEA] & MCC &942] A9 MCCE] 5= 12wl =
SHAS Hole Wb 14 wt% ol delME o] FAE o
polynematic 735 WEFHTE B A7ollx BarE niel o]
MCC= F 7119] glucose unit®] 2EA(0)E AF=o] tha 71
Frde 7HIAL AR glucose ring TESF wAF 7HEAF W]
e FAAFORE Qlste] g AlES THAA Hof 9
AEE ool IS wshes FdS 71Kt MCCe
AAEEE Flory 5°] AW ute} Fo] Bwlo] Ff/, +4}

F 5ol me} tha k] ApolE HolA|wk drbEo® o] 24
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Figure 3. Polarized optical micrographs of (a) homo-MCC solution; (b) HNT added solution; (c) HNT/NaL added solution, respectively; (d)
Zero-shear viscosity change by shear rate (e) Changes of storage (solid symbol) and loss (open symbol) moduli as a function of angular fre-

quency; (f) Crossover frequency (®.) along the concentration.

HA A= 10-14 wt%e] 2 7HE Aoz LA
3L - ] A olof] &Rtk vZiE HNTS 37t
gk 739 & Aol A" MCC % A 2belA oA %4
o] FAE|X| gk WHH, NaL= 712 ¥ HNTE H71819S 7
T 16 W%l o7 o] #F=I. ME ThE HNT 3
7tell met A& the o)t g A3t gl thste]
Me AE A2 el A7 a8 Zlo s ddEr Y
A ool mhE oldt o] 7152 HNT9F MCC 74 /&
Ao gNE 71T AR o dHrt. vI/iE HNTS] 74
T s 7HA slel=SAZI7E S MCC B9 2
g Fagto] 7hssin], MCC 4 124k W 229
oFsiAIZITE. M) A Axel] mpEH AEZ 92 glucose unit
o] 3 BA(C3)ell EA s sl =5AI717E AR Aka
(0)9} Ashe Fad gl Aol AHmet duEol =
AL E dPfA AP MCC Ak 3W B4g] slo] =54
717} HNT¢F 29he 978l MCC Ake M) 732 =7h
Aadsls Aoz drkdnt f940] S7H MCC Ala2
& Helld | ol ol3/d & F/de] ol Xt whd 4

Z2H, A|4998 A28, 20253

S zH= AE HNT/NaLS MCCeF 42288 9
S AREe] Ao 2 JES nRA] Eslo]
MCC7} o3PS 19l Aoz A} ok, tiul4=2] HNT/
NaLe] MCC¢} 44 %-S F4sH MCC AkEe] fr9d/do]
Ui S7kE o] JASETL oF 2 wi% A= o= AAE
ekl Ao 4=}
HNT 37}l W2 MCC &49] Mebd EAS

24 R=2 3238t Figure 3(d)-(Holl EoF2AT). Figure
3(d)E BA fs e WellA At AR 7k AdsAkg
olallat7] flst] B2 i SHO=E dojxl T ¥ o
AEE BojEth Jot AeEs 99 4] (1) st 73815
I ol HRAS TR ZEA 99 T ¥ If 54
o7 AR k. Aukz o g MCCRl2ARA] gl 5
Lo wat vEE G919 wi%), D7 DS (9-14 wi%), ©]
WA 99 (14-16 wit%), 2232 A 99 (16-18 wt%) 52 Ul
el MR YFlojAH o]z & A= T #F
H AT HNT H7F 2 70d of 79} AAgle] MCC &9
Pt A= F AolE HAFA] Ut o= F7FE HNT9

oL
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ol MCCe] ol Hls) wl-9- 2o} goo] FHAF 25
HoZ JTFE FA A ]St HNT/F 7R e
4 MCC £99] 749 14 wi% o4 5571 7kl wet
FA% A= slge] B ojn] B2 FdoA B
Hie} o] A &= o dellA= polynematic “go] /3= AL
ek W) ol3te] nematic o= vl A At o]t
nematic 4 2] MCC A& W34S 7L o} &
o 55 Foll AR 7He) mREe] AT o)) wet gk
=7t sl Ak NAEA ¢k HNTS H7ket 49 o]
23t 54 v F2oA e Ax slee] #EAEHA] 41 v%
7} 7Yl et Y A=t S7FFATE HFA NalLZ 7|
¥ HNTE 71819 739 &5 MCC &3 nizb7 A 2
AAFE oollr F43 A 747} BEEQT) o) ok
Hgan7 =4 A (Figure 3(a)-(c)oNA] A3 vie} npzk
7HAIZ HNT 702 oo ufg} MCCe} HNT 7+e] g5 21-g-0]
tEA] 2AYe Axjolot. u7id HNTE MCCole] 423
A5 MCC AFEe] fF4de] 7k 2 A 9%
Aol w2 A% sheto] B AUTH NaLZ 7HEH
HNTE 254 7 MCC 2419} 432g-0] ZojE0] A}
<9 AAAEE 9 T AL 4 FAh0 wE HE
sheto] LRt LubEel fAd g ol x| BatE] o]
olgjet Arslet o] Fxrt Z7Hgel wel AxEs F4sH
2353t o)A ArellA] A st ule} 7ro] ol st 34
HE 45E =2 MCC 4} 1] 739k 9ol 2]k A3k
ZHE 78k Aot

Figure 3(e)= HNT 7} & 2} 7ke] Aoz-g3 3
B 545 Eesh] flete] dA sE FH 5E(12-18

14 wt%

12 wt%

Figure 4. Digital images of the MCC films.

wi%o)ollAl 8He] T4 F1H AsS Uepd Zlolth B =
719] gol|A] e &3 SHEAYESY] wAF BEE S
om ol T FEw AR o] EAlske v o=
Aol 71557} S5kl we AgedEo] SAA
EHTF F43M) “dsste] BASHATE. Figure 3(e)e] #2Hs
upero 2 Wb o] 7HEE (w,)2 Figure 3(f)oll THA] A ke
YERSITE xR €] ZHe= 8o o] Hebd As-S Aishe
Z83 QIALZ, time-temperature superposition(TTS) A&l
mE AR 250 A-ggitk? o AR IR R &
T MCC 893} 7§2¥ HNTZF 37H §ollx= A o]
ol ule} T SV E 0] A5 L olde] sl
2] o] T whH JfEEA] 82 HNTZF 37k &
W= wi= = SV vt T 7Hsdtt. oA 3o
Pl ME ZHEE AJ5S vlaste] BY 55 MCC 89
Hlale] A HNTZF 271 §99] 7M. s Aot v
UATE. o= A HNTZF MCCefe] 7229k FAdstel MCCe]
A WS- tA Wel|e AR ) A At A vl
R 18 wt% 55 7THE BE §olA MCC Ak 7+
3zl M ERF o] A E]o] JA|9f 2 AEE H3om, o]
mE} wapgo] e &R o] F 3T

HM=E ZEe §M B4, MCC §9¢] Is}=ES o F
71A] ZEfe] HNTO| 3 ZAbe7] flste] B502 Alx
stal 1 B4 1418 218513t} Figure 4= HNT 37l w
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Figure 5. Mechanical properties of the MCC films.

o, o= HNT| Y Akt oJgt A3}z s Ec). HNTS]
T3¢ Wo] HNTS| Aok Hagh Wako 2 So)g uj
+ Rayleigh 2tero] Zulja o & vtehm, HNTS] Ao] %3
2 4] W 2 Yol ARE widlli= Mie Aleto] BHAYEHA|
Hrh? olof whE} HNT| <]gh kel Wl slgto 2 Qlste
M ool FAIGle] HNTZF A7k 5o FHErF I
743 Ao ek

Figure 5% 7+ 52| UTM 4 A3E Bt g 74
w9} 27] BAAISE MCC AR 7] Aag-g3 34 9l
own, MCC Ak&9] wi#E olalshat] =5 = & Atk
T MCC 252 16 w7 1=} 27| &3 A1F7F
Z71er9o™, 18 wit%dllA ZAasiidth =7t S7Hgel w
2 MCC Ak& 7ke] GFlo] F7tetalen, 1 A 18 7
T7h et Aog dAdhE £3] 14 wi%eld 271§
A7F FA3 oo, o) HE AR oA MCC
ol o] polynematicoll A nematic A2 2 W= o] MCC A}
EE5°] 45 WEo R wdgd uet QI Y 1t Y
2 Wl A3sk AFoltt 18 wi%elE FE7}t mf$- =
o} MCC AREES] Aol Asts|lon, 71 A3 A= v
FoZ wjgEA] ol Fo| A Frwrt HAEint. A
AEA] 92 HNT 71 952 &4 MCC Z& d¥] 22
g8 s BATH HNTZF MCC A& A g "ol
Ef o w2 27] © AGUt g4 Jo2 AlsH

-olell wielf 7HEE HNTZF 37H 52 749 <+ MCC
eI} v|5=3 9ok e 2 BYon, ol A i B
2 Ao} vz X2 HNT/NaL 5 95 A4S 2=
7} EA8 MCC 2Lf-9] =24 7ol HA]
DAe Ak ddE)

u)72 HNTSF 7§ 2E HNTZF MCC 7+e] 42 % o) u)
2= IS RIs] 215k 12 wt% MCC9F HNT 37+ 2
559 FTIR 345 18313itt. Figure 69 Hol= 234 2+

kv

Db

rir
o2
ok
o
X,
X

Zan, A]4948 A25, 20253

2B

10

J == pristine
4 == w HNT
4 == w HNT/NaL

Modulus (GPa)

12 14 16 18
Concentration (wt%)

b, e \f
pristine
-_-_-\\/\“/_-___"_\"/\(Y*
w HNT
e ’/,——r—/-v\/_w
w HNT/NaL

T I L T L T T
4000 3500 3000 2500 2000 1500 1000

Transmittance (a.u.)

Wavenumber (cm')

Figure 6. FTIR spectra of 12 wt% MCC and HNT added films.
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