J. Korean Wood Sci. Technol. 2018, 46(5): 565~576

pISSN: 1017-0715 elSSN: 2233-7180
https://doi.org/10.5658/WOOD.2018.46.5.565

Original Article

Preparation and Characteristics of Cdlulose Acetate
Based Nanocomposites Reinforced with Cellulose
Nanocrystals (CNCs)'@®

Joe-Gyoung Gwon? - Dan-Bee Le€’ - Hye-dung Cho® - Sun-Young Lee®?'

ABSTRACT

Cellulose acetate (CA) has been widely utilized for composite materials due to its high transparency and thermal
resistance. In this study, CNCs (cellulose nanocrystals) were reinforced in CA nanocomposites for fortifying mechanica
properties of the composites. In addition, CA nanocomposites reinforced with CNCs were manufactured by extrusion/
injection processes applied with CNC-predispersion method for achieving a high dispersion level of CNCs in the CA
matrix. According to the analysis of mechanical properties, the CA nanocomposite with 3 wt% CNCs has the highest
tensile and flexura strengths due to the reinforcing effect of CNC nanoparticles. Thermogravimetric analysis (TGA)
showed that the addition of acid hydrolyzed CNCs dightly lowered the initial pyrolysis temperature of CA nanocomposite.
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1. INTRODUCTION

Recently, many scientists and industries have been
interested in nanopolymer composites mixed with
various nanoparticles because of the remarkable
improvement of the matter properties. Although various
petroleum-based polymer materials have been used to
develop nanocomposites, the development of
nanocomposites using biodegradable polymers derived
from nature has attracted greet interest due to the globd
warming and the various environmental regulations
surrounding the disposa of polymers. Poly
(3-hydroxybutyrate) (PHB), poly (lactic acid) (PLA),
cdlulose acetate (CA) and poly (caprolactone) (PCL) are

popular biodegradable polymers replacing petroleum-
based polyolefin polymers (Gutierrez et al., 2012).
Celulose acetate, a cellulose derivative, as a
representative biodegradable polymer, is synthesized
through acetylation of cellulose and excessive acetic
anhydride by sulfuric acid catalyst (Korea Textile
Development Institute, 2012). CA is widely used for
the development of composite materials such as
expensive spectacle frames, high-grade fibers, and
window frames because of its transparency, stiffness,
heat and impact resistance. It is aso widely used in
water treatment fields such as reverse 0smoss,
ultrafiltration and nanofiltration because of its low
price, good chlorine resistance, bio and water &ffinity.
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In addition, due to the non-toxicity, biocompatibility
and absorbability of CA, a natural materia, it has
recently been widely used in the study of medical
engineering materials for drug delivery and
hemodiaysis (Candido et al., 2017; Dumitriu et al.,
2018; Liu et al., 2016, Chun et al., 2012; Sukul et
al., 2015). Despite these advantages, however, its low
mechanical strength has been an impediment to the
long-term use of CA in such applications.
Nanocellulose, which can be obtained through a
mechanical or chemica treatment on plant cell walls,
can be supplied from neture, and therefore, it is possible
to continuously produce nanoparticles because of its
sustainability. And since it has competitive price, it
is being used for a variety of application fieds requiring
high-tech materials. Cellulose nanocrystals, a kind of
nanocellulose, are nano-sized crystaline particles
having a diameter of 5-70nm and a length of 100 nm.
CNC nanoparticles have a low density (1.6 gcm™®) and
a high specific surface area (300 ng'l) and shows high
tensile strength (7.5-7.7 GPa) and dasticity (143 GPa)
(Gwon e al. , 2018; Mgoinen et al., 2011; Ljungberg
et al., 2006; Moon et al., 2011). These features of CNCs
are good enough for researchers to use as a reinforcing
agent to increase the strength of polymer composite
materias (Jo et al., 2015; Masruchin et al., 2015; Park
et al., 2016). Moreover, the CNCs surface structure
with many hydroxyl groups (-OH) similar to that of
the CA main chains makes it possible to fabricate

composites in a Smple process, compared to the studies
in which the surface of hydrophilic CNCs was modified
to hydrophobicity (Gwon et al., 2016) for use as a
reinforcing agent for hydrophobic polymer composites.
Many hydrogen bonds between the two materials can
be expected to serve as effective enhancers in the CA
composite materials.

To date, the mgority of CA gpplication research has
focused on the production of materials by electro-
spinning, using chemicals or organic solvents that have
big environmental load such as dichloromethane and
methanol. On the other hand, there are relatively few
studies on the CA production using molten extrusion
and injection methods which are advantageous for mass
production for industriadiization. Therefore, the aims of
this study are to introduce the development of CA
polymer composite materidls using CNCs as a
reinforcing agent by applying an extrusion and injection
method and to investigate the mechanical and thermal
properties of CA composite materials made according
to the CNCs content.

2. MATERIALS and METHODS

2.1. Testing materials

Cellulose acetate (Mn ~ 50,000 Da, Sigma-aldrich)
is used as a base polymer and has 39.7 wt.% of the
acetyl group. (For improving flowability of CA during
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Fig. 1. 8 TEM image for isolated CNCs and b) experimental scheme for predispersion.
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extrusion and injection processes, triethyl citrate (TEC,
Mw ~273.3 Da, Alfa Aesar) was used as an
environmentally friendly plasticizer with low volatility
at the processing temperature.) Cellulose nanocrystals
were prepared according to the previous experimental
method (Gwon et al., 2016) using 64% of the sulfuric
acid in a cellulose powder (W-50, KC Fock) with a
patide dze of 50 4 m. The diameter of CNCs fabricated
was about 6.0+1.2 nm, and the length was 155+15 nm
[Fig. 1(a)]. Before using the melting process, the CNC
suspension solvent was refrigerated at 5C after
replacing digtilled water with acetone to disperse CNC
nanoparticles in the CA resins in advance.

2.2. Composite material fabrication

To investigate the properties of CA nanocomposites
based on the CNC's content, we divided the CNCs
content into O, 1, 3, 5, and 10 wt.%. TEC, a plagticizer
added to improve the efficiency of the melting process
was set to 30 wt.% of the total weight. To effectively
disperse the CNC nanoparticles between the CA main
chains, a predisperson method using solvents was
applied to the process (Gwon et al., 2018). When
nanocomposites are fabricated through the melting
process, the viscosity of the polymer is high at the
molten state of the polymer, and therefore, the
nanoparticles do not sufficiently disperse in the matrix,
and an aggregation occurs so that the function of the
nanoparticles as a reinforcing agent is difficult to carry
out. Hence, nanoparticles are made to be predispersed
in a solvent, and when the solvent penetrates into the
spaces among the chains by inducing the expansion
of the polymer chains in the solvent, the nanoparticles
are moved with the solvent to the space when removing
the solvent used later. Therefore, introducing the
predispersion method make the nanoparticles possible
to highly dispersed state in the molten polymer matrix.

It is desirable that the conditions of the solvent used

here satisfy both the affinity to the nanoparticles and
the good solvent for the polymer resin. In this study,
we used the predispersion method that uses acetone,
and it's shown in Fig. 1b. The suspension of CNCs
replaced with acetone was put into acetone which was
about twice as heavy as the CA weight. Then, the
mixture was stirred at 14,000 rpm for 5 minutes using
a high-speed homogenizer (Ultra Turrax T25, IKA).
After that, temperature of the mixture was raised to
80 by using a hot weater bath. When the temperature
rose, CA and TEC were added to completely dissolve
CA, and then the solvent was evaporated in the hood
for 24 hours after cading it into the sainless-sted mold.
After the evaporating process, the solvent was removed
and then a CA/CNC composite film was formed in
the mold. The size of this fabricated film was about
400x400x1 mm (width x length x thickness). The film
(5%3 mm) was pelletized by using a pelletizer (Bautek
Co.) and then dried it in an 807C oven for 24 hours
before starting extrusion process. The pelletized films
were extruded by a co-rotating twin-screw extruder (19
mm diameter, 40 L/D ratio, Bautek Co.). The extruson
temperature and screw speed were 170~185C and 150
rpm respectively. Extruded materids were immediately
conveyed to an injection machine (Minijet 1I, Thermo
Scientific) for preventing any strand formation.

2.3. Evaluation of properties

The mechanical (tensile and flexural) properties of
the prepared CA/CNC nanocomposites were eval uated
by using a universa testing machine (GB / H50K,
Hounsfield test equipment Ltd.). The five specimens
were tested according to the ASTM D638 and D790
methods and the test speed was 10 mmvmin. The thermd
properties of composites were obtained using TGA
(Thermogravimetric Andyzer, Perkin-Elmer TGA8000)
a a 10 C/min in the 40 C to 600 C temperature
range under helium.
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3. RESULTS and DISCUSSION

3.1. Mechanical properties of CA/CNC
nanocomposites

Fig. 2 shows the tensile and flexural properties of
CA/CNC nanocomposites based on the CNCs content.
The tensile strength of the composites showed a
maximum value of about 36 MPa when the content
of CNCs was 3 wt.%, which was a strength increase
of about 24% compared to that of CA without CNCs.
Tensile modulus tended to increase as the content of
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Fig. 2. @ Tendle properties and b) Flexura properties
of CA/CNC nanocomposites as a function of CNCs
contents.

CNCs increased, and the maximum elongation at bresk
dramatically reduced when the content of CNCs was
3 wt.%. Like the tensile strength, the flexural strength
showed a maximum vaue of 43 MPa when the content
of CNCs was 3 wt.% and a strength increase of 26%
when compared to CA without CNCs. The flexura
modulus aso increased as the CNC nanoparticle content
increased. The reason for the improvement in strength
is due to the reinforcing effect of the CNC
nanoparticles, and when the CNC is well dispersed
in the CA resin, it prevents the CA resin from being
broken by force from outside. The area that we need
to take a closer look at is where the strength of CNC
nanocomposites with CNCs shows a maximum value
when the content of the CNC nanoparticles was 3 wt.%.
Aftewards, the strength tends to decrease as the content
decreased. The reason for this decrease in strength is
due to the flocculation phenomenon of CNC
'nanoparticles. In other words, the external forces are
focused on the place where the particles agglomerate
without being evenly distributed. The cause of the
reduction in strength due to the flocculation of rod-
shaped nanoparticles such as CNCs can be explained
in detaill by mechanical percolation (Leite et al., 2016;
Dufresne 2008; Dong et al., 2012; Azizi et al., 2005).
In the case of studies where percolation is an infinite
connection in terms of mechanical properties, this
phenomenon can be seen as a phenomenon in which
percolation network formation of CNC nanoparticles
occurs a the molecular level by a means of hydrogen
bonding at a specific content or above. The content
that starts this flocculation is the mechanica percolaion
threshold (v g which can be obtained from the
following equation:

VR O.T/(LID) oevevverssrrreeeernns 1)

In the case of CNCs used in this study with L/D
being the aspect ratio of the nanoparticles, L/D was
about 26, and v . was 2.6 vol.%. Considering that
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the density of CNCs is 1.5 gcm’® (Leite et al., 2016),
flocculation of CNCs occurs at about 4.0 wt.%, which
is one of the reasons why the reduction in strength
occurs. The modulus is the stiffness of the material,
and even though the CNCs agglomerate due to the strong
CNC particles, externa stress can be transferred to both
the resin and the particles. Therefore, the stiffness of
the composte materid itself may incresse as the content
of the nanoparticles increases. The enlogation at bresk
is the capability of a resin to exhibit viscoelasticity,
but in this study, the CNCs were simply used as a
filler, so that the enlogation at bresk of the resin itself
could not be improved. When a filler is added, the
maximum elongation at break can be reduced because
the resin endures greater force and breaks without any
deformation. After the nanoparticle flocculation occurs,
the maximum load value becomes smaller and a
flocculation phenomenon occurs. Therefore, the value
is lowered because the composite material may be
broken with less force.

3.2. Thermal properties of CA/CNC
nanocomposites

Fig. 3 shows the therma behavior of CA/CNC
composites by TGA (thermogravimetric analysis). The
weight reduction rate of the composite materials by
the thermogravimetric analysis is shown in Fig. 3a, and
the derivative vaue thereof is shown in 3b. The pyrolysis
of CA/CNC composites with plasticizer has been
reported to occur mainly in three stages (Leite et al.,
2016). The first stage is caused by the evaporation of
residual water remaining in the composite material at
130-240 . The second stage occurs in a temperature
range of 250-330 ‘C where the acetyl group decomposes
from the main chains of CA while forming acetic acid.
The decompogtion of TEC plagticizers occurs extensvely
in the temperature ranges of the first and second stages.
The last stage, or the third stage, occurs at 350 to 425
C due to thermd degradetion of the main chains of CA
(Claro et al., 2016; Leite et al., 2016).
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Fig. 3. TGA results of CA/CNCs nanocomposites: @) weight loss, and b) derivative

weight as a function of temperature.
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In this study, thermal behavior caused by residual
moisture in the composite materials was not seen,
because the pressure and injection process using high
temperature (>160 C) was used when the composite
materials were being fabricated. As shown in Fig. 3b,
the CA/CNC composite materials are thermally
degraded in two stages, having a main peak between
about 200-320 C and 320-400 °C. Therefore, it is
thought that the acetyl groups in the main chains of
TEC and CA, which are plasticizers, are decomposed
in the first pyrolysis zone, and the main chain of CA
is decomposed in the second thermal degradation zone.
There are two points to be noted in the differential
graph of the weight reduction rate (Fig. 3b). The first
is the decomposition behavior of sulfuric acid-treated
CNCs. CNCs produced by sulfuric acid hydrolysis is
mainly pyrolyzed at over 170 to 250 ‘C (Gwon et al.,
2016). Unsulfurized CNCs begin decomposition at 330
C (Leite et al., 2016). However, CNCs produced by
sulfuric acid hydrolysis start to decompose at about
170-180 C due to the catalyzed therma degradation
teaction of sulfate functional groups on CNCs surface.
However, in this study, the decomposition behavior of
the composite materiads with CNCs added at the above
temperature was not observed. The reason is that the
thermal stability of the CNC is improved between the
CNCs surface and the CA main chains by strong
hydrogen bonding. The second point to be note is that
the onset temperature of the above two zones decreases
as the CNCs content increases. As described above,
plasticizer was added to the first thermal degradation
zone, and CNCs were added to the acetyl group
decomposition zone of CA. CNCs themselves increase
their decomposition temperature through interaction
with CA. However, it seems that the temperature that
starts thermal degradation in this zone rose because
CNCs themselves act as an acid catalyst promoting
pyrolysis due to the sulfate group attached to the
surface. As the CNCs content increases, the thermal

decomposition of the CA main chains of the second
zone is sped up because CNCs generate large amount
of decomposition gas during thermal degradation, and
these gases form a lot of voids in the polymer resins
and induce decomposition of the polymers to cause
a change in the thermal diffusion mechanism (Leite
et al., 2016). Consequently, the addition of sulfuric
acid-treated CNC nanoparticles does not improve the
thermal stability of the polymer composites because
of the sulfate groups formed on the surface by sulfuric
acid. However, since CNCs are a highly compatible
chemical with CA, CNCs' surface can be chemically
modified or overcome this issue by introducing a flame
retardant.

4., CONCLUSION

This sudy analyzed how the addition of CNCs using
the predispersion and the extrusion and injection
methods affects the fabrication and properties of CA
nanocomposites. In fabricating CA composites, the
predispersion method has improved the dispersibility
of CNCs in the materid, which leads to the reinforcing
effect that improves the strength of the composite
materid. However, when the content of CNCs was more
than 3 wt.%, flocculation associated with the percolation
effect of CNCs occurred, resulting in a decrease in
strength. It was confirmed that the addition of CNCs
did not improve the thermal stability while reducing
the pyrolysis temperature of CA nanocomposites
dightly. However, it can be overcome by surface
modification of CNCs and injection of flammable
materials. Therefore, CA nanocomposites with CNCs
fabricated by the predispersion method and the
pressurelinjection method can be used in many indudtria
fields, and it is a manufacturing method capable of
improving low mechanical strength, which has been
a disadvantage of CA composite materias, and enabling
mass production.
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APPENDIX

(Korean Version)
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FA7HA] Heka=2] CA 58 - dichloromethaney} methandl 22 S7-7-517F 2 FAILE -71-80E o]-8-s5tef 7|4
(eectro-spinning)sh= A 0.2 iAo 24o] Sk olof Hlsl] AkekE et ti bl feleh, 854 e dE
2 AReAo] A8H CA Ao B3 A= Aoz Ak weha] & A9 5242 oA 2851 CNCsE
A= ARERE CA dg At B3 AE-S 4708k, CNCs @l wheh Al CA E3aao 7|44 3 94 5445

2ApsHEY] gl

o o

2=

1 ol
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2 M= Y e

2.1, FAAR

MEZ QA opAH|o|E (Mn~50,000Da, Sigmaddrich)7} E3Ax9] 7|8t AR5 9lom, 39.7 wt.%2] acetyl group
AL Qiet 4 AR CA 8834 0lA CAY 354S S Al7|aL, 34 EolA $libgo] AL 218 7taAl=
K E|od A|Ed o] E(triethyl citrate(TEC), Mw~276.3Da, Alfa Aesar)7} AFEEIQIch AEE e A Ll I8 28-S 50um
UEE 7 AEZ oA He-E|(W-50, KC Flok) S 64% SHAke: o]-8-5t0] o A3 (Gwon e al., 2016)0f] whe} A Z5k4ic.
AzE CNCst 27 oF 6.0£1.2nm, Zo] 155¢15nm GLom[Fig. 1d), 8884 =9 A CA Ao CNC ez
AEAE A]717] $13 CNC e SujE SRHaollA] ofAl|E(acetone) 0 &2 2] 8tste] 5C WAHI 3l9lch.

2.2, B34 A=

CNCs 3o mhZ CA Ui BaAz]o] EAS Atgwy] 93] CNCs 352 0, 1, 3, 5, 10 wt%S A4stgon, 4§
FHEE S Yol FYH 7kaAIR] TECE AA| Fgel 30 wt.oz 14skglet At o2 CNC ey AHE CA F4
Atolofl ke Slaf BulE o]-83 AR (predispersion method)s ©]-8-3HtHGwon e al., 2018). 855 53 B gta
A Az Al Sl nEAY] SO LEAY] FETt 27 gEe] UkdAE S8 EAEA] g S0l
St n g A RN UieRte] 7] Eo] S85] LR E7] ot ueb YA Gufjoll AEAN A]7]AL BE-gulo]
I8 AR WAL fEsto] St AReT ARSALelol EE o U={IRE A ol SAIA 25 ARSE &S AlASL
ApEAtolof L QiAkRt A o] EAF 4] ol WAL TEARE AR vhE Holth

o171 AREEE BHie) 270 W flRke] ek at AR 4229 of-guli(good solvent)E B ThESh= Zlo] uitA] sl
& AolAle ofAlES o83 AR S A8si5len Fg. 1bofl Ueigleh oplEC R A|EHE CNCs @t CA F
2= He FY opAlEe FY &, & SEALo[H(Ultra Turrax T25, IKA)E ©]-8-5k] 14,000 rpmof Al 5&7F iyt
gt 1§ 39718 o]8ote] 80C/H] 25 A7, 227t Apdtd CAL TECE Folsto] 93] CAS 83iA17]
the, sanless sted EE=0 AT $ 24h 5ot FEOA SuiE S AFIc §ul7E AAE CA/ICNC B85S S5
AAsFR L, AzE BE A7]+= oF 400x400x1 mm(7FExA| 2xFEA) Sict. Hel A 27)(pelletizer, Bautek Co)E ©]-8-5t0]
Y5 WHEx3 mm)gt ok §-§ 34 =Y A 80°C 2Eo|A 24h ok AxAI7ITE CAICNC B3l o] §35lo] Bgta
A H7} ARG A x8b7] 2slA E5]A 0]&-ATE 9t& 7] (corotating twin-screw extruder, 19 mm diameter, 40 L/D ratio,
Bautek Co)o] AFEE|%loH, QA HlE &=l 170~185 °C, 2357 4= oF 150 rpm ¢l Y2725 e Y28 &g
srand Aoyt Fall A= ¢lo] AFE7](injection moder, Minijet Il, Thermo Scientific) 2 SA] o]431o] A|H-& A2kl 3T

2.3, E44%7t

A z% CAICNCs Ui 1 BEAES AR o] 71414 EAJH 7= uhs-A) 3 7|(GB/H50K, Hounsfidd test equipment Lid.)E £
ool ek, Q14 Y FHEAL 5le] $AXTLS ASTM D638 % D790 ol wet Raala S vglon), AY 4w
10 mnvmino| Qi &3] EA B4 ¢35k TGA(Thermogravimetric Analyzer, Perkin-Elmer TGA8000)E ]85}t
AR B4 AFTIAE FUFHA 10T/min 52452 40T A 600C 9] 2= 9follA A=t

3.7 Y 1y

3.1, CA/CNGs e nBAEG 2R 2] 7144 B4

ONCs 32| THE CAIONGs Upe a3k a7 o] Q1% W 233 E4.9 Fg, 20] LeRfiglc), Batan|e] Q1473 tensle
strength)= 3 Wt.% CNCs Befoll 4| of 36 MPac.2 H|tjzhe Hlon], ONCs7} H71EI7] 9he CAd| ula) oF 24 % 7%
Ap-2 Bt QAR B(tendle modulu 2] 79 CNGs o] 27182 2718k 43e R eon, 2ojel4l8(dongation
a bresk)2] 4 ONGs 0] 3wt%old F25] sl A BT 4 olrk. 2R 7ol i712) 2 3 wid
ONGs o] oF 43 MPao.® Z{ojgte Reom], ONCs7} H71El7] ohe CAd] HJal) oF 26 % 7 A4S Rath 2RehE
(flexurl modulug) = ONC L qlabe] gk 2719} b7l A4atsich. Z=abape) olfs ONC wheglate] Zalasia 2 &
9lom, ONC7} CA 4] Ujiie] 2 Babelo} 918 749 olmof Fof 2Ja) CA 4417} Tekeli AL oAal7] t&olet. of7]4]
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oA & S CNCs7 3471 CA Uhie B9 ZHe7F CNC U AR gheko] 3wt.%oll 4] Zthghs Holal 1 o] &
HFolMe A=t ashs AE Hlvks Aotk ol=d = A5t el CNC =AY 9 &3 (flocculation) &4
HEo R E-SH(dress)7t 7hell Fg wf 2-EE= o] LEA FAER] Zstal YATE A% ROR FFE7] wizolt
CNCso} Zo] vl Fejo] v xke) -3 @Adell Qg = A5ke] A%l 71413 #Z e o) 4(mechanicd percolation) Fvt&
ZHA13) AHE 4= QtHLeite e al., 2016; Dufresne 2008; Dong € al. 2012; Azizi e al., 2005). 7|44 EAJo|A mZAgo]Hde
e AZoleks NECE & ¢ 49 ONC Wealso] 54 g oliollA a2z g hydrogen bonding)oll sl w444
oA w2 oA A (percolation network formation)o] WA E= @A R olafd = Qitt. o] T3] @0l AREHE
T2 1A s old w8 HO= (Vre, mechanicd percolation threshold) ofFfje] Aoz ie & 4=tk

017]4 LID = Y= dAe] F3Ju| 2 & Aol ARE-El= CNCs9| %9~ F 260|311 vre 2.6 vol.%%th CNCs9| =7}
1.5gem’(Leite et al., 2016)¢] A T2fahH oF 4.0wt9%60] 4] CNCs2| Fd@Ato] MATTI L & 4= glon, B ¢159] 7w
Aete] 9ol St 277} ek Admodulug s AR 3L Julshs Ao R ONCse| SHwAo] WAToE
£151 T Hekgh ONC Q7 Helo )R 8els A9t 4 mER AE 3 4 9] wRo] Batad) Ao 2L thegizt
9] ghefo] ZTKEE Z7KE 4= otk AAIF Y A9 He] BAS Kol £A7F 5olu= sEoln, & AtollA= CNCs7h
@8] FRAAZ 2907] g ol A AA Y AAEE FIA 4 ok SAATE QbSO A9 WY glo] ©° &
UE o Ada gaEug Hofdies Aol 4= glow, e Rt SR @dAto] HAE o]fol= Y kgt Ztopx|aL
SREGo] Wo] HluE H2 o8 Hiado] sto] WA 4 Q7] wfEel] L8] 1 g2 "olAA Hrh

3.2, CA/CNCs Yl EAER A 9] &5 54

Fig. 3¢l &% 2A(TGA)o] 2Jgt CA/ICNC E34A19] di6) AsS Yetigltt. G55 240 o Bakar9] &
A& Fg. 3ac] YeRflon, o] wlEghe ool YeRf et 7FaA|(plasticizer)7F 71 CAICNC Eqkar| 2] -
Gl T2 e A4 WAH BuET glck(Leite et al., 2016). 3 A= 130-240C ol A H3taao] dol 9=
Zhof f=ELo] o] ojsf HAYE|H, = WA UAlE CAS] FHREE ofE7|7} o EARS FAJEIHA HaljEl= 250330 ]
2= HelolA W E A DA} F g 2% HelolA TEC 7kaA]9] a7} i flstA doldrh. npxd} 3ghA= CAY
2 A9 gig)|z 350~425Cof| 4] WAy =Eltk(Claro et al., 2016; Leite et al., 2016).

B Afo A B of zho] Eof ost JEF| AF2 Holx| gkon, ol A AF Al 12(>160C)&
ARgRRE AR BA0] AEE97] ol Fg. 3bollA] & 4= 91%o], CA/CNCs HgAAlE oF 200-320C 7} 320-400C
AtoloflA] = B2 E THA]= 294 AA FdE7E AdEE AS G 4= vk et A HA dEs) 7ol A 7kl
TECS}F CAS] F4fjof] 9= ofM® 1&o] Hafl7h A dcty detsn, = " FEa] 714 CAQ 3 AM&9] Haj7}
HAET B 4 Sk S A& vlE g x(Fg. o)A wolA & 2 F 7HE A HAQ A H2]E CNCs9
B3l AFolch 34t 7heRallo 93] A" CNCse] AA Q] A, & 170~250T o] AAA dE3)7} LAY HchGwon
et al., 2016). 3Ato] A2 =2 ok CNCs?| 7 330TojlAl 237} A|&t=| U (Leite et al., 2016) 34t 7230 23|
AAFE] CNCs2] 2<, CNCs £ sulfate 2-87]9] QB3] S0 Zojzkg oz 03 oF 170-180C Lo Ea)7}
AJZHE T e B Ao A CNCs H7HE CAS] B34 - 7] &4 BafjAFo] Ho|A] ¢kon, o]:= CNCs
Wit CA 3= A& Abol9] 733t =4 Aol sl CNCY| FetgAdol 3dd Ao g o). & WA 258 H2 A7)
TF7he) Bl Al A2k (onset temperature) 7k CNCs §HaFo] 715 wopxitk= dojoh oA AWe ZAA4H A A
Wl 7 7haA|, CAQ) ofA" 1F9] #3fl 77EoRE CNCsvt A7t H Al CNCs A1A| = CALRS] 43 ahg-0 & Hafl2
b sty 29 2019l aulfae’| 2 18l CNCs 2427 GRS FAIA7] = AL SFu|2 283024 o] 7119
A2t ert £25H A2 & Btk CNCs gFo] Z7lstHA & WAl 719 CA F A& dEd 219 4%,
CNCe7} EHal HHA w2 o] Eal7tAE AAstaL, o] 7kAgo] RAF 22] Yol w2 ¥l 37hE A5t EAY
BHE Srsts Wako 7 d3kAl 71 & (mechanism) 9] W3S of7|3l7] o2 Holtk(Leite et al., 2016). Au}F o=z

O
o
[¢]

F

N

a2 ke

4 A28 ONC Lhegl 27He Shate] oa) mvio] 345 sifaer] thio] L8 Beamlo] Aobg e G711
orch. el CASte] A-g4o] 2 B0 R CNCs ERS Sjat4 02 st deld] meloe S84 328

4

e Aoz wekEr,
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4. 8=

B At AR R AR WHALE o83 CNCsY] 3717F CA Wi B3l o] Alzeh 400 wl A= Fakol dish &418k1
th CA 5 Az Al, ARAF Y] A8 24 Wellx CNCso| 24 gt o & gt 73} aut 4o 2 B39
A= 35S AT SR 3wt 21t H7t Alofi= CNCs?| #AH|old antet Ave 53 A4S doA F= 3
AskE 7PASkcE CNCs H7E2 Q13 CA WYeBe)o] dis] 2mi= offt 7haste] degAs FAI7IA] g Foz
SRRIE|QAYF CNCsO] 32W 7fdolut deld Amo] £ 5o8 S5 4 9l Awel o wetec) uebs A
o83 CNCs= F7hstal ohAME WA1E 485 CA Uri%?JXHA RES CA B2 gyor oA ¢ 71AA
BEE FRAZIAL digk AR Ths A dhe Al WO R ithE o E%% A HopollAl &4 4= 9l AoR o
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