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< SUMMARY >

Development of NT / BT Convergence-type Cement Composite and Low-shrinkage
High—ductile Concrete Using Cellulose Nanocrystal (CNC)

[Core technology 1] Development of Cement Composite Technology applied CNC

* Derivation of CNC physical property evaluation technique

— Derivation of evaluation technique for elastic modulus measurement
(theoretical calculation and XRD, etc.)

* Development of dispersion technique in cement composites of CNC

— Development of techniques (surface active agent and ultrasonic waves,
securing CNC dispersibility in cement composites

* Analysis of CNC for concrete applied CNC

— Analysis about properties of CNC such as performance, mechanism and economics

* Derivation of optimum mix design applied CNC

— Derivation of optimum mix design for application of concrete secondary product such as
insulation and concrete panel etc.

etc.) for

Purpose &
Contents [Core technology 2] Development of Low-shrinkage High—ductile Concrete Technology
using CNC
* Development of cement composite application technology using CNC
- Evaluation of basic properties (workability, compressive strength, flexural strength, and
tensile strength, etc.) of cement composites
— Microstructure (SEM) analysis of cement composites
* Development of additive technology for performance improvement of cement composites
— Development of inorganic additive technology for low-shrinkage, high—ductile concrete
development
* Development of low—shrinkage high—ductile concrete manufacturing technology for maximizing
CNC characteristics
— Manufacture of low—shrinkage high—ductile concrete using CNC
— Development of application technology of concrete secondary product such as insulation
and concrete panel etc.
* Evaluation of long—term durability of cement composites using CNC
— Volume change, neutralization, salt damage resistance, and chemical resistance, etc.
* CNC physical characteristic evaluation technique
* Optimum dispersion technique of CNC in cement composites
* Physical properties of binder applied CNC
Results = Shrinkage reduction up to 25% & Flexure and tensile performance
improvement up to 50% (compared with plain)
* Evaluation of field application of cement composites using CNC
* Manufacturing technology of lightweight high—strength concrete using CNC
[Application plan]
* Manufacture of bio—friendly concrete secondary products (insulation and concrete panels,
etc.) by replacing petroleum—based polymer materials (fiber and chemical admixture, etc.)
Expected + Utilization of concrete materials for general structures (bridges, tunnels and buildings, etc.)

Contribution

[Expected effect]

* Generating high value added CNC extracted from paper mill sludge as industrial waste

* Overseas technology market preoccupation by securing source technology utilizing NT / BT
* Acquisition of environmental Performance by utilizing bio—friendly materials

Keywords

Cellulose NT/BT Low shrinkage e
Nanocrystal convergence Advanced high—ductile Bio—friendly
(CNC) technology materials concrete concrete
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Crystalline domain

Interfibrillar molecules
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Fig. 1.1 The crystalline and amorphous regions of the cellulose fibers
(adapted from; Kim et al. 2016)

Fig. 1.2 After dispersion CNC type
(adapted from; “C” Company)
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Table 1.1 Review of existing literature on cellulose nanocrystal (CNC)

Authors

Synopsis

Cao et al. (2015)
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0 05 1 1.5
CNC content (vol %)

<B3B(ball-three—ball) bending strength according to CNC>
- AHIE HO|AEo| CNC H7Io| wE J&k3 ZALE

- CNC2| EZiEo we 2 5S4 grte dsiiien Zopxez

AIHIE ThE| 0.2(vol.%)ol Al ZHET} oF 30% BHAElE HIHS LIt
—ol2ist CNCel P2 AME U o|$3tE 2ol £312 HFAIHA
C-S-H Mg Z7 A7|n Hudoz Z

Cao et al. (2016a)

Cao et al. (2016b)

x5 8

- RMS SHo| o5 CNC 280l 1.35 (vol.%)& Eet 2 ST
7 Mg

- 298 Zubluts FEUO| vl el e Lol 17| wdss
£ zelBo| 52 AlgHolAel $rol AtEoR S Liekd

- ol ZTHE AIME Xl REE CNCIH AIMESE 2 Aol ¥HS
HHAS Z2A7|E HOE Be

\

—- Raw =

@ Sonicated 30 min | [

| —&— Sonicated 2 hr

N NN AR

0 02 04 06 038 1 12 14 16
CNC/cement (vol. %)

<28 days B3B flexural strengths for the cement pastes with raw

and sonicated CNC)

- CNCe| &Ehof 2tst A4
H

B3B flexural strength (MPa)

HHE BoE ]
L ZnE ey
- olg{gt Az ofFe

o oAl raw CNC ZET EAE(20~30%)ECH
=2 ZE LEt 2o, o|E835H CNCe &40 A|HE HO|AE
2 A

= =
25 JHMol| sHalelS LIER
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Sulfuric acid hydrolysis, Transition metal catalyzed
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Table 2.1 Physical properties of CNC

product

Parameter
form

appearance

Particle
diameter
(crystallite)

particle
length
(crystallite)

specific
surface area

crystallite

density i

(color)

Specification| Powder

2.3~45 nm
(by AFM)

44~108 nm

2
400m” /g (by AFM)

White 1.5g/cm® 6~7
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Fig. 2.1 Powder type CNC
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L)
[

Fig. 2.3 CNC suspension

Al

)

A5t 20

jifd|

oln
82

—
110

==
lo

ok

ol
%0
7l

—_

~

_19_



7ol
——

H0
oln

wr

0.2

vol. %
0.1

CNC/cement

wt. %

Table 2.2 CNC cement paste mixing design
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Fig. 2.5 Magnetic stirrer & Ultrasonic process

Table 3.3 Compressive strength value according to dispersion method and steam curing time

e Compressive strength (MPa)
Classification
6 hr 24 hr 48 hr
Magnetic stirrer 28.4 38.1 36.3
Ultrasonic process 26.4 42.5 45.4
Magnetic
stirrer+Ultrasonic 29.2 41 45.1
process
35 30 - T 35 m e - :
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(b) 24hr Strength Characteristics
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Steam curing 48hr(Sonication+Magnetic)
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Table 3.1 Turbidity of distilled water (without CNC)

Turbidity
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Table 3.1 Turbidity of dispersion specimen (Unit:NTU)

CNC Sonication time(min)

(vol.%) 5 10 15 20 25 30
0.1 10.7 13.3 17.7 24.0 24.4 31.5
0.2 18.4 17.4 19.7 24.9 31.8 47.9
0.3 14.0 17.5 23.1 27.2 30.3 33.2
0.4 16.9 19.4 22.9 25.7 31.6 43.3

Table 3.2 Turbidity of stability specimen (Unit:NTU)

Setting Sonication time(min)
time
(min) 5 10 15 20 25 30
0 18.4 16.4 32.1 171 20.9 40.2
5 18.4 14.5 31.7 18.9 18.8 36.5
10 19.0 15.3 27.7 17.5 19.5 33.3
15 18.0 14.5 30.0 16.7 18.2 33.9
20 18.6 14.9 29.7 17.5 18.1 33.0
25 18.8 14.2 28.4 16.9 18.6 32.2
30 18.2 14.5 28.7 16.7 18.1 29.0
40 16.2 14.7 27.8 17.7 16.3 32.9
50 18.3 13.6 26.5 17.4 16.8 30.5
60 16.9 14.5 26.1 17.3 16.1 31.0
120 17.3 13.0 22.2 14.4 15.6 28.5
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Table 3.3 The results of flow test
flow (mm)
Classification ] 5 3 4 o
Sonication+
Magnetic stirrer 227.67 233.36 229.95 235.23 231.55
30 (min)
Sonication+
Magnetic stirrer 227.37 229.28 229.76 234.97 230.35
10 (min)
Plain 245.28 250 248.4 248.79 248.12

Table 3.4 The results of Setting time test

Normal consistency test

W/C(%) Clg) W(g)

28.5 500 142.5
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Setting time test

Classification Initial time (min) Final time (min)
PLAIN 240 313
SM30 232 326
SM20 230 321
SM10 233 326
SM5 220 317
S30 228 323
S10 226 321

-> 1A% oMol ATMIE MUAT EM2 r o2 CNCel i =7 2 S
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Strength Properties of Cementitious Composites Containing Cellulose
Mano-crystals (CNCs) by Steam Curing and Dispersion Method
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Abstract: The pupose of this study is to investigate the optimum coudifions of dispersion snd swength to maximize fie
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A Study on Optimum Cellulose Nano-crystal(CNC)
Dispersion Method for Cement Composite
Lee, Hyung-Joo*  Kim, Seung-Ki*  Kang, Yong-Hak™
P Prree

1. Introduction

Cellulose Nano-Crystal (hereafter, CNC) are adsorbed on the
surface of cement paste and serve as a channel to move water to a
non-hydrated cement core, which promotes hydration of cement,
and improves initial strength.

CNC has the highest strength properties in nanocellulose and are
attracting attention as additives for improving the strength
properties of composites due to their high crystallinity.

Therefore, in this study, it is proposed to disperse CNC usiny
ultrasonic dispersing machine and to mix them into cement mortar
and to propose optimal dispersion conditions through strength test.

2. Experimental method

The CNC used in this study were purchased from C company in
Canada and the physical properties of CNC is shown in Table 1.

Tale 1. CN physical propertes
=
e e Lo P
s
| woomsg | 234m | swicemm
otone | ot | v | 075/ | s | 2345 | aadoarm

Fig. 1 Ultrasonic dispersing machine

Using the ultrasonic disperser shown in Fig. 1, a water tank
containing ic d around the CNC-filled beaker, and the
heat by the ultrasonic dispersion was cooled.

‘Table 2. Mixing design of CNC mortar (Unit: kg/m?)

No. | Misingrato() | Coment water sand o
1 01 o
a0 s 1350

Table 2 shows the mixing ratio of cement mortar. The mixing ratio
was 0.1% and 0.2%, respectively and the dispersion time was
operated for 4 minutes, 7 minutes and 10 minutes by mixing ratio.
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Fig. 2 Test specimens and steam curing

The prepared specimens were demolded and steam cured with
70°C during 12 hours.

3. Experiment result
The compressive strength and flexural strength of the fabricated
specimens were measured by using a strength test machine located in the
Korea Conformity Laboratories (KCL).

[——

— T
Fig. 4 Compressive strength test result

The compressive strength of the specimens mixed with 0.1%-CNC
did not show the effect of increasing the strength from 4 min. to
29 MPa, from 7 min. to 34 MPa and from 10 min. to 32 MPa
depending on the dispersion time.

However, the compressive strength increased as the dispersion
time increased from 31 0 31 MPa, from 7 min. to 38 MPa,
and from 10 min. to 56 MPa in the 0.2%-CNC specimens.

4. Conclusion

As a result of the strength test of cement mortar containing CNC,
the following conclusions were obtained.
1) The specimen mixed with CNC showed no improvement in

flexural performance.

2) In case of compressive strength, the strength enhancement
effect was observed as the dispersion time increased in 0.2%-CNC
specimens.
As a result, it is expected that the dispersion effect increases as the
dispersion time increases at the mixing ratio of 0.2%-CNC, which is
effective for the strength improvement.
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The Evaluation of Dispersion Properties about
Cellulose Nanocrystal{CNC) to Reinforce Cement Composite

Lee. Hymns-Joo' - Kim Seng-Ei'
'PAD Sment Deparmenr of Architecnme Engineering, Eumoh Naronal Instirts of Techmolozy, Gumi Eores
“Semior Researcher, Kores Conformity Laboratonss, Seoul Korea
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- Kang, Yong-Hak’ - Kim, Woo-Suk’

Abstract The Cellulose Munocrysial (CNC) of dispersicn condition is mpormn fctor when reigforce concreie or
cemment composiie a5 CNC, becanse it &5 closely related to the Strenzth Temforcement Befors the CNC is ulized 1o
reinforcement of concrele O cement compesite, if is essental o evaluste the dispersicn properties Therefore, the
objectve of the presemt study & to evalunte the dispersion of CNC. In this experimen. the specimen Was prepared 1o
the type of CNC suspension in accordsnce with weight miio of CNC mnd fhe dispersion time of somication The first
propenty, the dispersion properties of CNC, was evalusted by messwing murbedity end sbsorbance The second Property,
the dispersion stability, was measurad theough the. sediment fime.
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Comparative Analysis of Crystal Structure of Cellulose
Nanocrystal (CNC) for Cement Composites
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1. Introduction
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Fig 2.3 High—pressure dispersion machine
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Table 2.1 Methods used to disperse CNC and corresponding parameters

o . . . Number of
Classification Dispersion Time Amount of Energy . .
Dispersion Passes

Magnetic Stirrer up to 30min 1300 RPM -

Ultrasonication - 5000J/g -

High Pressure - 1587X10° Pa 1~3
24 HoF g2 AXtel 37| 2 dXte| EEIF Aot Moz FLE[o] /UK
ZHX35t7| sl PSA(Particle Size Analysis)2t Zeta potential analysisg TIgi &t
PSAS| A< ZofAol| 2= U= LA 20| E gAlsto] MAAIZICZ FTIE FF
st= HHO=Z L2 AEEAM #Helel Aol Aot X =XMUYo w2l 37| 30|
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Diameter (nm)
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— Zeta potential
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= EoF 7|&2 ASTM

analysis= 20fH o 24AL=|0{Ql= QKL AlO|o|A itz g9l olzdg =X
Hrfgtol 255 Z4t40| 258
D4187-820|| 2|at 7|=2 #1504 EAMFIG S

Table 2.2 Index of evaluation of dispersion stability according to zeta potential value

Zeta potential, ¢ (mV)

Stability behavior of the colloid

From 0 to £ 5 Rapid coagulation or flocculation
From 10 to + 30 Incipient instability

From 30 to £ 40 Moderate stability

From 40 to £ 60 Good stability

More than + 61

Excellent stability

Source : ASTM Standard

D4187-82, American Society for Testing and Materials

150

Fig 2.4 PSA & Zeta potential analyzer
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Fig. 2.5 Evaluation of Ultrasonic Dispersion Method Dispersibility and Dispersion Retention

Table 2.3 Mean diameter and dispersion retention according to Ultrasonication dispersion method

Mean Diameter(nm)
Classification 0.4 (vol.%) 0.8 (vol.%) 1.2 (vol.%)
1 7 30 1 7 30 1 7 30
Ultrasonication 125 | 122 122 153 153 159 196 195 207
- x2T} 2o PSA I 2elB0| ZUMESS ¥R YA A7lE BulslgeLt, 24
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Fig. 2.6 Evaluation of High Pressure Method Dispersibility and Dispersion Retention

Table 2.4 Mean diameter and dispersion retention according to High pressure dispersion method

Mean Diameter(nm)

Classification 0.4 (vol.%) 0.8 (vol.%) 1.2 (vol.%)

1 7 30 1 7 30 1 7 30

1 pass 71 87 89 72 69 81 71 69 109

High

2 pass 74 80 80 63 70 81 64 74 109
Pressure

3 pass 67 80 81 63 69 81 62 70 112

- 0 Z2okel 49 0.4, 0.8 vol.%oMel = Het= F Xto[7F eiRAXISH 1.2 vol.% 30
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Table 3.1 CNC cement composite mixing design

Mixture No. Lt o CNC/Cement (vol.%)
w C
Plain -
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C08 0.8
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(b) Cumulative heat for mixtures during the test
Fig. 3.1 The results of Isothermal Conduction Calorimetry Analysis
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Compressive Strength (MPa)

Table 4.2 Mean strength according to Age
days 3 7 28

P Co04 | C08 | C12 P C04 | C08 | C12 P Co04 | C08 | C12
Strength (MPa

Compression 18 20 21 22 23 30 33 25 39 47 52 45

Flexure 0910912111413 |16|13]29 14|19 |13
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Fig. 4.1 Stress—strain curves of compression tests according to age
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Fig. 4.1 Load—displacement curves of flexure tests according to age
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Table 6.1 Natural fiber physical properties

Young's Modulus

(GPa)

27.6

4-6

53

Tensile

Strength
(MPa)
345-1500

131-220

930

(mm)

length

10

Diameter
(um)

40-600
100-460
16-22

Density

1.5
1.15
1.4

Classification

Flax

Coir
Green

Al

St
=

toll k2t By

Table 6.2 Natural Fiber Reinforced ECC Mixing Design

Fiber

vol.%

S.P
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wt.(%) (W/C

Fiber Type

Flax
Coir

Green

A of| A

gk Al

b

g &

7ol e 25 EM-™IE Z3 Coir fiber

ok
25

F Al A ol A

s
—

U0 M= Flax fiberg 24

A
[ ==}

ok 41 MPaz 7} A LIEHGoL}
8.8 MPaz 7% =2 Z4E LIEMY

I Compressive

[ Flexural

|ﬂ |ﬂ |ﬂ

T
Green

Coir

50

40 A

o o
© ™~

(edw) wibuans

10 A

0

Flax

Fiber Type

Fig. 6.1 Strength test results according to fiber type
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Table 7.2 ECC mixing design

(b) Flow test result
(with superplasticizer)

] wt.%/m® (W/B=30%) vol.% CNC/Cement
Mixture No. ;
w C S FA S.P Fiber (vol.%)
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Steel 1
Plain 0.25 (Use for -
strength
evaluation)
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C08S1SP125 Steel 1
C128P225 -
C12F1SP125 2.25 Flax 1 1.2
C12S51SP125 Steel 1
-> IMs &FH AZ2= 2t frad SHEE Sdl tiet AlEE2 EEoI¥er M7 &
of 2 sty Ms58 HIlsh| st =58 2 Zx SM M2 Xdsiof & Zie

- M FESH Zo| Bt Aol CNCHIIZ 2lsl LiEtL=E s M ECl o EEIXI0IER
olof WHME stEet ANE ENE YHME EHIISHA| 212 CNC At el =&MU ds
= "otsty| 2t MEs MNESH S

- ECC Z2d2[IE2 5 M=t F5Fs5H| flof <ot Salol ElsE 40Xx40%160mm 43+
SEE ALE5t0 50| el =X ZAE=F i A0IX|E AIEHA SAFo| IX|A7 2f0]0f
2 ™AZI T SEQ| diEnt ctol| 1mm FH S| B ZE Al E(teflon sheet)E A -&35}07
SAIAH e o|=0| SEo ofs FHEX| AEF StUS. ESH 2 HEo| w2t A|HE =3
HE B = £=& ZL 2 SFE WY Qs E0AHE ZE2Z 27|t ZHa| AlFA



7ol
0
K]

o

Tof

%_
__OU_H
K

%0
KIr

QT 2ol &

Eleves

=3

o
%0
K
o
i

1060
el

I

__A_.ﬁ
<+

__o_l
K

z=s

SRS

eSS

S

2 XS] 9

0

Wire

Polyester film

Teflon sheet

Steel mold (40X40X160mm)

Embedded strain gauge detail

Fig. 8.1

Fig. 8.2 shrinkage test set—up

2 LEpf2io

OFA
S oS

Al S7tst=

X fzo| 245

WA=

1)

KO

El
]

E

i Al
ZM Plain Al

[

ol EZIXIO| Eof <

=
=)

d4=

2 =t

o1 &

S:

o

CiH|

|

>
=

LLEHA X

A
T/=

24{3h

1
=

Aol A =7 74X

&
=

— Plain Al

_49_



Shrinkage (ptm)

Shrinkage (um)

Table 8.1. Drying shrinkage strain of cementitious composites over time

_ Final shrinkage (um)
Series
1 Day 7 Days 30 Days 60 Days
Plain 111.43 -264.08 -606.67 -874.95
C0o4 227.62 37.62 -459.05 -666.43
CO4F1 200.95 75.95 -256.71 -490.10
C04S1 242 .86 52.86 -475.29 -684.72
Co08 282.86 86.86 -268.81 -394.14
CO8F1 249 .52 173.52 -232.19 -430.57
C08S1 254.29 110.29 —-427.57 -612.05
Ci12 165.71 -54.29 -542.00 -765.10
C12F1 205.71 85.71 -308.00 -524.76
C1251 233.33 -26.67 -531.81 -746.00
400 400
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[0] i .
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-400 | = ¥
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Fig. 8.3 shrinkage curves
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Compressive strength(MPa)
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Flexural strength(MPa)

Flexural strength(MPa)
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Flexural strength(MPa)
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strength according to temperature

Table. 10.1 Maximum strength of compression test (Unit: MPa)

Temp.(C) Plain Co04 C0451 Co08 C08S1 C12 C12S1
20 49.8 46.5 73.6 58.0 79.1 54.8 72.3
100 70.9 64.3 78.1 73.3 80.9 711 83.0
200 57.3 62.3 76.6 67.0 85.8 62.4 73.2
600 51.8 49.5 66.4 50.0 71.2 47.8 53.4
800 31.3 32.0 17.6 32.1 24.4 33.2 16.8
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Table. 10.2 Maximum strength of flexure test (Unit: MPa)

Temp.(C) Plain Cco4 C0451 Cco8 C08S1 C12 C1281
20 3.82 3.22 9.47 3.58 10.85 2.62 10.08
100 2.73 2.78 10.44 3.74 11.41 4.92 11.02
200 5.40 6.77 9.17 4.73 12.76 11.02 15.47
400 4.01 3.27 9.57 3.78 12.66 4.69 15.00
600 0.93 0.60 8.18 1.58 8.56 3.52 9.38
800 2.22 1.66 2.05 1.34 2.26 2.34 2.81
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Fig. 10.3 Load-displacement curve of flexural strength specimens
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Flexural toughness(kN - mm)
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Table 11.1 Evaluation of Durability Characteristics of Low Shrinkage and High Toughness Concrete
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- = of=2r (MPa) (Etatel SXRAIE) (gdAa0l2 AEXEAIE)
(KS F 2456) (KS F 2584) (KS F 2711, ASTM C 1202)
11.42
. 10.7
Plain 53.6 977 890 913 921
10.01
7.43
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9.28
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A Study on the Mechanical Properties of Engineered Cementitious
Composites Containing Cellulose Nano-crystals

Lee, HimzJoo' - Lee, Heon-Seok' - Kim, JumHo' - Choi, Semmnz-Wons' - Kim Wao-Sult’
'PaD Smdent. Deparmment of Archiectmal Engmeenng Kumeh Natomsl Insutute of Technology, Gumi Kores
“Undergraduate Smdenr, School of Architecmure, Kumoh Mational Instimte of Tachmology, Gumi, Koraa

*Professor, School of Architecrire, Kumob Natonal Insurure of Technology, Gum, Korea

Abstract In this smdy, an expenment was conducred 1o mvestgvte the. improvemen: of swengh of cement pastes sz
Callulose Nano-Cryseals (CNCs) msﬂm First, 1o determine the performance of CNCs, mn aqueous solution
wes prepored scconding 1o the amount to compare the suength of cement pastes consming no zzgresates. The
smomt of CNC was 0.1, 02, and 04 {vol%) compared to cement and fhe flaxural swensth was:mcressed sbout 8
mcmmdmmpammmlmin] Besed on tie previows besic expenments, the sufors propose 8 new
Ensmesred Cementrious Cs (ECC) type usin ‘seeel and flax Shers for mmproving stuctrsl performance by
evalusing the swength chamcternstics after memfcorme ECC with 04 08 and 12 (vol%) agueoss sclution of
€NCs.

ey Words: cllulose mano-cryseals (CNCs); meno-techmology, enpineered cementitions composites (ECC). steel flber, S

fiber, dispersion.
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A Study on the Drying Shrinkage and Mechanical Properties of Fiber
Reinforced Cement Composites Using Cellulose Nanocrystals

Hyung-Joo Lee’. Seung-Ki Kim'. Heon-Seck Lee' and Woosuk Kim™*

Abstract

As part of the research on cement composites vsing cellulose nanocrystal (CNC) aqueuus

solution instead of general water, thiz study produced high. cement comp,

reinforced with flax and steel fibers to improve the tensile deformation capacity, assessing the

isothermal conduction calorimetry analysis. drying shrinkage. and strength characteristics.

The mixing amount of CNCs was 0.4, 0.8, :!.ndl"vﬂl“ hy\'uiumenfcemem and an e ¢ o T—
aqueous solution was prepared vaing the ul method. When

the results of the experiment according to ﬂm CN( nuxing ratio. CNCs at 0.8 vol %o led to an.

pr i the rate and mpared with the plam =D o—
specimen.
Keywrods: cellulose Is, drying shrinkage. strength prop thevail 3
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State-of-the-Art of Cellulose Nanocrystals and
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Abstract In this paper, we reviewed the existing literature on the fabrication of nanocomposites
based on cellulose and allulose nanccrystals (CNCs), and analyzed their dispersion mechanism
with respect to their use in the Beld of construction, First, the existing literature on CNC-based
nanocomposites that exhibit the physical and chemical properties of nanocellulose and CN
reviewed. Next, keeping the use of these nanocomposites in the field of construction in mind, we
determined the optimal mechanical method for their dispersion as an alterative to the currently used
harmful chemical technigues. To this end, we evaluated the dispersibility of colloidal CNCs using
two dispersion methods: magnetic stirring (for stirring times of 60 min, 120 min, and 180 min) and
high-pressure dispersion (at pressures of 345 « 10° Pa, 1035 x 105 Pa, and 1587 » 10° Pa, and one to
three dispersion passes). The optimal dispersion conditions were determined by analyzing the size
and zeta potential of the CNC particles. Itwas found that the difference in the average diameter was
reduced by approximately 76% at 1587 « 10° Pa during high-prossur: dispersion

was

Keywards: cellulose nanc-crystals (CNC); optimal dispersion; construction applications

1. Introduction

Nanocellulose is a biological maerial that shows tensile strength that is similar to that of steel or
Kevlar {100 to 160 GPa) along with low density (0.8 t0 1.5 g/cm?), high specific surfac area, and good
biodegradability [1]. Given these advantages, it is being explored for use in various devices and
ficlds, including packaging materals, biomedical devices, adhesives, and electronic and electrical
materials [2-

Recently, Cao etal [16] explored novel cllulose coment composites with improved mechapical
performance based on aéllulose nanocrystals (CNCs). CNCe are envirsnmentally Friondly because they
can b produced from abundantly available natural s and are bi dabk: in nature. Scanning
electron microscopy (SEM) analysis has rovealed that CNCs dispersed inan unhydrated coment core
act as water channels and enhance hydration in the core, thus improving the strength of the cement

Alsin [17] studied the Young's modulus of nanccellulose with the density of crystalline cellulose
of approximately 1.5-16 g/cm®. Further, it is known that CNCs ane stronger than steel (Young's

App. 502019, 8, 426; desk 10,3390 appa0ods ey joumal/ appla
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1. Introduction

Cellulose nanocrystals (CNCx) are characterized by strong rigidity because they consist only
of crystalfine regions. with the noncrystalfine regions extracted from nanocelfulose. (1) Cao st
al (2015) reported that CNCs acted as a water pathway in the unhydrated part of a cement core;
as a result, hydration was affected, resvlung in a 30% improvement in the cement paste
compared with plain cement (2) Currently. smdies on CNC cement have been condueted on
cement paste type, In this study. to mprove the tensile deformation capacity of cement
ccmpnslles we intend to propose a new construction material that is more durable and superior
in stroctural performance through the production of high strength cement composites
reinforced with fibers.

CSTR-D-19-00028

Dear Dr. Kim,

Therefore. in this study, CNCs were prepared with various concentration ratios (0.4, 08, or
1.2 vol % volume of cement) using the ultrasonication dispersion method. and the drying
shrinkage and mechanical properties of high-tonghness cement composites reinforced with flax
and steel fibers were investigated

Subject: Your submission to International Journal of Concrete Structures and Materials - CSTR-D-19-00028

A Study on the Drying Shrinkage and Mechanical Properties of Fiber Reinforced Cement Composites Using Cellulose Nanocrystals (CNCs)
Hyung-Joo Lee; Seung-Ki Kim; Heon-Seok Lee; Woosuk Kim, Ph.D.
International Journal of Concrete Structures and Materials

Your manuscript “A Study on the Drying Shrinkage and Mechanical Properties of Fiber Reinforced Cement Composites Using Cellulose Nanocrystals
(CNCs)" (CSTR-D-19-00028) has been assessed by our reviewers. Based on these reports, and my own assessment as Editor, T am pleased to inform
you that it is potentially acceptable for publication in International Journal of Concrete Structures and Materials, once you have carried out some

essential revisions suggested by our reviewers.

The existing literature on nanocellulose cement and previous studies on strengih and
shrinkage 1n relation to this study are summanzed in Table 1.
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A Study on the Strength Properties of Cement Mortar
Containing Cellulose Nanocrystals and Cellulose Nanofibrils

g Kim, Jun-Ho'*

1. Introduction

Carment is one of the mastly Used construction matsiials due 1o its
high durability and low cost but it suffers from brittle fracture and
facile crack initation. This paper dezcribes the use of wood Celluloss
Nang-erystals and Ceflulose BanoFibeils (hereafter. CNCs & CNFs) o
reinforce cement. According o prewous studles, CNCs & CNFs are
adsorbed on the surface of cement paste and serve as 2 channel to
mave watsr o & non. ated cement core. which promates
hydranon of cement and improves inftal strength, CNCs and CNFs
have the effect of impraving the mezhanical properties by afecting
the degres of hydration of cement (DOH) 2nd the micrestructure o
cemant paste I addiion, CNCs and CNF: should be well disperss
%5 maximizz thair sftectivenss. in this study, we dizpersad by
ultrasanic dispersing machins

Therefore, in this study, we evaluate the strength characteristics of
‘cement parte containing CNCs and CNFs and propose the optimum
mixing ratio.

2. Experimental methods

o this study, the mriing ratio of CNCs and CNFs was serta 09,02
arc 033 f e catent v, The 10 140 o 5 s 1 Tobde 1

The CNCs used in this study were purchasad from a Canadian C

compary -and CHFs was supported by  Korzan N comaany

research purposes The physical progerties of CC: and CNEs are

shown in Tables 2 and 3

3. Expenment results

The reults of strength tests accurding te the miomg rats of CNCs and
CNF are a5 follows.

cncrazny
Fig 3 Comprossive SHrengit fest result {CNC)

Table 1. Mis propartions of CNEs

e eigi L £

Table 2. GHCE physical progerties
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Tuble 3, ENF propertios (by N campany)
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Fig. 4 Consprussi sirengih fasi result (CHES)
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ﬁm . 4. Conclusion - ]

e P2 Exsa AP A 3 result of the strength test sccording to the mixing amount of CNC

and CHE it was found that the strength enhancement ratic was less
than that of plsin. itis considered that CHC 3nd CNF a2 not Sis
groperly in cement To get more atcurata dets, we will conduct more
strength teats by adjusting disparsion tims and dispersibiliy:

Using the wlrasenic dispersing apparatus shown in Fig. 1
cank conaiing ot s placed e & CNC-Hled ester the heat
was oaled by ultrasonic dispersion. and the dispersion time was. 10
minutes.

1 acknowledgement T
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3. Strength of nanomaterials
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. 4. Analysis Method of Nanomaterials
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A Study on Evaluation of Dispersion Characteristics for
Applying Cellulose Nano-Crystals to Cement Composites

HeonSeok Lee

.
Seungki Kim

Hyungloo Lee  WiaSuk Kim

B Studant, Oopsrimant of Arhitactue Enginsring. Kamah National (nsttute of Tachnaligy Sarea
++ Prafevior School of Archiecture, Kamoh Navions Wnettte of Fechnalogy, Korea

Recently, the use of celiuiose nano-crystals (CNCs) as a reinforcing
material for nanocomposites has been incressing, but ity use s
construction material is extremely fimited and can be considered as
an early stage. In order to apply CNC to cement composites. a
suspenaion of CNC chspersed 10  solvent should be put infa the
coment compasite, and it & important 1o disperse CNC in the solvent
Therefore: in 1his paper, we have studied the uniform dispersian of
CNCs particles in order to apply CNCs, a polymer matenal with low
shrinkage and high toughness propertiey to cement-based compasites

Molecular formula
[(C,0,H,)22-28 SO, Nal4-6

Particle length ; 44-108 nm
Zets potential ; -37 mv.

0 ®)
Fig 1. Shape of (a) CNCs pawder and (b) CNCs arystalite.

The specifications of the CNCs used in this study are shown in
Flg. 1. NG have  tod hapa,and genraly have 3 gameter of
210 30 nm and a length of 100 to

Experimental testing procedures

) [ W
Fig 2. Dispersion methods of () Magnetic stimer, (b} Ulirasanic processor
and (¢) High- pressure homogenizer.
Distiled water 200m| and CNCS 1g were prepared, dispersion
eipernments were conducted for each dispersion methad.
Table 1. Dispersian methads and paramietars of CHCs
Parsmeters Disgarsion Energy w Hregurmey of
umes amaum P dinpersion
Disgersion type e o)
Mt

e guotessar
Margretsc

WOB1R0OMImMO 11

CNCs wera dispersed by each dispersion mathod and then
dispersibility in CNCs suspension was evaluated using a particle:
size-zeta potential analyzer

Ackowledgements

3. Experimental Results & Discussion

@ @
Fig 3, Particle size analysis of (a) Magnetic stirrer dispersion,
{b) Magnetic + Ultrasonic dispersion. (c) High-presuire homogenizer
and (d) zetapotential analysis of Al types
Particle size analysis and zeta potential analys:s were performed
for the dispersibility evaluation. Particle size analysis shows that
the dispersibility is higher as the particle size variation is small
and the state is maintained, In the zeta potential analysis, the
higher the absolute value, the highar the disparsibility.

Table 2. Results of CNC suspension particle size analysis

dard doviation & eter
Diporsion type B0 O i o
o—— s
R Vo - Unmeni s v
g brgacki s s

As  result of the particle size analysis, the mean diameter of
dispersion by high-pressure dispersion method was 66.67nm,
and the deviation was 4 5nm compared with the average
diameter, It can be concluded that the method using high-
pressure method i the bast dispersion of CNCs and good
dispersibility. The results of zeta analysis showed na significant
difference according to the dispersion method, and the highest
walue of magnetic stimer + ultrasonic methad was -50.9mV.

4. Conclusion

The conclusion of this study is as follows;

1. High-pressure dispersion method was efficiency when we
dispersed CNCs in this stu

2 1n the existing literature, the ultrasanic dispersion showed
good dispersibility. bul. In this experiment is different so, it is
necessary 1o experiment to adjust parameters such as ultrasonic
dispersion time in the future

This research was supported by 2 grant fcode¥ 18CTAP-C133534-02) from Infrastructure and tiznsportstion technology promaticn research Pragram
funced by Ministry of Land, Infrastructure and Transport of Karean gavernment
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Fig. 2 Comparing Cement Core Hydration Mechanism of General
Cement to CNC
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Fig. 4 28-day B3B flexural strengths for the cement
pastes with raw and sonicated CNCs.
(Cao et al. 2016 The Relationship Between Cellulose Nano
Crystal Dispersion and Strength)
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F

= B A|HE Type I/l 2F LR 0|H0|E &0l =2 Type V AlH
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acid hydrolysis& AFZ5I 1 A EHH2 |sothermal calorimetry(IC), thermogravimetric

analysis(TGA),ball-on—three—ball(B3B) flexural strength test& XISt CNC A|HE =

_97_



7o
ol
nio
%0
ol
o

0l

CNC2},

b

—

S

b=

F20 Sulfuric acid hydrolysis X

°

(=]

=
o

2 At

=)
=

|

Itwood pulps

24
=

4

©
=

Al
=

i

2 A2 transition metal catalyzed oxidation X2l

=

Acetate—grade dissolving pulp

=]
—

o
=

NTISEH|

H| D

B2 Liely o

Z
=

7tst=

=

o

oM 20%

[=]

54

| AlE

=

2

ol

oq
HA

s

b

A
(=]

74

AHTFAIH/

CNCOllM AJHE ZFet

7l

Hojl ot

%

=)
all

F

R4l

T

O

H9Z.

@

)
)

24 13] o] &+
HAUFZ M4
H0M HE/ XHARE

HEXH|E 02310
CHSH OHEZZ )M ALA|

I
I

=
4

( 2| mreEEy
@ 18] 0|4
ARFH | B
717, 7]
HELO}
H0N A/ KA
chet Qe M Al

[
[

—

Yadd
ATES ML
H3z~E 3Hd

H7EE dA A
SetEA £ 22101

1]

HIAZ2E /
XHY| i ES HA

a1z 4
-

|
||’

Eo

—
=
R
O
X0

P

_|_Im=

pa

.

Kl

o
__o___._._

g

(e}

_98_



up

off ok

k=l

Soll Foli=tst=2 22 M2= 7

il
ol

T

o)

— [H/é,l- :

I
ol

1)
110

[l

K-
M

oIX

HAY H39=of| wE ol

A, Abetold

__I.L

ol 2| 2|5t0d

olF HME7

5| o4t

2 otot 1

- AA

md

1]
__OI

=

Lt

CC
4

)

=

o 7|05t

LHo
__o___._._

L

o

ok

_._Im_”_

=

b

Bl

-

<

9
Rr
_|

w2l o|SAY o

of

4r
<

o

oH

-
ol
e g

b

— 0 0 0
d << <
W m|e o o o
AEEIEREE
El < | X <
© Al Al
w |
il B
T ol
3 _|RE
i U0 | 37 ko
=20 o,
Aop |, o
— ﬂm_l 70 __o__._._
EAES Iy
E s w
ey < =4 —_
00 Ko |3 i
m g /_H_\ _..T 1o
o"r._ ﬂm CR|BR
[ ! KX |_, o
= | o | oK
Tl | oo R
o | 2o | =
Kol = 5
[ 0
yo 8 | H mﬂ___
_||.__|._ .__._ IA _
2w |
N 4:_.| =0
llnmd __A_”_ o] O|~
oS | TR
T Ho | Klo K-
s _
= -
_ oh
Rl @ |3 oir
M or |0 | =
H || o
~ |reor| @
RO <IE o
- |« ™

ol
161

oK
Kl
G\
R\
oY

7ol

lof

O
N0

E 129 2

=l

o
__A_I

=
1o

Tl

0

al z
== E=

PN
=

HM29zol e Foll=

4 2

Alg

F

24z oax

7

al

stof ojid 13

FAtoll - Ch

<
Kio
1o
__o___._._

L

|
110

H. At2oil chs|

stSEALRLL] A5
of 7}

DA

87tel

(3) &

ol
H .

I3
[}

- &2

_99_



10, PR e HEY A7 ME
==
ooy /EF A o 5k =0 A&
H._"i :r"—E— |_T'__%>/—|°'I%>/ =/ 0—12 H[xHxl/ o o - 7'|I=| HE AI'AI‘ 01—?— 57[ AI‘
7| e} 7| &y £5 5 NS /58 S5¢
=7}
S7|2 2o
gteiof| =
HMEZ2A Al st st
L AEF =N al o=
A HEIERE B2 3 _
1 o= (CNC) 29 @ 32 24, 5 - 2017.12.26 | ©HS AFA} | H|SCI
=T A =aAe datn =2 ol
ZE E4o 2 e
L
Vol.8 No.4
AlH E =2
24 = I -
MZ=Z oA e al et =gt
2 | AR | rie3z|AE | 33 BN S a3 - 2017.12.26 | ©H= ARAL | H|SCI
=2 (CNO)el  oEtm =2 U
=M g ot FN¥S =T
Vol.8 No.4
MEZA
Ll 3e|AES Al st s st
AT =2Qst MREY 22 EL AT
8 | oo AL NMUE L IabEM o - 2018.12.06 | £H= AfAL | H|SCI
=2 =siael cmm fiztm =2 ok
EMof| Ztst A ENFS| =
Vol.9 No.4
State—of-the-
Art of Cellulose
Nanocrystals
and Optimal Al
Method for =22 al MDEI—ap
4 | " neir Dispersion| = | g4y, Plied 1.689 | 2019.01.27 | &= AM}|  SCI
[y for I:H 3_||-m _LII—:_E_ (Si|i?ie)
Construction— LIPS
Related
Applications
Vol.9 No.3
A Study on the
Drying
Shrinkage and
Mechanical Al
Properites of =22 al
A .07
5 Fiber 3ok 2A, | UCSM | 2.737 2019-07 = | ey= x| sl
= - A (= ol &)
Reinforced |OistWl | =&
Cement A
Composites
Using Cellulos
Nanocrystals
A Study on
Optimum
Cellulose AlS
st= | Nano-crystal | 22 =L ICNNN
6 | HE (CNC) 21 #24A | 2017 - 2017.10.27 | B AFA} -
=2 Dispersion et =2 | (22)
Method for PN FS]
Cement
Composite

- 100 -



e
fob

=

—

;l:lﬂ/

[=]

ar

Ho

H/
7

I m

rir
MO
o

=
>
n>
~
=
e
S~ ~

u

0
J
am ot

qi Ao Ao
o nE =
J
ne

H
=

ARAL o &
(Eh= AbAL

5 AAD

e Jo
MO EH

AHE S8t

At 9lgk
HNEZRA
L 32| AE

(CNC)<

=4k 2| 2ol
me 2y 7=
H|W 24

=

JokTHY

o
o |y

2017.11.02

=

My % [m H

19
lml

=

fol

CHE ARA}

e ot
MO FE

A Study on the
Strength
Properties of
Cement Mortar
Containing
Cellulose
Nanocrystals
and Cellulose
Nanofibrils

2018.01.21

AL
Jn

AFAL

e Jo
MO k>

LI=X| 229
A Zok
Mg flet
L2l |s

2018.04.19

EHE ARA}

rhr nE 1o
HO e

State—of-the—
Art Research
on Cellulose
Nano—Crystals
as Alternatives to
Cement—based
Composites

2018.08.04

M
)|

AFA

rhrnE 1o
HO kR

A Study on
Evaluation of
Dispersion
Characteristics
for Applying
Cellulose
Nano—Crystals
to Cement
Composites

2018.08.04

M
)|

ARA}

o o

M Jjm

MEZQOA

Lt 32| AES

o|8et Z2HEE

M= 3 09
N ES

(1020170158962)

=

rH

2017.11.24

A

M
I

AFAE

o g

M Jjm

MEZA
Li-3e2|AES
0| S5t AIHE
=g =d2 ¢
ole| | z=4utH

(1020170158964)

=

=

2017.11.24

4

M
I

ARA

o Qr

M Jim

=4 o] ERabE
MEZA

Lt 32| AE O
ole| M z=dhH

(1020180089789)

Ok ol
Hlo

e

2018.08.01

o

=

I

El

AL
Jn

AFAL




Tg == APAb 0f 5 | E7] Abgt
_ N - =2 AMY, o
us (EB/ ER®/SHE/ a5 MK/ g CZ S0 (B AME (SOl
TToss, Jle i@y T ssss xR LD Cg, £ olw/els
7| Ef) 27} T STE == A B4 5)
ME2RA
LI 3| AES
__ olgs MeRy 2
if DA A|ME | =23l Fzb cistol= - 2019.02.25 | EHE AfA} -
8 =g z82 2 den
ERE
(1020190021862)
MERRA
Ledajaste |
E= 25 = = =2
seljolge 23RS o gae= - 2019.02.25 | THE ARAF| -
== xpME 2 olo | =
oistw
A = e
(1019538750000)
MEZA
Le3e|ags | g
S5 olg% AME ST L = A ~
C2 ma sum g ST FE dEe - 2019.02.25 | THE AJA}
R ES
(1019538700000)

- 102 -



HM11%. 7|EfF Ag

sHEAre 2l

o

iff]

x12%. &D 23

—

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

Un, K.Y. Present and future of nano—cellulose. N/CE 2016, 34, 500-504.

Eriksen, @.; Syverud, K.; Gregersen, @. The use of microfibrillated cellulose
produced from kraft pulp as strength enhancer in TMP paper. Nord. Pulo Pap.
Res. J. 2008, 23, 299-304.

Sird, I.; Plackett, D. Microfibrillated cellulose and new nanocomposite materials: A
review. Cellulose 2010, 77, 459-494.

Chakraborty, A.; Sain, M.; Kortschot, M. Cellulose microfibrils: A novel method of
preparation using high shear refining and cryocrushing. Holzforschung 2005, 59,
102-107.

Chen, W.; Yu, H.; Liu, Y.; Hai, Y., Zhang, M.; Chen, P. Isolation and
characterization of cellulose nanofibres from four plant cellulose fibres using a
chemical-ultraW—sonic process. Cellulose 2011, 78, 433-442.

Dufresne, A. Nanocellulose: From Nature to High Performance Tailored Materials;
Walter de Gruyter GmbH: Berlin, Germany 2013.

Borjesson, M.; Westman, G. Cellulose—Fundamental aspects and current trends. In
Chapter 7. Crystalline Nanocellulose—Preparation, Modification, and Properties;
Chalmers University of Technology, Gdteborg, Sweden 2015.

Dong, X.M.; Kimura, T.; Revol, J.-F.; Gray, D.G. Effects of ionic strength on the
isotropic—chiral nematic phase transition of suspensions of cellulose crystallites.
Langmuir 1996, 72, 2076-2082.

Rojas, 0O.J.; Montero, G.A.; Habibi, Y. Electrospun nanocomposites from
polystyrene loaded with cellulose nanowhiskers. J. Appl. Polym. Sci. 2009, 7173,
927-935.

Bai, W.; Holbery, J.; Li, K. A technique for production of nanocrystalline cellulose
with a narrow size distribution. Cellulose 2009, 76, 455-465.

Araki, J.; Wada, M.; Kuga, S.; Okano, T. Flow properties of microcrystalline
cellulose suspension prepared by acid treatment of native cellulose. Colloids Surf.
A Phys. Eng. Asp. 1998, 742 75-82.

Fahma, F.; Iwamoto, S.; Hori, N.; Iwata, T.; Takemura, A. Effect of
pre—acid—hydrolysis treatment on morphology and properties of cellulose
nanowhiskers from coconut husk. Cellulose 2011, 18, 443-450.

Dong, X.M. Effect of microcrystallite preparation conditions on the formation of
colloid crystals of cellulose. Ce/lulose 1998, 5, 19-32.

Henriksson, M.; Henriksson, G.; Berglund, L.A.; Lindstrom, T. An environmentally
friendly method for enzyme—assisted preparation of microfibrillated cellulose (MFC)
nanofibres. Eur. Polym. J. 2007, 43, 3434-3441.

Man, Z.; Muhammad, N.; Sarwono, A.; Bustam, M.A.; Kumar, M.V.; Rafig, S.
Preparation of cellulose nanocrystals using an ionic liquid. J. Polym. Environ. 2011,
79, 726-731.

Cao, Y.; Zavaterri, P.; Youngblood, J.; Moon, R.; Weiss, J. The influence of
cellulose nano crystal additions on the performance of cement paste. Cem. Concr.
Compos. 2015, 56, 73-83.

Alain, D. Nanocellulose: A new ageless bionanomaterial. Mater. Today 2013, 76,
220-227.

Mazlan, D.; Din, M.F.M.; Tokoro, C.; Ibrahim, I.S. Cellulose nanocrystals addition
effects on cement mortar matrix properties. /nt. J. Aadv. Mech. Civ. Eng. 2016, 3,
44-48.

Fu, T.; Montes, F.; Suraneni, P.; Youngblood, J.; Weiss, J. The influence of
cellulose nanocrystals on the Hydration and Flexural Strength of Portland Cement

- 103 -



20.

21.

22.

23.

24.

25.

206.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

Pastes. Polymers 2017, 9, 424.

Cao, Y.; Zavattieri, P.; Youngblood, J.; Moon, R.; Weiss, J. The relationship
between cellulose nanocrystal dispersion and strength. Consitr. Build. Mater. 2016,
779, 71-79.

Cao, Y.; Tian, N.; Bahr, D.; Zavattieri, P.D.; Youngblood, J.; Moon, R.J.; Weiss,
J. The influence of cellulose nanocrystals on the microstructure of cement paste.
Cem. Concr. Compos. 2016, 74, 164-173.

Siqueira, G.; Bras, J.; Follain, N.; Belbekhouche, S.; Marais, S.; Dufresne, A.
Thermal and mechanical properties of bio—nanocomposites reinforced by Luffa
cylindrica cellulose nanocrystals. Carbohyar. Polym. 2013, 97, 711-717.

Heux, L.; Chauve, G.; Bonini, C. Nonflocculating and chiral-nematic self-ordering
of cellulose microcrystals suspensions in nonpolar solvents. Langmuir 2000, 76,
8210-8212.

Pei, A.; Zhou, Q.; Berglund, L.A. Functionalized cellulose nanocrystals as
biobased nucleation agents in poly(l-lactide)(PLLA)-Crystallization and mechanical
property effects. Compos. Sci. Technol. 2010, 70, 815-821.

Kloser, E.; Gray, D.G. Surface grafting of cellulose nanocrystals with poly(ethylene
oxide) in aqueous media. Langmuir 2010, 26, 13450-13456.

Habibi, Y.; Dufresne, A. Highly filled bionanocomposites from functionalized
polysaccharide nanocrystals. Biomacromolecules 2008, 9, 1974-1980.

Mendez, J.; Annamalai, P.K.; Eichhorn, S.J.; Rusli, R.; Rowan, S.J.; Foster, E.J.;
Weder, C. Bioinspired mechanically adaptive polymer nanocomposites with
water—activated shape—memory effect. Macromolecules 2011, 44, 6827-6835.

Dagnon, K.L.; Shanmuganathan, K.; Weder, C.; Rowan, S.J. Water—triggered
modulus changes of cellulose nanocomposites with hydrophobic polymer matrices.
Macromolecules 2012, 45, 4707-4715.

Espino—Pérez, E.; Bras, J.; Ducruet, V.; Guinault, A.; Dufresne, A.; Domenek, S.
Influence of chemical surface modification of cellulose nanowhiskers on thermal,
mechanical, and barrier properties of poly(lactide) based bionanocomposites. Eur.
Polym. J. 2013, 49, 3144-3154.

Landry, V., Alemdar, A.; Blanchet, P. Nanocrystalline cellulose: Morphological,
physical and mechanical properties. Prod. J. 2011, 67, 104-112.

Boufi, S.; Kaddami, H.; Dufresne, A. Mechanical performance and transparency
of nanocellulose reinforced polymer nanocomposites. Macromol. Mater. Eng. 2014,
299, 560-568.

Cho, J.W.; Cho, D.H.; Choi, T.J. MNanocellulose Technology and Application
naustry Trend, KEIT PD Issue Report; Sejong University, Seoul, Korea 2017, 17,
17-29.

Zoppe, J.0.; Ruottinen, V.; Ruotsalainen, J.; R6nkkd, S.; Johansson, L.-S.;
Hinkkanen, A.; Jarvinen, K.; Seppald, J. Nanocrystals carrying tyrosine sulfate
mimetic ligands and inhibition of alphavirus infection. Biomacromolecules 2014, 15,
1534.

Fang, Z.; Zhu, H.; Yuan, Y.; Ha, D.; Zhu, S.; Preston, C.; Chen, Q.; Li, Y.;
Han, X.; Lee, S.; et al. Novel nanostructured paper with ultrahigh transparency and
ultrahigh haze for solar cells. Nano Lett. 2014, 74, 765-773.

Lee, J.Y.; Kim, E.H.; Park, T.U.; Jo, H.M.; Kim, C.H.; Jeun, J.P. Development
of metal ion absorbing filter using cellulose nanofibrils. J. Korea Tappi 2017, 49,
95-101.

Pushparaj, V.L.; Shaijumon, M.M.; Kumar, A.; Murugesan, S.; Ci, L.; Vajtai, R.;
Linhardt, R.J.; Nalamasu, O.; Ajayan, P. Flexible energy storage devices based on
nanocomposite paper. Proc. Natl. Acad. Sci. USA 2007, 704, 13574-13577.

Okahisa—Kobayashi, Y.; Yoshida, A.; Miyahuchi, S.; Yano, H. Optically transparent
wood—cellulose nanocomposite as a base substrate for flexible organic
light—emitting diode displays. Compos. Sci. Technol. 2009, 69, 1958-1961.

Habler, A.; Trnovec, B.; Zillger, T., Ali, M.; Wetzold, N.; Mingebach, M.;
Wagenpfahl, A.; Deibel, C.; Dyakonov, V. Printed Paper Photovoltaic Cells. Adv.
Energy Mater. 2011, 7, 1018-1022.

Barr, M.C.; Rowehl, J.A.; Xu, J.; Wang, A.; Boyce, C.M.; Im, S.G.; Bulovi¢, V.;
Gleason, K.K. Direct monolithic integration of organic photovoltaic circuits on

- 104 -



40.

41,

42.

43

unmodified paper. Aadv. Mater. 2011, 23, 3500-3505.

Yibo, Y., Zhenming, C.; Xiaoding, W.; Xinxing, Z.; Guiping, Y. Nanoporous
cellulose membrane doped with silver for continuous catalytic decolorization of
organic dyes. Cellulose 2018, 25, 2547-2558.

Partha, S.; Virginia, D.A. Photonic properties and applications of cellulose
nanocrystal films with planar anchoring. Appl. Nano Mater. 2018, 7, 2175-2183.
Singh, L.P.; Goel, A.; Bhattacharyya S.K.; Ahalawat, S.; Sharma, U.; Mishra, G.
Effect of morphology and dispersibility of silica nanoparticles on the mechanical
behaviour of cement mortar. /nt. J. Concr. Struct. Mater. 2015, 9, 207-217.
Roychand, R.; De silva, S.; Law, D.; Setunge, S. Micro and nano engineered high

volume ultrafine fly ash cement composite with and without additives. /nt. J. Concr.
Struct. Mater.2016, 10, 113-124.

- 105 -



of 2(ZE21M WE

g15{of g ct.

mjo

. =:7hEE s V1 /Aol 2R

sk L

AN TETSI|SSTATARS AT DA Ct
Holls YHEAl FEDMSFoIM AlMEH Ao ol 77w
g2 cjelxom wE £ @osloiMe o Fuch




