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Properties of Cement Paste Incorporating Multi—-Walled
Carbon Nanotubes Dispersed with Polycarboxylate-Ester
and Sulfonated Naphthalene Formaldehyde

Sung-Hwan Park
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Abstract

Carbon nanotube (CNT) has excellent mechanical, electrical, and thermal
conductivity, and research to incorporate such advantages into cementitious
composite has been growing for many years. However, despite these excellent
material properties, studies to use CNT as a reinforcing material for cementitious
composite has not been quite successful. It was associated with the difficulty in
homogeneous dispersion of CNT due to Van der Waals attraction between CNT
particles. The method of securing dispersion stability using proper surfactants
such as sodium deoxycholate, sodium dodecyl sulfate and polyvinylpyrrolidone has
been most commonly used, but these surfactants were not designed to be used
for cementitious composites. Accordingly, many studies have been conducted on
dispersing CNT using polycarboxylate (PC) based high-range water reducer.
Since polycarboxylate ester (PCE) or ether has a hydrophobic molecular chain, it

is relatively easily adsorbed on the hydrophobic CNT than PC. For this reason, in
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the previous study, a cementitious composite using a multi-walled carbon
nanotube (MWCNT) and PCE was prepared and its properties with cement paste
were evaluated. In previous work, MWCNT to PCE proportion was set relatively
high to achieve suitable dispersion within MWCNT solution, and negative impacts
of PCE such as air entrainment, excessive flowability, and delay in hydration
were observed. This work was initiated to prevent such negative impact when
utilizing MWCNT solution in cementitious composites. MWCNT dispersed aqueous
solution using a relatively small amount of PCE was used to prepare cement
paste, and rheology, heat of hydration, and compressive strength were measured.
Through series of experimental works, the appropriate amount of PCE required
for the dispersion of aqueous MWCNT solution was presented. The applicability
of sulfonated naphthalene formaldehyde (SNF) for dispersion of MWCNT was
also investigated to find an alternative dispersing agent for cementitious
composites. According to the experimental results, MWCNT was better dispersed
with SNF than PCE. Although dispersion with SNF was better, the compressive
strength of cement paste was higher for MWCNT with PCE. Rheological
properties of cement paste with MWCNT solution was clearly affected by the
type of surfactant used for dispersion of MWCNT: MWCNT with PCE showed
lower plastic viscosity than SNF. Hydration was delayed by the addition of
MWCNT solution. MWCNT with SNF was slightly more delayed, but difference
was insignificant. The maximum compressive strength was observed at MWCNT
content of 0.05% with PCE, but compressive strength of cement paste
incorporating MWCNT with SNF was generally lower than that of plain cement
paste. It was found that degree of MWCNT dispersion in aqueous solution was
not a single most important factor that determined compressive strength of
cement paste. The surfactant used for dispersion of MWCNT might have also

caused a critical influence on the mechanical strength of cement paste.
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Kim, A.G. Rinzler, D.T.Colbert, G.E. Scuseria, D. Tomanek, J.E. Fischer and R.E.
Smalley. (1996). Crystalline ropes of metallic carbon nanotubes. science, 273(5274),
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44) Thess, Andreas, et al.(1996) Crystalline ropes of metallic carbon nanotubes. science,
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quantum resistors. science, 280(5370), 1744-1746.
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characterization of optically transparent epoxy matrix nanocomposites. Materials
Science and Engineering: C, 29(6), 1798-1802.
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UV-Vis-NIR #33He] 72 e = A 2171 R 245 douA=

WS uf Ay B2 B EH(Orbital)ell = HAEo] WS Fdte] A

o]Z dozit} o] w Holo] HQ3 oo uwgt zty] g2 e z
Eus

g3t A BAL Bt BAol Faete e Bae 4nst wd

Hol glom, 1 Fol o3 EA FHE & F AX S FFske dol
el FEE ¢ oAtk debdgo g CONT F& oA+ 200~300 nm <
el A FF o] YElhE Ao g k.

olg1gt A& Fstel CNT
Atk Xu et. al (2015572 CNTE Edéto] AME EoHA|e] oets 54
ol

2 ouAl ol diste] wAstd e, HYdS Fal CNT £9dH| o] 7}

(il
rlot

o
>,
e
2,

G548 AFAEE Aotk o) CNTS 28 JuAlRs Aggon <
) AME QI Atolo] AR FHL AN MEL2S WA s A &

3} 9 QY] bridging E34E Eatel AFAEA ArATRE AL vl

) Jiang, L., Gao, L., & Sun, ]J. (2003). Production of aqueous colloidal dispersions of
carbon nanotubes. Journal of colloid and interface science, 260(1), 89-94.

56) Zhang, Q. and Li, H. (2011). “Experimental investigation on the ice/snow melting
performance of CNFP & MWCNT/cement-based deicing system.”, Advanced Smart
Materials and Smart Structures Technology, pp. 25-26.

57) Xu, S., Liu, J, and Li, Q. (2015), Mechanical properties and microstructure of
multi-walled carbon nanotube-reinforced cement paste, 76, 16-23.4.
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A% Collins et al. (2012)58) AT-ZA¥e] W=2H CNTE d4 EHJF o]

Der Walls) el o3t Ale3 d4do] WA 7] wi-os stk Kim et
al. (2022592 PCE % tjeFsk CNT 4P (Bead Mill, Nano Disperser,
Ultra tip sonicaiotn)& ©]-&3}il, CNT¢} AAEAdA 9 H|&S 12, 14 H&=E
zAste] Agsidsl, £ Hl&o] 02% FT7HA =olAAl =| CNT #4kg

o] =& PCE $HFOR 8, 37194 3 F8hg Adde] Frejz, of

58) Collins, F., Lambert, J., & Duan, W. H. (2012). The influences of admixtures on the
dispersion, workability, and strength of carbon nanotube - OPC paste mixtures.
Cement and concrete composites, 34(2), 201-207.

59) Kim, J. H, Park, S. H, & Chung, C. W. (2022). The Properties of Cement Paste
Incorporating Multi Wall Carbon Nanotube Solution Prepared through Bead Mill and

High-Pressure Homogenizer Process with Polycarboxylate Ester. Construction and
Building Materials, 337, 127598.
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3.1 A8A =

3.1.1 MWCNT

oA Abgd MWCNTE iUl AAeE BARolA AJake Aoz,
MWCNTY =84 Ade 3% 313 2ok AALeE BAFY MWCNT 274 &
ARG FFEolm, Aol Aol Hls| BAMF &AL, &% BAFY] MWCNT
7b AxF] M3 thA Ee Ao yErEth. MWCNTe 724 54

rlo

Laser Raman Microscopy Ramanforce (Nanophoton Corp, Tokyo, Japan)
HEFEA 7S o] &3t &, 2= 19 31 YERAT 1
g 310 wzw ArLe] MWCNTE= 1,354.34 cm ‘oA D peak7} &<1% v,
1,590.35cm el A G peak”} 2,710.72 cm ol G’ peak’t =A<l th BA
°] MWCNTE 1,347.19cm "ol A1 D peak7b &1, 1,583.40cm 'elAl G
peak7} 2,707.70cm ol A G peak’t ZA Atk MWCNT F+xA4 W9
Agte] AERN In/le % AAMSL 49 1232 YE I, BA 49 1.032
= UERsH

k)

#* 31 CtEY BRLLEFEMWCNT)S =28 42

Brunauer
. ) Bulk
Diameter Length Purity . Emmett and
Density
(nm) (um) (Wt.%) Teller
(g/ml) ,
(m“/g)
AA} 8~13 50~150 Min.96.5 0.07~0.09 250~350
BA} 5~15 ~10 Min.99 0.02~0.04 150~200
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J% 31 MWCNT 2| Raman &2 mi&

3.1.2 ABEAA

2 o)A Ful DARIA AR PCE 2 SNFE CNT 248 Aw ey
Az Agsen, oo BalA 4Ae ¥ 329 Y Aol AEHE AR
FHA F FRE APPUR FREor], 4719 ag¥de PCEE 20~
25%, SNF&= 31%= 1=2At. PCE ¥ SNF&= 232E 4 REZEE &
AZ2A0] AF ALGEE ESpAR06), PCEE a2 E Rofol A AL

60) Huang, H., Qian, C., Zhao, F., Qu, J., Guo, J., & Danzinger, M. (2016). Improvement
on microstructure of concrete by polycarboxylate superplasticizer (PCE) and its

influence on durability of concrete. Construction and Building Materials, 110,
293-299.

61) Plank, J., Schroefl, C., Gruber, M, Lesti, M, & Sieber, R. (2009). Effectiveness of
polycarboxylate superplasticizers in ultra-high strength concrete: the importance of

PCE compatibility with silica fume. Journal of Advanced Concrete Technology, 7(1),
5-12.
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= ZUTFEEAA 7Ike] Al 3AlH 1A s Az AME Ak 2 BE
o] mj-- Eom, SNF+= HlwA ool /e fFestA=E 7 a3+ PC

o HaHE Hoix

-
T

Aoz orE A 9t} 6263

¥ 32 AHEdAe 28 842
Solid )
. Density
Specimens | Type Color content pH 5
(g/cm®)
(wt.%)
PCE Light yello 20~25 5.0+2.0 1.040+£0.05
Liquid
SNF Dark brown Sill 7.0x£2.0 1.200%£0.05
3.1.3 AW E

B Q7o A= KS L 5201
5 A8aAT. B 332 AdEel 53 442 Yrhd golth AliEe)
FAHEL CaO7} 6597%°]H, SiOv) 1878%= UEhba glomw
ALO; 472%, MgO 3.14% 502 748 Aoz ek}

62) Qian, Y., & De Schutter, G. (2018). Different effects of NSF and PCE
superplasticizer on adsorption, dynamic yield stress and thixotropy of cement
pastes. Materials, 11(5), 695.

63) Yakobu, K. F., Ravichandran, P. T., Sudha, C., & Rajkumar, P. K. (2015). Influence
of GGBS on rheology of cement paste and concrete with SNF and PCE based
Superplasticizers. Indian Journal of science and technology, 8(36), 1-7.
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(%)
CaO Si0g FeyO3 MgO AlyOs
65.97 18.78 2.76 3.14 4.72
MnO P30s TiO2 SOz
0.13 0.19 0.31 2.56

3.2 CNT A& A=

CNTE &l 2 AARZE FAke] &olshA
(Ultra-sonication) & ©o]-&sto] CNT9| &4 &4 A
 AMZdA 5o B4 &l F7lste] CNT9 3
)e ol W Zo] Aoty Hf 9JTI64R6667), E oA Lo A% AHEEA

& Aol @8eto] MWONT +&91& Alzaslse

H
H
MWCNTS} ol A4 w&e 110]m, 589 o] MWONT 5=

64) Matarredona, O., Rhoads, H., Li, Z., Harwell, J. H.,, Balzano, L., & Resasco, D. E.
(2003). Dispersion of single-walled carbon nanotubes in aqueous solutions of the
anionic surfactant NaDDBS. The Journal of Physical Chemistry B, 107(48),
13357-13367.

65) Park, C., Ounaies, Z., Watson, K. A., Crooks, R. E., Smith Jr, J., Lowther, S. E., ...
& St Clair, T. L. (2002). Dispersion of single wall carbon nanotubes by in situ
polymerization under sonication. Chemical physics letters, 364(3-4), 303-308.

66) Konsta-Gdoutos, M. S., Metaxa, Z. S., & Shah, S. P. (2010). Highly dispersed
carbon nanotube reinforced cement based materials. Cement and Concrete Research,
40(7), 1052-1059.

67) Fagan, J. A, Becker, M. L., Chun, J., Nie, P., Bauer, B. ], Simpson, J. R, .. &
Hobbie, E. K. (2008). Centrifugal length separation of carbon nanotubes. Langmuir,
24(24), 13380-13889.
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= 1%=2 aAsdnt. & Az AMSH =2 &5 (Di water, 182

MQ-cm)©o]t}.
BAkg Nl AxE H, WA AHISHA H 2EFE EF
MWCNTE Al#ste] 2o 9tk o]F 178 320 YeEY A= VC-505

%S9 A (ultrasoanic tip sonicator) (SONICS & MATERIALS, INC.
USA)E ARE3te] 200 wattd] 8o & 3279 2S99 F9 W 12719

-

o
H
A S 0% B wEeE 19 22HHIE AWtk o F 10

(@) =2atxzl 2| b) d5= &4

a

L]

32 =2ulxal AH| 2 xSotxa| g
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2ol 2mE MWCNT 89 V-670 UV-VIS-NIR spectrometer
&3t FAEE EASAT 3 ®9l= 200~

WEL 2EFE Agele] ONT

Sh?

=
o
(@)
(@)
=]
=
)
>
AN
o
o
Lo
32
o
=
e
r >
=2
<)
ko
4
d

B A widAlE i 349 2o, B2 EAMENZ A% 2P fF
AZ gal, AHME ZF=ZFhe] PCE 1wt.%S =712 £33t
E 34 MWCNT ¢ AlHE Ho|AES| HfEH|E
CNT
. . replac
; Dispersion CNT: SP
No. | Specimens W/C | ement
Method PCE - SNF . (wt.%)
ratio
(Wt.%)
1. Plain
2. AAF-0.05
3. AA]'_OO75 z%ﬂ'j}‘ﬂ - 005
4. AAF-0.1 o 1:1 0.3 0.075 1
5. BAF-0.05 (Ultrasonication) 01
6. | BA-0.075 '
7. BA}-0.1
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3.3.2 Wi &7

MWCNT #4F 84

o

E93% AWE Hol~ESY BEAS Hrlelr] ¥
3 =AHIEN] 039 AHE HolAES Azt Wi ASTM C
305 Standard Practice for Mechanical Mixing of Hydaulic Cement Paste
and Mortars of Plastic Consistency Tf<=o] we} st Az Al Ab
4% A= paddle mixer (Kitchen aid 5K5SS, US.A)E A&3om,
= wigharel WA Egste] BMAA ARGk, ol

CNT 33@4< ANg A7) Agelh ANE so|2Ee A=

rr

=
A3 AWE AP CNTRAGNHFFE Yo A%02 287 ait F
02 FA71% FAh olF TEF AU4L FRE S5 F712 PCE

S%o® 2Rz wurd ¥ g HA S TR

3.3.3 F+¥3834 EA (Rheologial Characteristics)

PCE % SNFe| 93] &4t" MWCNT T8 o] AHE Ho|~E9
WA FAo PAE 9EFS Fopetr] fieke] 19 333 o] MCR 302
modular compact rheometer (Anton Paar Gmbh, AUSTRIA)S & &3}
o ARG ESHe] Frts Y& AGHIES 0014 100 s'2 AsA7d

A upward curveE FHA3AUI, T ESHY LAAPAEE A7) Y& A

S 100 stellA 0= A 7IH A downward curv

D

il
AN
o
ol
ol
s
)
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Shear stress (Pa)

1200

} o e Static yield stress
P
800
600
(]
[}
]
[
400 ;
eI — -
Y=6.1821x + 130.98
200 x N
Viscosity Dynamic yield stress
0
0 20 40 60 80

100

Shear rate (1/s)

a2 34 Rheometerg &8st FHE™ M
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3.3.4 431498 (Hydration Characteristic)

PCE % SNFel 9s] &4te MWCNT F8& o] AWE mo]~ES 4
shkg SAel vA= GFS detstr]l fstel 1™ 359 TAM AIR &
=G ZA(TA Instruments, USA)E AFg3to] F8HtgS S35t 732
qeo] =& ASTM C 1679 Standard Practice for Measuring Hydration
Kinetics of Hydraulic Cementitious Mixtures Using Isothermal

Calorimetry 7|9 w2} sttt wld 2 F 45~5 g =9 AHE

Ozl 35 0jAaed SHE S292HA (Isothermal Calorimeter)
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3.35 ¢$=ZFE (Compressive Strength)

23t1C9 zEstgitstzds F8&d00 FFAS AAEAT. dEAEs
ASTM C109 Standard Test Method for Compressive Strength of
Hydraulic Cement Mortars (Using 2-in. or [60 mm)] Cube Specimens)
71l wel S1-1471D A5 4574%= A1§7] (S1 industry Co. Ltd.
KOREA)E A}83Fo 900~1800 N/so] Alst&S f=stHAl ZA 3T

O 36 AREA L
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3.3.6 AAWAY FAAAAT A (FE-SEM)

AHE #lo]~E o)A e] MWCONT 24k J=E Felalr] 9)8te], 289
A GEAE Alge] guE AWE Fo]rES] wEHS gdoRE HdAd
7 #GS AgeAnt AR el ARSE FAFH = LR3768)9
el MIRA 3 Field Emission Scanning Electron Microscopy (FE-SEM)
(TESCAN, Czech Republic)E& AHE3sISith. FE-SEM A& $lsto] AIWE

Ho]~ES WS WMaos I®Y, #Y A 50 kV, wi&2 500
kx2 dAste] ATz dde 29

% 3.7 FE-SEM 24 ZH|

68) https://cle.pknu.ac.kr/EquipView.asp?EquipID=86
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o] ztole} F#glel MWCNTE AHEg + AME X% PCE Htt SNFS A}
43 MWCNT F=g9] BAm7t =4 velt) o] SNF7} PCEel Hl &)
MWCNTS] 4 371 Holyth= Zs RoFr) olger A= wxlae
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= AAL-PCE
* AAF-SNF
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e

PCEZ #4tH A2 o2 F T/F<9 MWCNTE AHE3t AJHE #o]~
Eo] A& WatE ool 17 430 YeElfdith 17 430 w2, A}
¢} BALe] MWCNTE &3 AWE #Ho]~E Ao thizte] xpo]7}
A=, BF BAFY] MWCNTE A3 AJWE #lo]~E9 AAH
Z7F AAe] MWCNTE AFR3 A HIE #lo]~E9 AAHE Hla] 0.1~
0.2 Pars AE 9A Yegtt ol AAFSY] MWCNTC] Hls] BAMY
MWCNTS] Zo]7} gol 4Akzke] bridging &37F AAFe] MWCNTol| H]
3 H5d7] Wro2 AlsEh

440 WEW SNFZ 2418 MWCNT =89S 5935
2FE MWCNT 898 &3t 49 o274, MWCNTS &9 #o]

Zrless AAgReYT 24AES B4 e A % & Ao
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