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Abstract

The present study is focused on the dispersion of carbon nanotubes (CNTs) as-
sisted by superplasticizer/surfactant adsorption, and the impact of CNTs wetta-
bility agents on the rheological behaviour and mechanical properties of CNTs—
cementitious composites. Two commercially available cationic superplasticisers
(belonging to polycarboxylate and naphthalene families), and non-ionic agents
including methylcellulose and Triton X-100 were used. In this study, the disper-
sion of CNTs in the aqueous phase was characterised using UV—vis spectra and
the nanostructure of the fracture surface of CNTs—cementitious composite was
studied using scanning electron microscopy (SEM). The compressive strength
and workability of the mixtures were evaluated with and without disper-
sants/surfactants, through compressive strength tests after 3, 7, and 28 day of
curing and flow table tests on the fresh mixture. The results indicated that sur-
factant molecules adsorbed onto the CNTs’ surface facilitated the dispersion of
CNTs by forming a large solvation shell from the hydrophilic moieties around a
nanotube, leading to stabilization of CNTs in water. Also the wettability agents
containing both active polar and non-polar groups improve the dispersion of
CNTs within the composite, have no detectable negative influence on the cement
hydration process, and significantly improve the workability of the CNTs-
cementitious composites.
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1 Introduction

Due to their unique properties carbon nanotubes (CNTs) have attracted consid-
erable attention for a wide range of applications including the production of
multi-functional cementitious composites[1]. However, the nano-scale dimen-
sions of CNTs turn dispersion into a challenging task, since their high aspect ra-
tios in combination with their high flexibilities and strong tube-tube contact in-
teraction energies make them prone to entanglement [2-4]. Bundled nanotubes
need to be effectively dispersed in water in order to enhance the mechanical
characteristics of composite cementitious materials [5, 6]. Both mechanical and
chemical approaches are widely used in nanotubes dispersion. Mechanical
methods through sonication processes or high shear mixing in combination with
dispersion agents can efficiently separate nanotubes from each other [6-9].
Chemical techniques are widely used in treatment and dispersion of carbon
nanotubes and improve the bond with the host matrix, through covalent and non-
covalent bonding. For the former, covalent bonding includes providing addition-
al reactive groups (functionalizing groups) on the surface of carbon nanotubes
[10, 11]. Different approaches have been used to generate covalent functional
groups on the tubes’ surface, including hydroxyl, carboxyl, and carbonyl groups
[12]. For the latter, use of chemical surfactants with sonication techniques can
introduce non-covalent bonding on the carbon tubes surfaces, thereby encourag-
ing separation of the nanotubes within the solution[13]. Chemical surfactants are
amphiphilic in nature, however their chemical structures contain hydrophobic
and hydrophilic end groups[14].

Both hydrophobic and hydrophilic groups are adsorbed at the interface between
the nanotubes and the solution [15], and increase the dispersibility of the nano-
tubes in water, forming more stable suspensions [16]. The adsorbed layer on the
carbon nano tubes surfaces can counterbalance van der Waals attractions by in-
ducing effective electrostatic repulsions or steric forces. The balance between
these forces regulates the dispersion and stabilizes the nanotubes, and can pre-
vent agglomeration[17].

Among mechanical and chemical dispersion methods, anionic (negatively
charged), and cationic (positively charged) surfactant based-plasticizers have
been used (with the aid of a sonicator) to disperse CNTs in water via covalent
and non-covalent approaches, [5, 18]. Non-ionic (uncharged) agents such as eth-
oxylated alkyl phenol (Triton X-100) and methylcellulose (MS) have been wide-
ly used to disperse CNTs within CNT—polymer composites [19]. The limited op-



tions of dispersion agents which can be used for dispersion purposes within ce-
mentitious materials can be attributed to the nature and the chemistry of cement
and the hydration process, since some types of dispersion agent can delay or
stop the hydration process of the cement paste [11]. There are limited published
studies on the optimization of the effect of agents on the dispersion of CNTs in
nano-cementitious composites. Collins et al. [20] investigated the effect of dif-
ferent surfactants that are compatible in the production of concrete, in term of
dispersion, workability and strength of CNT aqueous and CNT-OPC paste mix-
tures. The result of this study indicated that the addition of cationic surfactant
greatly enhanced the dispersion and maintained sufficient mixture fluidity.
Cwirzen et al. [21] have dispersed CNTs (diameter 10 nm, length 2-4 pm) in
water using polyacrylic acid polymers as a surfactant, and the results showed
significant improvement of the compressive strength (up to 50%).
Yazdanbakhsh et al. [6], and Trettin and Kowald [22], reported the impact of
polycarboxylate-based superplasticisers as surfactants to produce cementitious
CNT-reinforced composites. Compressive and bending tests results showed that
the surfactant/superplasticisers with longer lateral chains led to a significant im-
provement in mechanical strength, which revealed better dispersion of CNTs
and improved interfacial bonding between the nano tubes and the host matrix.

In this current work, various types of stabilization agents (i.e. surfactants based-
plasticizers) [3, 23], Triton X-100, and (MS) have been examined to investigate
their effect on the dispersion of CNTs in water. Fluidity of the fresh mixes and
compressive strength tests of hardened cementitious composites have been con-
ducted in order to investigate the effect of the examined agents.

2. Materials and methods

2.1 Materials

The mixtures of nano composites were prepared using the raw materials de-
scribed below. Cement type I (OPC), meeting the requirements of British Stand-
ard BS EN 197-1 was used. Multiwall carbon nanotubes (MWCNTs), and func-
tionalised multiwall carbon nanotubes (F-MWCNTs) were used as the nano ad-
ditives, and their properties are shown in Table 1. Dispersion agents for the
nano additive in water were; polycarboxylate ether (PCE), naphthalene (NPH)



base superplasticizer, Methylcellulose (MC), and Triton X-100 (TX-100).Table
2 shows the properties of the surfactants used in this study.

Properties MWCNTSs F-MWCNTSs
Diameter (nm) 8-15 8-15
Length (um) 10-50 10-50
Purity (% by mass) 95 95
Bulk Density 1.95 1.95

Table 1 Property of the used carbon based nano additives

Properties NPH MC TX-100
Chemical Polycarboxylate =~ Naphthalene Methylcellulose A,  Octyl phenol
Classification Methyl cellulose cthylene oxide

ether condensate
Appearance light low viscosi- dark brown low White to Off-White  colourless to
and form viscosity liquid Powder light yellow,

liquid

pH of 10 % 7-9 6-8 6-8
content
Bulk density 1.2 1.31 g/cm3 1.07
g/ml
lonic nature An ionic Non-ionic Non-ionic
Solubility Soluble in water ~ Soluble in wa-  Soluble in water Soluble in wa-

ter

ter

Table 2 Properties of admixtures/surfactants used to disperse MWCNTs, and F-

MWCNTs.

2.2 Preparation of CNTs suspension

Aqueous dispersions were produced with 0.025 wt. % (by cement weight) of
MWCNTs/F-MWCNTs and 100 ml of distilled water. Surfactant agents were
used separately in different dosages based on previous literature and composites
workability. Surfactants- PCE and PNS, were used in ratio of 0.8% by weight of
cement [24-26], while MC and TX-100 were used in ratio of 1:2, 1:1.35 respec-
tively [23, 27]. The dispersion of nanotubes in water was accomplished under
high sonication intensity over a short time period using a sonicator with tip (i.e.



Sonic FB-705), which was set at an amplitude of 100 % of its maximum, and
duration of 5 minutes. To avoid overheating of the suspensions the delivered en-
ergy was applied in cycles of 20 seconds. Ultraviolet—visible spectroscopy (UV—
vis spectroscopy) was used to evaluate the dispersion ability of these surfactants.

UV-vis absorption spectra were recorded using a UV-Vis recording spectropho-
tometer (UV-20401pc) operating between 350 and soonm, as only individual
nanotubes absorb in this wavelength region [23]. Samples were taken after dis-
persion and diluted by a factor of 100, resulting in MWCNT /F-MWCTs con-
tents that were suitable for UV—vis measurements. The blank used was the orig-
inal of the PCE/ NPH/ MC/ TX-100 solution diluted by the same factor, and
measured under the same conditions.

2.3 Production and testing of CNT-composites

A total of nine nano- cementitious cement composites were prepared with a wa-
ter/cement ratio of 0.35 together with a control mixture (Table 3). All dry ingre-
dients (cement, micro silica, and sand) were mixed using a Hobart mixer with a
flat beater for 2 minutes. Then, water was added to the mix and the mixer was
stirred for another 2 minutes. Finally, the MWCNTs/F-MWCNTs suspension
was added at low speed for 1 minute and then fast speed for another 2 minutes.
Following mixing, the resulting paste was poured into 50mm x 50mm x 50mm
moulds. Specimens were demoulded after 24 hours and cured in water until the
relevant testing age. They were then dried for 3 hours at room temperature be-
fore testing. The workability of nano cementitious pastes was assessed using a
flow table test in accordance with ASTM C230/ 230m-1[28]. The initial and fi-
nal diameters were recorded to calculate the mixture flow. The flow is defined as
the diameter increment divided by the original diameter. Compressive strength
tests at 3, 7, and 28 days after casting were conducted at a loading rate of 0.5
MPa/s using a Hydraulic Mechanical Testing System (MTS). The microstruc-
tures of MWCNT and cement hydration products were studied using scanning
electron microscopy (SEM) (Zeiss; model of LEO 1455VP). Prior to SEM imag-
ing, the fractured surface was sputtered with carbon.



Proportion (wt. % of cement)

Mix ID OPC Water Silicasand Sand MWCNTs/F-MWCNTs  Surfactant
%

PC 0.08
T-PCE 0.08
T-NPH 0.08
T-MC 0.05
T-TX-100 1 035 0.1 1.5 0.025 0.04
Ft-PCE 0.08
Ft-NPH 0.08
Ft-MC 0.05
Ft-TX-100 0.04

Table 3 Nano-cementitious composite mix design

3 RESULTS AND DISCUS SION

3.1 Characterisation of MWCNTs/F-MWCNTSs suspensions

Figure 1 (a, b) shows that even after 5 minutes of high sonication intensity the
nanotubes are poorly dispersed and highly aggregated in the absence of a surfac-
tant agent. Within a few minutes of cessation of agitation the carbon nanotubes
were completely settled. However, under the same conditions, adding surfactant
(i.e. PCE/ NPH/ MC/ TX-100) led to the production of more stable homogene-
ous solutions. UV-vis absorption spectroscopy was used to characterise the
concentration of dispersed nanotubes, as only individual carbon nanotubes are
active in the UV—vis region [29]. UV—vis spectra were conducted for seven dif-
ferent concentration of nanotubes suspensions, as shown in the Figure 2, inset
figures are optical photographs of various concentrations of nanotubes in surfac-
tant suspensions (NPH is shown here). Figure 3 (a, b) shows the spectra of
NPH-suspensions of carbon nanotube, and functionalised nanotubes, respective-
ly. The absorbance spectra of surfactant-only solutions are used as a baseline
correction for experimental analysis, and the Uv-vis absorbance was chosen at
the wavelength of 500nm as reported in many previous studies [23].



Figure 1: suspensions of nanotubes treated using sonicator (left side) sets at high
sonication intension without using dispersion agents, a) suspension directly after
treatment, b) suspension few minutes after the agitation stopped

A positive relationship is observed between the absorbance and concentration of
nanotubes for all suspensions, as shown in Figure 4). The absorbance depends
on the concentration of well dispersed nanotubes, subsequently on the type of
nanotubes and effectiveness of the used surfactant. However, with both types of
nanotubes Tx-100 has the highest dispersion efficiency, leading to a significant
improvement in the dispersion of both types of nanotubes. Superplasticisers
based surfactants have approximately the same dispersion effectiveness, while
the MC agent has less dispersion ability. A homogenous darkish dispersion was
obtained for 0.047 g/l MWNTs, therefore various concentrations of MWNTs
from 0.047 g/L to 0.004 g/L were selected for this work.

s |

baseline 0.047 '0.31 0.021 0.014 0.009 0.006 0.004
g/l g/l g/l g/l g/l g/l g/l

Figure 2: Seven concentrations of nanotubes- PCE, NPH, MC, TX-100
suspensions.
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Figure 4: Absorbance of nanotubes suspensions recorded at wavelength
of 500nm, suspensions containing different types of surfactants (PEC,
NPH, MC, and Tx-100) and a) MWCNTSs, b) F-MWCNTs

3.2 Fluidity of fresh nano composites

The effects of carbon nanotubes-surfactants/dispersion agents on the flow of
nano cementitious composites are shown in Figure 5. The addition of surfactants
based superplasticizers to cementitious paste generally increased the flow. For
the reference paste (PC) the flow was 185 mm whereas the respective values for
the pastes containing functionalised/ MWCNTs were in the range of 180 mm to
205 mm. Flow values were found to be significantly higher (225 mm) in case of



paste containing nanotubes dispersed in non-ionic agents. Figure 6 illustrates the
flow behaviour of the different pastes. These differences in flow are attributed to
two main reasons. Firstly, the hydrophobic and hydrophilic nature of these
agents contributes to a reduction in the viscosity of the mix and at the same time
to the formation of a large volume of stable air bubbles [30]. Secondly the ab-
sorption of Carboxylic acid ((COOH) groups on the walls of the functionalised
nanotubes improves the dispersion of the tubes in water [3]. Generally, the effect
of surfactants on the dispersion of nanotubes and workability is dependent on
the composition, the type, and the concentration of surfactants [23, 31]. General-
ly, Triton X-100 provides higher workability, which is further increased when
functionalised nanotubes are used.
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Figure 5: The effect of surfactant/nanotubes on workability of fresh
pastes

3.3 Compressive Strength

The compressive strength results of nano cementitious composites are presented
in Figure 7 (a, b) at 3, 7, 28 days after curing. It is observed that the use of sur-
factant-based superplasticisers in the dispersion of nanotubes resulted in a dis-
tinct improvement of the strength compared to the reference mix (PC). The
strength of specimens containing as received MWCNTs, and F-MWCNTs dis-
persed using Naphthalene based superplasticizer was improved by 63% and 27
% at early and late ages, respectively.



Although the non-ionic surfactant (MC, TX-100) has successfully dispersed the
nanotubes in the water, the compressive strength of the specimens containing
these suspensions is reduced. This can be attributed to the fact that these agents
are incompatible with the cement hydration process leading to a delay in cement
hydration

Figure 6: The flow behaviour of pastes containing different types of sur-
factants: a) Flow of control mix, b) Flow of paste containing nanotubes
dispersed using NPH (which was slightly higher than that of paste con-
taining PCE), c) Flow of paste containing CNTs dispersed using MC (ap-
proximately the same as that of paste containing TX-100), and d) Flow
of paste containing Functionalised nanotubes dispersed using MC
(which was slightly lower than pastes containing TX-100).

Typical scanning electron microscopy (SEM) images in Figure 8 show micro-
graphs of the fractured surfaces of the hardened control mix, and mixes contain-
ing nanotubes dispersed using NPH. Figure 8 (a) shows the microstructure of the
control mix, where the main constituents of the cement paste are Ca(OH)2, C—
S—H gel, pores, cracks, and an amount of needle-like crystals emerging from the
fracture surface, which were cement hydration crystals of Ettringite (AFt). CH
can also be recognized. Figure 8 (b) shows that the nanotubes are dispersed uni-
formly without obvious agglomeration. CNTs were found to be embedded as in-
dividual fibres in the paste and acted as bridges between hydrates and across



cracks. This ensures good load-transfer efficiency from the cement matrix to the
nanotubes.
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Figure 7: Compressive strength of cementitious composites with a) as
received MWCNTs and b) composites containing Functionalised
MWCNTSs.
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Figure 8: SEM images of hardened cementitious composites a) control
mix b) mix containing MWCNTSs dispersed using NPH.
4 Conclusion

This study presents the results of investigations on the dispersion, workability,
and compressive strength of CNT-aqueous and CNT—cementitious composites.



Four different types of dispersants/surfactants (polycarboxylate, naphthalene
sulfonate, methylcellulose, and Triton X-100) were used in this study. The out-
comes of the work were:

e Based on UV-vis absorbance test results, non-covalent methods based on
physical adsorption of anionic, non-ionic, and cationic surfactants gener-
ated homogeneous carbon nanotubes suspensions.

e Triton x-100 has the highest dispersion efficiency of the investigated sur-
factants, and significantly improved the dispersion of nanotubes in water.
Mechanically, however, its use led to a significant reduction in the com-
posite strength, which was attributed to the fact that the Tx-100 is incom-
patible with cementitious materials.

e Addition of carbon nanotubes did not affect the mix workability, while
functionalised nanotubes slightly improved the fluidity, which can be at-
tributed to the relevant functional groups (-COOH) acting to make the
tubes more dispersible in water and thus aiding in improving the mix
workability.

o Compressive strength was considerably increased in the case of
MWCNTs/F-MWCNTs dispersed with the aid of Naphthalene base su-
perplasticiser, for all examined ages.
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