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Featured Application: Cement paste blended with carbon nanotubes for self-sensing applications.

Abstract: Due to their exceptional electrical properties, carbon nanotubes (CNTs) can be applied as
conductive fillers to develop self-sensing cement-based matrices. In order to obtain an adequate
self-sensing response, CNTs must be evenly dispersed through the cement matrix in a volume
sufficient enough to create an electric percolation network. This is challenged by the difficulty of
dispersing CNTs; therefore, there is a demand for an efficient dispersing agent that can be filled by
superplasticiezers, which are products of known compatibility with cement and high availability. This
research explores the use of four commercial superplasticizers available in Brazil, both naphthalene
and ether polycarboxylate-based, as dispersing agents for CNTs in water. Ultrasonic energy was
applied to aqueous solutions containing CNTs and superplasticizers. UV-Vis spectroscopy and
&-potential measurements were used to investigate which superplasticizer was more effective to
disperse the CNTs. Cement pastes were produced with the CNT dispersions and their electrical
resistivity was measured. It was found that only superplasticizers without aliphatic groups in
their structure were capable of dispersing CNTs in water. It was concluded that second-generation
naphthalene-based superplasticizers were more efficient dispersing agents for CNTs than third-
generation ether polycarboxylate-based ones for self-sensing applications.

Keywords: carbon nanotubes; dispersion; superplasticizer; resistivity

1. Introduction

Due to their high tensile strength of up to 60 GPa [1], carbon nanotubes (CNTs) are con-
sidered a superior material for nano-reinforcement of cement-based composites [2]. CNTs
have been found to increase the mechanical strength of pastes, mortars, and concretes [3-6]
through four different mechanisms: crack bridging, matrix densification, pore filling, and
C-S5-H nucleation [7]. Additionally, due to their electric and magnetic properties [8], CNTs
have the potential for developing novel construction materials with smart properties, such
as self-sensing, self-heating, electromagnetic shielding [9], and self-healing [10].

Many authors have reported a decrease in mechanical properties of cement-based
composites due to the presence of poorly dispersed CNTs in the cement matrix [5,11].
Due to their hydrophobic nature and Van der Waals interactions [12,13], CNTs tend to
agglomerate, forming bundles that induce weakness regions in the composites [2]. It is now
known that appropriate reinforcement does not only depend on the intrinsic properties
of CNTs, but also on how well they are dispersed throughout cement matrices [14]. Self-
sensing applications, based on CNTs as a conductive filler, also rely on proper nanotube
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dispersion to form a continuous electrically conductive path, i.e., reaching the electrical
percolation threshold [9].

There are three main strategies to disperse CNTs: physical methods, chemical methods,
and a combination of both. Some of the physical methods usually employed are sonication,
mechanical stirring, and ball milling. It has been found that ball milling and mechanical
stirring are not efficient enough [7], while controlled ultrasonic pulses have been found to
be an efficient method for dispersing CNTs through induced cavitation [15-17]. Chemical
methods employ dispersing agents that improve CNT wettability and induce electrostatic
repulsion between individual tubes. Some of the most commonly used chemical dispersing
agents for CNTs are surfactants [2,18-20] and superplasticizers (SP) [21,22]. Surfactants
have been found to directly affect the cement matrix [23], delaying the hydration reaction
and increasing the amount of entrapped air. Superplasticizers are considered a more
promising dispersing agent due to their compatibility with cement; nevertheless, effective
dispersion of CNTs without affecting the properties of the cement matrix still is a challenge.

Superplasticizers can be seen as effective in performing dual function, dispersing
both cement grains and CNTs. By means of electrostatic repulsion, SPs act at the cement
grain surface, inducing repulsion between grains. At the same time, due to their structure,
which combines hydrophobic and hydrophilic groups, SPs may adsorb on the surface of
CNTs, increasing their wettability and maintaining individual nanotubes separated [24].
Due to this dual function, SPs have a potential to be used as a CNT dispersant agent in
cement composites.

UV-Vis spectroscopy and (-potential have been found to be good techniques in
characterizing CNT dispersions in water [25]. Individual CNTs can be identified through
their characteristic absorption band around 253 nm [26], while C-potential identifies the
magnitude of colloidal particles electrostatic interaction and characterizes the stability of
CNT-water colloidal systems [27]. This work uses results obtained from both techniques as
a basis for optimizing a CNT ultrasonic dispersion process with four different commercially
available SP, of two different chemical bases, as dispersing agents. UV-Vis absorbance
and (-potential values were used to characterize the efficiency of each SP in water, while
the structural integrity of CNTs after sonication was verified using Raman Spectroscopy.
Electrical resistivity was used to characterize the efficiency of each SP after CNTs were
blended into the cement-based composites.

2. Materials and Methods
2.1. Materials and Materials Characterization

The materials used were multiwalled carbon nanotubes (CNTs) NC7000 in powder
produced by Nanocyl (Nanocyl S.A., Sambreville, Belgium); early strength development
Portland cement (Lafarge-Holcim, Rio de Janeiro, Brazil); viscosity modifying agent (VMA)
(BASE, Sao Paulo, Brazil); and four types of superplasticizers (SPs) as dispersing agents for
CNTs. The SPs included Glenium 51 (BASF, Sao Paulo, Brazil), ADI-SUPER H40 (Aditibras,
Dique de Caxias, Brazil), MC-PowerFlow 1180 (MC-Bauchemie, Vargem Grande Paulista,
Brazil), and Hormitec SP430 (Anchortec, Mogi das Cruzes, Brazil)—the first three were
polycarboxylate-based and the latter was naphthalene-based. Each SP received a code
from A to D, as presented in Table 1. Fourier transform infrared spectroscopy (FTIR) was
used to investigate the structural differences between the four SP. A FTIR Thermo Scientific
Nicolet 6700 spectrometer was used in transmission mode with KBr pellets. CNTs were
characterized through Raman spectroscopy in a Horiba Jobin Yvon HR800 UV, using an
objective lens of 100X magnification and a 514-nm laser, and, through transmission electron
microscopy (TEM), a STEM microscope from FEI, in a bright field transmission mode set to
75 kV acceleration and in a copper #300 Formvar mesh.
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Table 1. Nomenclature used for superplasticizers and their solid content. (* Informed by the

manufacturer).
Code Superplasticizer Name Solids Content * Superplasticizer Type
A Glenium 51 33% Ether polycarboxylate
B ADI-SUPER H40 40% Ether polycarboxylate
C MC-PowerFlow 1180 35% Ether polycarboxylate
D Hormitec SP430 40% Naphtalene

2.2. CNT Dispersion in Water Using SPs and Ultrassound

CNT/SP /water dispersions were produced using 0.25% wt. of CNT and each type
of SP (1:4 ratio of CNT to SP), as presented in Table 2. Dispersions were placed in an
ice bath and sonicated with a 550-W ultrasonic tip processor using 40% amplitude in
20-s on/off cycles to avoid overheating the samples. An aliquot from each dispersion
was taken every 100 J/ggispersion and analyzed in a spectrophotometer (Flame UV-Vis
Miniature Spectrometer—Ocean Optics) to measure its absorbance spectra in the UV-Vis
range. Dispersion degree was determined through the absorbance value at a 250-nm
wavelength. Sonication cycles were repeated until the absorbance value at 250 nm did not
present a variation of more than 0.1 (arbitrary units) for three repeated cycles.

Table 2. CNT:SP proportions and total sonication energy for each CNT dispersion.

Sonication Energy

Dispersion SP Type  CNT (%) SP (%)  Water (%) CNT:SP
(J/gdispersion)
0.25%CNT/1.00%SP A A 900
0.25%CNT/1.00%SP B B 1000
0.25%CNT/1.00%SPC  C 025 1.00 98.75 14 1000
0.25%CNT/1.00%SP D D 1000

After identification of the maximum absorbance value, samples were dropped on
glass microscopy slides and dried in a desiccator to verify the structural integrity of the
MWCT using Raman spectroscopy. Stability of the obtained dispersions was characterized
through C-potential experiments using a Malvern Zetasizer Nano Instrument equipped
with an electrophoretic light scattering cell.

2.3. CNT-Cement Composites Preparation and Electrical Characterization

Cement pastes were produced using early strength development cement with a fixed
water/cement (w/c) ratio of 0.50 and 0.60% of VMA by mass of cement to prevent water ex-
udation. Samples were prepared by hand mixing the obtained dispersions with cement and
VMA, which resulted in cement-based composites containing 0.10 and 0.40% CNT by mass
of cement, as presented in Table 3. Cylinders (10 mm diameter and 20 mm height) were
casted and cured at high relative humidity for 14 days. A total of 5 specimens were molded
for each condition. After curing, all samples were dried in an oven at 40 °C for 24 h.

Table 3. CNT-cement composites proportions adopted for electrical resistivity measurements.
(* percentage by mass of cement).

Composite CNT (% *) Cement (%) VMA (% *) wlc
REF -

0.10% CNT-cement/SP A
0.10% CNT-cement/SP B

0.10
0.10% CNT-cement/SP C
0.10% CNT-cement/SP D 100.0 0.60 0.50
0.40% CNT-cement/SP A
0.40% CNT-cement/SP B 0.40

0.40% CNT-cement/SP C
0.40% CNT-cement/SP D
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Copper sheets of a 0.1 mm thickness were glued to the end of the cylinders with
silver conductive glue. A constant voltage of 5.0 V DC was applied to each sample for
20 min before measurement for signal stabilization [28]. The current (I) passing through the
sample was measured using a 6 % digits resolution Keysight model 34461 A multimeter. The
applied voltage (V) was verified using a hand-held multimeter Hikari model HM-20230.
Since the hand-held multimeter has an internal resistance of the same order of magnitude
observed in the samples under test, the measurement setup, shown in Figure 1a, was
adopted to mitigate its influence on the results. The electrical resistance of each sample
was computed using Ohm’s law, according to Equation (1), and the electrical resistivity (p)
of the material was obtained using the cross section area (A) and length (1) of the samples,
according to Equation (2). An example of the cement paste specimens is presented in
Figure 1b.

R(Q)) = V(V)/I(A) @
p (Q.cm) = R(Q).A(cm?)/1(cm) (2)
50V (a) (b)
|
L O J
&
'—
® °
ﬁ\\
2cm

Figure 1. (a) Electrical circuit adopted for the electrical resistivity measurements and (b) cement
paste specimen.

3. Results
3.1. Materials Characterization

FTIR spectra obtained for the four SPs used are presented in Figure 2. Janowska-
Renkas [29] cite that specific functional groups from superplasticizers can be verified
through their absorption bands in FTIR spectra as OH- groups (3600-3200 cm~!); aliphatic
groups (3200-2500 cm~!); carbonyl groups (1900-1500 cm~!); and ether groups
(1250-950 cm™1!). It can be observed that the chosen SP presented absorption bands
in the regions cited, with some differences among them.

FTIR spectra from SP A and C are analogous, differing only in one absorption band
at 1560 cm~! (carbonyl groups). It should be noticed that the absorption bands present at
2920 cm~! (aliphatic groups) for SP A and C did not appear in SP B and D. Superplasti-
cizer D presented the most differences among all SPs, such as not showing any band at
950 cm ™! (ether groups), and two additional bands at 1035 and 1190 cm . This difference
is associated with its naphthalene basis.

Raman spectrum and TEM imaging of CNTs prior to sonication are presented in
Figure 3. Two peaks can be identified in the Raman spectrum, one at 1344 cm !, attributed
to amorphous carbon structures and some defects (namely D band), and one at 1579 cm~ 1
attributed to tangential C-C bond stretching vibrations (namely G band) [22,30]. CNTs
were found to have a Ip/Ig of 1.29, characteristic of highly graphitized structures. TEM
imaging confirmed that the CNTs presented an outer diameter in the scale of nanometers
and length in the scale of micrometers. Additional images of the used CNTs can be found
in [31,32].
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Figure 2. FTIR spectra of superplasticizers A, B, C and D.
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Figure 3. (a) RAMAN spectrum and (b) transmission electron microscopy of pristine CNTs.

3.2. CNT Dispersion in Water Using SP and Ultrassound

The obtained absorbance spectra and (-potential results for the CNT/water/SP dis-
persions are presented in Figure 4. Absorbance spectra showed that all samples exhibit a
characteristic peak around 250 nm, corresponding to the presence of individual CNTs. SPs
A, B, and C showed smooth absorbance profiles with one pronounced peak corresponding
to individual CNTs. SP D showed two pronounced peaks, one corresponding to CNTs
and one corresponding to the SP naphthalene aromatic groups. (-potential results showed
that all SPs conferred a negative surface charge to the CNT. It is known that the higher
the absolute value of (-potential, the more stable a colloid would be [33], and that for
cement-based systems absolute values above 25.0 mV yield stable suspensions [34]. It was
found that only SP D presented a result above 25.0 mV in absolute value.
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Figure 4. (a) UV-Vis absorbance spectra and (b) (-potential values of different CNT/SP/water
dispersions with 0.25% of CNT and 1.00% of all studied SP.

Raman spectra were used to verify any damage induced on the CNTs by the sonication
process for all SPs studied. The obtained Ig/Ip values, which describe the density of
structural defects, are presented in Figure 5. All dispersions presented I /Ip values lower
than the pristine CNTs, indicating sonication-induced damage in all samples, regardless of
the SP type or CNT:SP ratio used. No clear trend could be identified regarding the type of
SP and the amount of damage induced on the CNTs.

1.5 =

1.0 —

R

0.5 —

0.0

CNT —

0.25%CNT
1.00%SP A
0.25%CNT
1.00%SP B
0.25%CNT
1.00%SP C
0.25%CNT
1.00%SP D

Figure 5. I /Ip ratios obtained from Raman spectroscopy results for all CNT dispersions studied.

After initial screening of the four SPs, clear differences in dispersing efficiency could be
identified among them. To better understand the limitations of each type of SP, variations
in CNT:SP concentrations were performed. Using the UV-Vis results, SPs were divided in
two groups, B and D, as the best performing, and A and C, as the worse performing. The
obtained results are presented in the following sections.
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3.2.1. CNT:SP Variations for SPs B and D

In order to obtain a more concentrated CNT dispersions using SPs B and D, CNT
concentrations were increased to 0.40 and 0.80%, while CNT-SP ratios were increased to
1:4 and 1:2, respectively. The new adopted proportions are presented in Table 4 and the
obtained absorbance spectra and (-potential results are presented in Figure 6. Results for
SP D showed a similar behavior to the one found for the 0.25%CNT/1.00% SP dispersions,
indicating that increasing CNT concentration and decreasing the SP amount did not
compromise the dispersion efficiency of SP D. On the other hand, results for SP B showed
that a higher CNT concentration compromised its dispersing efficiency.

Table 4. CNT-SP proportions and total sonication energy for SP B and D refinements.

Sonication Energy

Dispersion SP Type  CNT (%) SP (%)  Water (%) CNT:SP
(J/gdispersion)
0.40%CNT/1.60%SP B B 0.40 1.60 98.00 1:4 1100
0.80%CNT/1.60%SP B B 0.80 1.60 97.60 1:2 1000
0.40%CNT/1.60%SP D D 0.40 1.60 98.00 1:4 900
0.80%CNT/1.60%SP D D 0.80 1.60 97.60 1:2 1000
3.0+ (@) -35-+ (b)
22.5— —— 0.40% CNT/1.60% SP B -304
| e 0.80% CNT/1.60% SP B
82 0 — 0.40% CNT/1.60% SP D —~-254
T 1 /7 N\ 0 e 0.80% CNT/1.60% SP D E
5 1 = -20
8154 &
2101 (S
Z ] w404
0.5—-.-" - 5]
0'0200 300 400 500 600 700 ' ' ! )
0.40% CNT  0.80% CNT 0.40% CNT  0.80% CNT
Wavelength (nm) 1.60% SPB 1.60% SPB 1.80% SPD 1.60% SPD

Figure 6. (a) UV-Vis absorbance spectra and (b) (-potential values obtained from different CNT:SP
variations using SPs B and D.

3.2.2. CNT-SP Variations for SPs A and C

Since absorbance results indicated that SPs A and C were the worst performing
dispersing agents, both the CNT concentration and SP:CNT ratios were varied. The new
adopted proportions are presented in Table 5 and the obtained absorbance spectra and (-
potential results are presented in Figure 7. Results showed that none of the tested variations
resulted in a significant increase in the absorbance value at 250 nm, indicating that CNT
could not be properly dispersed by SPs A and C.

3.0 (a) -354 (b)
—— 0.25% CNT/0.25% SP A
. 0.25% CNT/3.00% SP A -304
S —— 0.80% CNT/1.60% SP A
g 20 ——0.25% CNT/0.25% SP G < -254
e 0.25% GNT/3.00% SP G E
8 0.80% CNT/1.60% SP C = 204
5 1.5 =
2 z
2 & 15
2 101 &
= =104
=
0.5
5 5]
0.0 T '7 — '77 — L . T T T T
- oo s a0 g0 0 0.26% CNT  0.25% CNT 0.25% CNT  0.25% CNT

Wavelength {(nm) 0.25% SPA 3.00%SPA025%SPC 300%SPC

Figure 7. (a) UV-Vis absorbance spectra and (b) (-potential values obtained from different CNT-SP
variations using SPs A and C.
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Table 5. CNT-SP proportions and total sonication energy for SP A and C refinements.

Dispersion SP Type CNT (%) SP (%) Water (%) CNT:SP Sonication Energy

(J / gdispersion)
0.25%CNT/0.25%SP A A 0.25 0.25 99.50 1:1 600
0.25%CNT/3.00%SP A A 0.25 3.00 96.75 1:12 900
0.80%CNT/1.60%SP A A 0.80 1.60 97.60 1:2 1000
0.25%CNT/0.25%SP C C 0.25 0.25 99.50 11 600
0.25%CNT/3.00%SP C C 0.25 3.00 96.75 1:12 800
0.80%CNT/1.60%SP C C 0.80 1.60 97.60 1:2 1000

3.3. Electrical Resistivity of the CNT-Cement Composites

Electrical resistivity measurements were performed for the cement-based composites
containing 0.00%, 0.10%, and 0.40% CNT by mass of cement and the four SPs studied.
Five specimens were tested for each condition. The CNT amounts by mass of cement
were chosen as the maximum achievable using the CNT concentration in the aqueous
dispersions for the selected a/c. The 0.10% CNT—cement composites were produced with
the 0.25% CNT and 1.00% SP dispersions, while the 0.40% CNT-cement composites were
produced with the 0.80% CNT and 1.60% SP dispersions. All SPs were tested in order
to verify if the best dispersion conditions identified through UV-Vis spectroscopy were
translated into lower electrical resistance values.

Typical obtained resistivity versus time results are presented in Figure 8. A transient
behavior, also called the drift effect [35], was identified in all samples and associated with
polarization phenomena due to the dielectric nature of the cement matrix [36]. This effect
has been found to appear when performing measurements with a DC power source [37].
Nevertheless, allowing a given amount of time for measurement stabilization has been
reported as a satisfactory solution [28]. After 20 min of constant voltage application, two
different types of behaviors could be identified: one corresponding to a fast stabilization of
the resistivity measurement, and one corresponding to a slow stabilization.

250
Fast stabilization
200_/”—_‘,_—.\‘__’\”—5‘——.4&‘&——\
3
o
g 1501 Slow stabilization
2>
2 100+
0
w
@
50 -
0 T T T T ' T U 1
0 5 10 15 20

Time (minutes)

Figure 8. Typical electrical resistivity results over time obtained for CNT—cement composites.

The stabilization time between 4 and 20 min of constant voltage application, presented
as a fraction of their initial resistance (R/Rg) [35] for 0.40% CNT-cement composites, is
shown in Figure 9. The R/R( values were obtained starting from the fourth minute of
testing in order to discard the initial sharp curvature and analyze the more linear part of
the result. It was found that the electrical resistance of the samples produced with SPs
A and C, which presented lower dispersing efficiency, also presented slow stabilization
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behavior. On the other hand, the electrical resistance of samples produced with SPs B and
D, which presented higher dispersing efficiency, could be considered stable after very short
stabilization periods. This indicates that faster stabilization times are associated with better
CNT dispersion in the cement matrix.

3.09 sPA (@ 304 gpg (b)
2.5 2.5
2.0 2.0
< <
€ 154 € 151
1.0 1.0 e e T
0.54 0.5
0.01— T T T 0041 T T T
5 10 15 20 5 10 15 20
Time (min) Time (min)
301 spc () 30y spp @
2.5 2.5
2.0 2.0
o o
x x
X 15 e 1.54
o 10 W’t B
0.5 0.5-
0.04— - - : 0.01— T T T
5 10 15 20 5 10 15 20
Time (min) Time (min)

Figure 9. Electrical resistance evolution over time between 4 and 20 min of constant voltage applica-
tion, presented as a fraction of the initial resistance (R/Rg) for 0.40% CNT-cement composites. (a) SP
A, (b) SP B, (c) SP C and (d) SP D.

Electrical resistivity results of all cement-based composites after 20 min of constant
voltage application are presented in Figure 10. It was found that all the cement-CNT
composites had a lower electrical resistivity than the reference cement sample, and that
this resistivity decreased proportionally to the amount of CNT present in the matrix. At the
highest CNT dosage (0.40% by mass of cement), it was found that the samples produced
with superplasticizers A and D presented an average resistivity of 150 k().cm, while
the samples produced with superplasticizers B and D presented and average resistivity
of 50.0 kQ).cm, a 130 times decrease when compared to the resistivity of the reference
sample (6.5 MQ).cm). This confirms the trend identified in the UV-Vis results, where SP
B and D were found to be more efficient dispersing agents than SPs A and C. Special
attention should be given to the resistivity results obtained for the 0.40% CNT-cement-SPB
composites. These samples were prepared with the 0.80% CNT and 1.60% CNT dispersion,
which did not present satisfactory UV-Vis results. Their low obtained resistivity can be
associated with conduction through CNT agglomerates rather than through individual
nanotubes [38,39] and may be the cause of the higher dispersion of the results. This
phenomena has also been reported for polymers with CNTs as conductive fillers [40].



Appl. Sci. 2021, 11, 8452

10 of 12

=)
=

Resistivity (©2.cm)
z

100k

I
1

10k T T T T T T T T T

REF  0.10% CNT 0.10% CNT 0.10% CNT0.10% CNT 0.40% CNT0.40% CNT0.40% CNT0.40% CNT
Cement Cement Cement Cement Cement Cement Cement Cement
SPA SPB SPC SPD SP A SPB SPC SPD

Figure 10. Electrical resistivity results for CNT-cement composites in partially dry condition (boxes
presenting 25, 50, and 75% percentile, whiskers presenting one standard deviation, and solid symbols
presenting outliers).

4. General Discussion

From observing the UV-Vis absorbance results, it was possible to identify that SPs B
and D were the most efficient dispersing agents for CNT since they presented the highest
absorbance value among the four products studied. FTIR spectra showed a key difference
between these two SPs and the others, which was the lack of aliphatic groups in their
structure. Additionally, -potential results showed that SP D was the only one capable of
generating a stable colloid. FTIR results showed that SP D presented a main difference
from the others SPs in the ether functional groups.

These structural differences between SP D and the others were already expected, since
SP D is naphthalene-based, while the other three are ether polycarboxylate-based. The
best behavior of SP D agrees with results found in Al-Rekabi et al. [41], who found that
naphthalene-based superplasticizers worked better than ether polycarboxylate-based ones,
despite being an older-generation plasticizer. Mendoza Reales [22] has also concluded
that polycarboxylates ether are not the most adequate superplasticizer to be used as a
dispersant agent and generate stable colloids.

Regarding the electrical properties of the studied CNT-cement composites, the lower
dispersing efficiency of SPs A and C was found to be translated into longer electrical
resistance stabilization times and higher electrical resistivity when compared with SPs B
and D. The higher dispersing capability of SPs B and D, which was found to be associated
with the lack of aliphatic groups in the SP structure, was confirmed to play an important
role in generating CNT-cement composites with a low stable electrical resistivity.

5. Conclusions

CNT dispersions in aqueous solution with different superplasticizers as dispersing
agents were investigated. Differences in performance were associated with the presence of
aliphatic functional groups in their structure. It was concluded that the second-generation
naphthalene-based superplasticizers are more efficient dispersing agents for CNTs than
third-generation ether polycarboxylate-based superplasticizers.
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