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Abstract: The application of carbon nanotubes to produce cementitious composites has been exten-
sively researched. However, the dispersion of this nanomaterial remains a technical limitation for
its use. Thus, initially, this study assessed the stability of carboxyl-functionalized CNT on aqueous
suspensions and simulated cement pore solution for 6 h through UV—-visible spectroscopy. Subse-
quently, a CNT content of 0.1% by cement weight was incorporated into the cement pastes, and the
compressive strength after 7, 14, 28, and 91 days was evaluated. In addition, the porosity of the CNT
cementitious composites at 28 days of hydration was investigated by mercury intrusion porosimetry
(MIP), and the microstructure was evaluated via scanning electron microscopy (SEM). The simu-
lated cement pore solution’s alkaline environment affects the CNT stability, progressively reducing
the dispersed CNT concentration over time. CNT reduced the cementitious matrix pores < 50 nm
by 8.5%; however, it resulted in an increase of 4.5% in pores > 50 nm. Thus, CNT incorporation did
not significantly affect the compressive strength of cement pastes. SEM results also suggested a high
porosity of CNT cementitious composites. The CNT agglomeration trend in an alkaline environment
affected the CNT performance in cement-based nanocomposites.

Keywords: carbon nanotube; cement; pore solution; compressive strength; porosity

1. Introduction

Carbon nanotubes (CNT) have been extensively studied to improve the mechanical
properties, durability, and specific applications of cement-based materials, such as monitor-
ing structures, due to their intrinsic self-sensing properties [1,2]. Most studies focused on
using nonfunctionalized CNT in cementitious matrices [3]. Nonetheless, noncovalent and
covalent functionalization strategies can be adopted to improve the CNT dispersion, one of
the significant problems in applying the nanomaterial.

The CNT covalent functionalization process can be divided into direct sidewall or
defect functionalization. The direct covalent sidewall functionalization can be attributed to
the modification of the hybridization from sp? to sp®. On the other hand, defect functional-
ization is associated with the defect sites, such as open ends, holes in the CNT sidewalls,
and irregularities in the hexagon graphene structure [4]. Ma et al. [4] mentioned that
oxygenated sites can also be classified as defects. Thus, the oxidation process is usually
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conducted with acids (e.g., sulfuric and nitric acids). In these cases, the defects are stabilized
by hydroxyl (-OH) and carboxyl (-COOH) groups on the CNT surface [5].

The carbon of nonfunctionalized CNT walls is chemically stable, which results in an
inert material and a low efficient load transfer across the CNT/matrix interface. Within this
framework, the covalent functionalization can enhance the interfacial interaction with the
matrix and, consequently, its properties [4]. Moreover, it can improve the CNT solubility
and dispersion in solvents and polymers [6]. Furthermore, the covalent functionalization
is particularly interesting since various chemical reactions can be carried out through the
—-COOH and —OH groups on the CNT surface [6].

Nevertheless, covalent functionalization can affect the CNT properties. For instance,
the defect sites increase the scattering of electrons and phonons, which are associated with
the electrical and thermal properties of these nanomaterials. Thus, CNT can tolerate a
limit of defects such that significant changes in mechanical and electronic properties do not
occur [7]. In addition, using concentrated acids and strong oxidants has negative impacts
from an environmental point of view [4].

Previous studies are inconclusive regarding the effect of CNT functionalization with
—COOH and —OH groups on the mechanical properties of cement-based materials. Some
researchers reported increases in compressive and flexural strength [8,9], while others
reported insignificant modifications or decreases in the mechanical properties compared to
nonfunctionalized CNT [10,11].

Although CNTs functionalized with polar groups are more hydrophilic and, therefore,
have a better dispersion in water, the dispersion in the cement matrix differs in the presence
of a highly alkaline environment [12]. For instance, Zou et al. [13] observed different
optimal ultrasonication values for CNT dispersion in water (determined by UV-visible
spectroscopy) and in a cementitious matrix considering the mechanical properties. The
polar groups (-COOH and —-OH) may interact with the ions from the pore solution, delaying
the cement hydration process and the strength development [14]. Additionally, the carboxyl
groups of CNTs can make the environment more acidic, increasing the cement matrix’s
porosity [15]. Musso et al. [16] also mentioned that carboxyl-functionalized CNT has a
hydrophilic behavior and can adsorb the mixing water, hindering cement hydration.

The study conducted by Mendoza et al. [17] investigated the effect of calcium hy-
droxide (Ca(OH),) on the stability of OH-functionalized CNT to simulate the Portland
cement hydration environment. It was observed that Ca(OH), interacted with the negative
charge of OH-CNT, which negatively affected the electrostatic dispersion of CNT, resulting
in an agglomeration trend. According to Li et al. [18], little attention has been given to
this topic and the re-agglomeration of CNT with -COOH and —-OH groups due to their
interaction with Ca?" ions in the cement matrix. The influence of a simulated Portland
cement hydration environment on the stability of carboxyl-functionalized CNT has not
yet been thoroughly investigated. Thus, firstly, this study assessed the stability of COOH-
CNT on the simulated cement pore solution using the UV-visible spectroscopy technique.
Subsequently, the effect of the incorporation of 0.1 wt.% CNT on the compressive strength,
porosity, and microstructure of cement pastes was investigated.

2. Materials and Methods
2.1. Materials

Carboxyl-functionalized multiwalled carbon nanotubes (CNTs) were used. The CNTs
were supplied by Nanostructured and Amorphous Materials, and their properties are
shown in Table 1. Figure 1 exhibits a scanning electron microscopy image of the CNTs
obtained using a VEGA3 (TESCAN, Brno-Kohoutovice, Czech Republic) microscope op-
erating at 15 kV, which shows the agglomeration trend of the nanomaterial. Ordinary
Portland cement (OPC) was used for cement paste production. Moreover, a superplasti-
cizer was also employed (MC-PowerFlow, Mc-Bauchemie). A complete characterization
of all the materials used in this research can be obtained in previous studies published
by the authors [12,19-21]. For the simulated cement pore solution, calcium sulfate dihy-
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drate (>99.0%, Neon, Sao Paulo, Brazil), potassium hydroxide (>85.0%, Laffan, Sao Paulo,
Brazil), sodium hydroxide (>98.0%, Sigma-Aldrich, St. Louis, MO, USA), and calcium
hydroxide (>95.0%, Nuclear, Sao Paulo, Brazil) were used.

Table 1. Carboxyl-functionalized CNT properties.

Inside Diameter (nm)

Outside Diameter (nm)  Length (um) SSA (m?/g) Purity —COOH Content (%)

5-10

20-30 10-30 >200 95% 1.9-2.1%

SEM HV: 15.0 kV WD: 6.00 mm VEGA3 TESCAN
SEM MAG: 100 kx Det: SE 500 nm
View field: 2.76 ym | Date(m/d/y): 04/28/21 Performance in nanospace

Figure 1. SEM image of CNTs at 100,000 x magnification.

2.2. Methods
2.2.1. UV-Visible Spectroscopy

The stability of CNT dispersions in water and the simulated cement pore solution
was evaluated through UV-visible spectroscopy. The correlation between absorbance and
CNT concentration was obtained by applying a similar procedure to that described by
Gao et al. [22] and Li et al. [23]. Initially, the CNT, deionized water, and superplasticizer
were weighed, mixed, and sonicated in a tip sonicator (Vibra-Cell, VCX Serie, 750 W,
20 kHz, Sonics & Materials Inc., Newtown, CT, USA), with a diameter of 13 mm and an
amplitude of 50% for 6 min [24,25]. Then, well-dispersed suspensions with 2.5 mg/mL
CNT (sonicated as previously described) were diluted in deionized water at ratios of
1:50, 1:75, 1:100, 1:125, and 1:150. Thus, the extinction coefficient value corresponded
to the slope of the linear correlation that passed through the zero intercept between the
absorbance at the wavelength of 253 nm and the maximum theoretical concentration of
the CNT suspensions (C;). In aqueous solutions, the characteristic absorption of CNT
appeared at 253 nm; accordingly, it was the absorbance value adopted for calculating the
CNT concentration [26].

After that, CNT dispersions with a concentration of 2.5 mg/mL and a CNT:SP ratio
of 1:2 [19] were prepared via sonication, as previously described. Subsequently, the compo-
sitions were centrifuged for 5 min (4000 rpm) to obtain a well-dispersed CNT solution [27].
Subsequently, the compositions were diluted in deionized water or simulated pore cement
solution (composition further described) in the proportion of 1:100 with magnetic stirring
for 5 min to keep the absorbance values in the range of 0.1-2 [28]. Dilution is necessary
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because, in solutions with low concentrations of CNT, the absorbance obtained by the
UV-visible spectroscopy can be linearly related to the CNT concentration, as described
by the Lambert-Beer law. Thus, the dispersed CNT (C4) concentration can be calculated
using Equation (1). The absorbance values were determined until 6 h after dispersion
via sonication, with measurements each hour to assess the carboxyl-functionalized CNT
stability in water and the simulated pore cement solution.

A
ex 1’

Ca= )
where A is the absorbance at 253 nm wavelength, ¢ is the extinction coefficient, and 1 is the
length of the optical path of light through CNT suspensions (1 = 1 cm) [23].

The simulated pore solution adopted was based on the composition reported by
Gao et al. [22]: 8 g/L sodium hydroxide (NaOH), 22.4 g/L potassium hydroxide (KOH),
27.6 g/L calcium sulfate dihydrate (CaSO4-2H;0), and a saturated solution of Ca(OH),.

UV-visible spectroscopy analysis was carried out in a UV-5100S digital spectropho-
tometer. The absorbance measurements were obtained as a single scan, with 0.5 nm
intervals, in the analysis range of 200 to 600 nm, using 10 mm quartz cuvettes. In the
reference cuvette, deionized water was used [19].

2.2.2. Cement Pastes

CNT aqueous dispersions composed of 0.1 g of CNT, 40 g of water (equivalent to
a CNT concentration of 2.5 mg/mlL, as previously evaluated), and a CNT:SP proportion
of 1:2 were prepared via sonication following the procedure described in Section 2.2.1.
Subsequently, the CNT aqueous dispersions were added to 100.0 g of OPC and mixed in a
high-shear mixer (10,000 rpm) for 3 min.

The axial compressive strength of cement pastes was evaluated at 7, 14, 28, and 91 days.
Six cylindrical specimens (diameter of 19 mm and height of 26 mm) were molded for each
age evaluated. The samples were kept in a cure submerged in water until the test date.
Subsequently, the cylindrical specimens were tested in an Instron Model 5569. An analysis
of variance (ANOVA) of the results was performed using Origin software.

The mercury intrusion porosimetry test was performed in an AutoPore IV (Micromerit-
ics) equipment, which can determine the pore size distribution from 0.003 to 360 um. The
test was carried out in cement paste cubes measuring approximately 10 x 10 x 10 mm,
which were tested at 28 days. For the analysis, the surface tension of mercury of 0.485 N/m
and a contact angle of 130° were considered.

The scanning electron microscopy (SEM) test was performed on cement paste sam-
ples after 28 days of hydration. The hydration reactions of the cement paste fragments
were interrupted with the exchange of solvent using isopropanol. The samples remained
immersed in isopropanol for 7 days and then dried in an oven at a temperature of 40 °C
to avoid damage to the microstructure of the cement matrix. Images were acquired on a
VEGA3 (TESCAN, Brno—Kohoutovice Czech Republic) microscope operating at 15 kV. For
analysis, the samples were placed on carbon tape and covered with a thin layer of gold.

3. Results and Discussion
3.1. UV-Visible Spectroscopy

Figure 2 shows the calibration curve, which correlates the absorbance values deter-
mined by UV-visible spectroscopy at a wavelength of 253 nm with the CNT concentration.
As previously described, € was determined by a linear fitting between absorbance and
CNT concentration, considering a zero-intercept line. The regression equation exhibited
in Figure 2 indicates that € = 37.1839 mL~mg’l -em ™!, with good correlation (R? = 0.996).
This value is in agreement with the coefficient £ = 39.92 mL-mg~!-cm~! observed by Li
et al. [23] for multiwalled carbon nanotubes dispersed in water. Moreover, the extinction
coefficient determined in this study is close to the experimental data reported in previous
research [22,29,30].
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Figure 2. Correlation between absorbance at 253 nm and CNT concentration.

After the determination of the calibration curve, the stability of the CNT dispersion
in water was evaluated for 6 h, as shown in Figure 3. During the 6 h analyzed, the CNT
dispersed in water did not show a significant change in stability since the dispersed concen-
tration concerning the initial total concentration remained unchanged. Previous research
reported similar results. For instance, Collins et al. [31] observed that nonfunctionalized
aqueous dispersions of CNT with a polycarboxylate-based superplasticizer presented good
stability after 9 days. Garg et al. [32] also observed that a polycarboxylate superplasticizer
enhanced the dispersion of aqueous carboxyl-functionalized CNT solutions. Sezer and
Kog [33] assessed the stability of CNT treated with sulfuric and nitric acids in deionized
water after sonication through photographs, reporting good stability even after 3 months.

Considering that the limiting factor for CNT application is precisely its dispersion,
this result is interesting for the application of the material since aqueous dispersions of
CNT can be produced in the laboratory for later application. Nonetheless, as previously
discussed, the CNT dispersion in water does not represent its dispersion in a cementitious
matrix. Thus, as also exhibited in Figure 3, the stability of aqueous dispersions of CNT was
also evaluated in a simulated cement pore solution. In contrast to the behavior in water,
there was an expressive reduction in dispersed CNT concentration over time. The Cy4/C;
reduced from 0.92 (0 h) to 0.44 (6 h). Note that, in the initial 30 min, the dispersions also
presented a reduction in the dispersed CNT of 12.0%.
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Figure 3. Stability of CNT dispersions in water and simulated cementitious pore solution after 6 h.

Similarly, Gao et al. [22] mainly observed the re-agglomeration and sedimentation of
CNT after 3 h. In an alkaline pore solution, the C4/C; of CNT progressively decreased,
reaching values lower than 40% after 18 h of exposure. Li et al. [18] also observed poor
dispersion stability, with stratification after 3 h of low-temperature plasma-modified CNT
in a pore solution (pH 12.8) obtained by centrifugation from cement hydration products.
The Ca(OH); environment prevents the SP adsorption onto CNT surface, affecting its
stability. In fact, as suggested by the FTIR spectrum, CNT’s functional groups interact with
Ca(OH); [17]. According to Sabziparvar et al. [34], calcium ions show higher interaction
energy with the oxygen groups than monovalent ions, such as sodium and potassium.

3.2. Compressive Strength

The compressive strength of plain cement paste (0.0% CNT) and CNT cementitious
composite (0.1% CNT) after 7, 14, 28, and 91 days of hydration is shown in Figure 4. Regard-
less of the hydration time, no statistical differences in the compressive strength of cement
pastes were observed with the incorporation of CNTs. If not adequately dispersed, the
CNT agglomerates can impair the mechanical enhancement promoted by the nanomaterial
addition. This trend corroborates the UV-visible spectroscopy results regarding the stability
of aqueous CNT dispersions in simulated cement pore solution. The alkaline environment
during cement hydration favors the agglomeration trend of CNT, helping to justify these
compressive strength results. Moreover, the energy applied in the sonication process may
be insufficient to properly disperse this CNT content. Similar results were obtained by Rhee
et al. [35] regarding the addition of COOH-CNT to OPC mortars. For instance, mortar with
a CNT content of 0.8 wt.% showed compressive strength values of 22.2, 27.0, and 33.1 MPa
after 7, 14, and 28 days of hydration. In turn, plain mortar exhibited compressive strength
values of 19.5 MPa (7 days), 22.9 MPa (14 days), and 31.8 MPa (28 days).
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Figure 4. Compressive strength of cement pastes after 7, 14, 28, and 91 days.

3.3. Porosity

One of the most used techniques to characterize the pore structure of hydrated ce-
mentitious materials is mercury intrusion porosimetry (MIP). The basic principle of this
technique is the intrusion of mercury into the porous structure by applying increasing
pressure to the sample [36]. Figure 5 shows the cumulative intrusion volume and pore
size distribution of cement pastes after 28 days of hydration. Table 2 summarizes the main
results of the MIP test. Overall, cementitious matrix pores can be classified into mesopores
(<50 nm) and macropores (>50 nm) [37]. The CNT incorporation slightly reduced the
mesopore volume from 0.0350 to 0.0322 mL/g, while increasing the macropore intrusion
volume from 0.0671 to 0.0701 mL/g. The macropores have a more significant effect on
the mechanical and impermeability properties of cement pastes [38]. Thus, although CNT
refined the mesopore structure of cement pastes, it increased the macropore volume. Hu
et al. [38] also reported a more expressive influence of carboxyl-functionalized CNT on
the mesopores of cement-based materials than in the macropores. In turn, Li et al. [39]
observed reductions of 32.9% and 44.9% in the meso- and macro-porosity, respectively,
upon incorporating COOH-CNT. Isfahani et al. [40] produced OPC mortars with a CNT
content of 0.1 wt.%, which resulted in a porosity reduction of 12.8% compared to plain
mortar (without CNT). According to Reales et al. [41], CNT modifies the porosity of CNT-
cementitious composites due to a nucleation and filler effect. The authors also mentioned
that this modification usually occurs on a mesopore scale. In this study, the total porosity
of cement-based materials was not significantly affected by the CNT incorporation, which
is in line with the compressive strength results previously discussed.
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Figure 5. Cumulative pore volume (a) and pore size distribution (b) of cement pastes after 28 days.

Table 2. Cumulative intrusion volume, average pore diameter, and porosity of cement pastes

after 28 days.

Cement Paste Cumulative Intrusion Cumulative Intrusion Average Pore Porosity (%)
Volume (mL/g), d >50 nm  Volume (mL/g), d < 50 nm Diameter (nm) y e
0.0% CNT 0.0671 0.0350 31.6 15.11
0.1% CNT 0.0701 0.0322 32.9 15.06

The microstructure of cement pastes was assessed by SEM, as shown in Figure 6. The
images also suggest slightly higher macropores (indicated by the arrow) in the 0.1 wt.%
CNT-cementitious composites compared to the plain cement paste, in line with the MIP
results previously discussed.



C 2022, 8,39

9of11

SEM HV: 15.0 kV
SEM MAG: 1.00 kx
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Figure 6. SEM images of cement pastes after 28 days: (a) 0.0% CNT and (b) 0.1% CNT (1000 x
magnification).

4. Conclusions

This study assessed the stability of carboxyl-functionalized CNTs in water and simu-
lated pore cement solution over 6 h. Moreover, it investigated the effect of 0.1 wt.% CNT on
the compressive strength, porosity (MIP), and microstructure (SEM) of cement pastes. The
carboxyl-CNT exhibited good stability in water, mainly due to the stabilization promoted
by the polycarboxylate-based SP. However, the dispersion showed a significant loss of
stability in the simulated cement pore solution. In future studies, the stability of aqueous
CNT dispersions in a pore solution extracted by centrifugation of a cement paste should
be evaluated. Additionally, it is recommended to evaluate CNT dispersions in cement
pore solutions composed of supplementary cementitious materials to investigate how the
composition of the cement matrix can affect the stability of nanomaterials. Concerning the
compressive strength, no statistical differences were observed with CNT addition regard-
less the age. This was associated with a reduction in mesopores with CNT incorporation
but with an increase in the intrusion volume of macropores. This study showed the im-
portance of considering the effect of the cement pore solution on the stability of aqueous
CNT dispersions, and it revealed that the dispersion in water is not representative of the
dispersion in the cement matrix.

Author Contributions: Conceptualization, L.S.; methodology, L.S.; validation, L.S.; formal analysis,
LS, GTDS.L. and A.S.R;; investigation, L.S., G.T.D.S.L. and A.S.R;; resources, PJ.P.G.; data curation,
L.S.; writing—original draft preparation, L.S., G.T.D.S.L. and A.S.R,; writing—review and editing, L.S.,
G.T.DSL. ASR. and PJ.P.G,; visualization, L.S.; supervision, PJ.P.G.; project administration, PJ.P.G.;
funding acquisition, P].P.G. All authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.
Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.



C 2022, 8,39 10 of 11

Acknowledgments: The authors acknowledge the Brazilian governmental research agencies CNPq,
CAPES, and FAPESC. Afonso Azevedo is acknowledged for the mercury intrusion porosimetry test.
Patricia Prates and LABMAT-UFSC are acknowledged for the SEM images.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

D’Alessandro, A.; Tiecco, M.; Meoni, A.; Ubertini, F. Improved Strain Sensing Properties of Cement-Based Sensors through
Enhanced Carbon Nanotube Dispersion. Cem. Concr. Compos. 2021, 115, 103842. [CrossRef]

Siahkouhi, M.; Razaqpur, G.; Hoult, N.A.; Hajmohammadian Baghban, M.; Jing, G. Utilization of Carbon Nanotubes (CNTs) in
Concrete for Structural Health Monitoring (SHM) Purposes: A Review. Constr. Build. Mater. 2021, 309, 125137. [CrossRef]
Silvestro, L.; Gleize, PJ.P. Effect of Carbon Nanotubes on Compressive, Flexural and Tensile Strengths of Portland Cement-Based
Materials: A Systematic Literature Review. Constr. Build. Mater. 2020, 264, 120237. [CrossRef]

Ma, P.C,; Siddiqui, N.A.; Marom, G.; Kim, J.K. Dispersion and Functionalization of Carbon Nanotubes for Polymer-Based
Nanocomposites: A Review. Compos. Part A Appl. Sci. Manuf. 2010, 41, 1345-1367. [CrossRef]

Assi, L.; Alsalman, A.; Bianco, D.; Ziehl, P; El-Khatib, J.; Bayat, M.; Hussein, FH. Multiwall Carbon Nanotubes (MWCNTs)
Dispersion & Mechanical Effects in OPC Mortar & Paste: A Review. . Build. Eng. 2021, 43, 102512. [CrossRef]

Sahoo, N.G.; Rana, S.; Cho, ].W,; Li, L.; Chan, S.H. Polymer Nanocomposites Based on Functionalized Carbon Nanotubes. Prog.
Polym. Sci. 2010, 35, 837-867. [CrossRef]

Hirsch, A. Functionalization of Single-Walled Carbon Nanotubes. Angew. Chem. Int. 2002, 41, 1853-1859. [CrossRef]

Wang, Y.; Hu, H.; Rong, C. The Effect of the Diameter of Carbon Nanotube on the Mechanical and Electrical Properties of Cement
Mortar. Key Eng. Mater. 2017, 730, 479-485. [CrossRef]

Manzur, T.; Yazdani, N. Optimum Mix Ratio for Carbon Nanotubes in Cement Mortar. KSCE ]. Civ. Eng. 2015, 19, 1405-1412.
[CrossRef]

Sobolkina, A.; Mechtcherine, V.; Khavrus, V.; Maier, D.; Mende, M.; Ritschel, M.; Leonhardt, A. Dispersion of Carbon Nanotubes
and Its Influence on the Mechanical Properties of the Cement Matrix. Cem. Concr. Compos. 2012, 34, 1104-1113. [CrossRef]
Ahmed, H.; Bogas, ].A.; Guedes, M.; Pereira, M.E.C. Dispersion and Reinforcement Efficiency of Carbon Nanotubes in Cementi-
tious Composites. Mag. Concr. Res. 2019, 71, 408—423. [CrossRef]

Silvestro, L.; Ruviaro, A.; Lima, G.; De Matos, P.; De Azevedo, A.R.G.; Monteiro, S.N.; Gleize, P. Influence of Ultrasonication of
Functionalized Carbon Nanotubes on the Rheology, Hydration, and Compressive Strength of Portland Cement Pastes. Materials
2021, 14, 5248. [CrossRef] [PubMed]

Zou, B.; Chen, S.J.; Korayem, A.H.; Collins, F.; Wang, C.M.; Duan, W.H. Effect of Ultrasonication Energy on Engineering Properties
of Carbon Nanotube Reinforced Cement Pastes. Carbon N. Y. 2015, 85, 212-220. [CrossRef]

Batiston, E.; De Matos, P.R; Jean, P; Gleize, P,; Fediuk, R.; Klyuev, S.; Vatin, N.; Karelina, M. Combined Functionalization of
Carbon Nanotubes (CNT) Fibers with H,SO4/HNO3; and Ca(OH), for Addition in Cementitious Matrix. Fibers 2021, 9, 14.
[CrossRef]

Simsek, B. Multi-Walled Carbon Nanotubes with Different Features Reinforced Cement Pastes: A Compressive and Systematic
Approach Using Principal Component Analysis. J. Build. Eng. 2020, 32, 101792. [CrossRef]

Musso, S.; Tulliani, ].M.; Ferro, G.; Tagliaferro, A. Influence of Carbon Nanotubes Structure on the Mechanical Behavior of Cement
Composites. Compos. Sci. Technol. 2009, 69, 1985-1990. [CrossRef]

Mendoza, O.; Sierra, G.; Tobén, ].I. Influence of Super Plasticizer and Ca(OH), on the Stability of Functionalized Multi-Walled
Carbon Nanotubes Dispersions for Cement Composites Applications. Constr. Build. Mater. 2013, 47, 771-778. [CrossRef]

Li, S.; Zhang, Y.; Cheng, C.; Wei, H.; Du, S.; Yan, ]J. Surface-Treated Carbon Nanotubes in Cement Composites: Dispersion,
Mechanical Properties and Microstructure. Constr. Build. Mater. 2021, 310, 125262. [CrossRef]

Silvestro, L.; Spat Ruviaro, A.; Ricardo de Matos, P.; Pelisser, F.; Zambelli Mezalira, D.; Jean Paul Gleize, P. Functionalization
of Multi-Walled Carbon Nanotubes with 3-Aminopropyltriethoxysilane for Application in Cementitious Matrix. Constr. Build.
Mater. 2021, 311, 125358. [CrossRef]

Silvestro, L.; Dos Santos Lima, G.T.; Ruviaro, A.S.; De Matos, PR.; Mezalira, D.Z.; Gleize, PJ.P. Evaluation of Different Organosi-
lanes on Multi-Walled Carbon Nanotubes Functionalization for Application in Cementitious Composites. J. Build. Eng. 2022, 51,
104292. [CrossRef]

Silvestro, L.; Dos Santos Lima, G.T.; Ruviaro, A.S.; Mezalira, D.Z.; Gleize, PJ.P. Effect of Multiwalled Carbon Nanotube
Functionalization with 3-Aminopropyltriethoxysilane on the Rheology and Early-Age Hydration of Portland Cement Pastes. J.
Mater. Civ. Eng. 2022, 34, 04022176. [CrossRef]

Gao, Y,; Jing, H.; Du, M.; Chents, W. Dispersion of Multi-Walled Carbon Nanotubes Stabilized by Humic Acid in Sustainable
Cement Composites. Nanomaterials 2018, 8, 858. [CrossRef] [PubMed]

Li, Z.F,; Luo, G.H.; Zhou, W.P; Wei, F; Xiang, R.; Liu, Y.P. The Quantitative Characterization of the Concentration and Dispersion
of Multi-Walled Carbon Nanotubes in Suspension by Spectrophotometry. Nanotechnology 2006, 17, 3692-3698. [CrossRef]

De Siqueira, J.E.L.; Gleize, PJ.P. Effect of Carbon Nanotubes Sonication on Mechanical Properties of Cement Pastes. Rev. IBRACON
Estrut. Mater. 2020, 13, 455-463. [CrossRef]


http://doi.org/10.1016/j.cemconcomp.2020.103842
http://doi.org/10.1016/j.conbuildmat.2021.125137
http://doi.org/10.1016/j.conbuildmat.2020.120237
http://doi.org/10.1016/j.compositesa.2010.07.003
http://doi.org/10.1016/j.jobe.2021.102512
http://doi.org/10.1016/j.progpolymsci.2010.03.002
http://doi.org/10.1002/1521-3773(20020603)41:11&lt;1853::AID-ANIE1853&gt;3.0.CO;2-N
http://doi.org/10.4028/www.scientific.net/KEM.730.479
http://doi.org/10.1007/s12205-014-0721-x
http://doi.org/10.1016/j.cemconcomp.2012.07.008
http://doi.org/10.1680/jmacr.17.00562
http://doi.org/10.3390/ma14185248
http://www.ncbi.nlm.nih.gov/pubmed/34576471
http://doi.org/10.1016/j.carbon.2014.12.094
http://doi.org/10.3390/fib9030014
http://doi.org/10.1016/j.jobe.2020.101792
http://doi.org/10.1016/j.compscitech.2009.05.002
http://doi.org/10.1016/j.conbuildmat.2013.05.100
http://doi.org/10.1016/j.conbuildmat.2021.125262
http://doi.org/10.1016/j.conbuildmat.2021.125358
http://doi.org/10.1016/j.jobe.2022.104292
http://doi.org/10.1061/(ASCE)MT.1943-5533.0004329
http://doi.org/10.3390/nano8100858
http://www.ncbi.nlm.nih.gov/pubmed/30347799
http://doi.org/10.1088/0957-4484/17/15/012
http://doi.org/10.1590/s1983-41952020000200013

C 2022, 8,39 11 of 11

25.

26.

27.

28.

29.

30.

31.

32.

33.
34.

35.

36.

37.

38.

39.

40.

41.

Alrekabi, S.; Cundy, A.; Lampropoulos, A.; Savina, I. Experimental Investigation on the Effect of Ultrasonication on Dispersion
and Mechanical Performance of Multi-Wall Carbon Nanotube-Cement Mortar Composites. Int. J. Civil Environ. Struct. Constr.
Archit. Eng. 2016, 10, 11.

Jiang, L.; Gao, L.; Sun, J. Production of Aqueous Colloidal Dispersions of Carbon Nanotubes. J. Colloid Interface Sci. 2003, 260,
89-94. [CrossRef]

Dai, W.; Wang, J.; Gan, X.; Wang, H.; Su, X.; Xi, C. A Systematic Investigation of Dispersion Concentration and Particle Size
Distribution of Multi-Wall Carbon Nanotubes in Aqueous Solutions of Various Dispersants. Colloids Surfaces A Physicochem. Eng.
Asp. 2020, 589, 124369. [CrossRef]

Attal, S.; Thiruvengadathan, R.; Regev, O. Determination of the Concentration of Single-Walled Carbon Nanotubes in Aqueous
Dispersions Using UV-Visible Absorption Spectroscopy. Anal. Chem. 2006, 78, 8098-8104. [CrossRef]

Baskaran, D.; Mays, ].W.; Bratcher, M.S. Noncovalent and Nonspecific Molecular Interactions of Polymers with Multiwalled
Carbon Nanotubes. Chem. Mater. 2005, 17, 3389-3397. [CrossRef]

Jeong, S.H.; Kim, K.K.; Jeong, S.J.; An, KH.; Lee, S.H.; Lee, Y.H. Optical Absorption Spectroscopy for Determining Carbon
Nanotube Concentration in Solution. Synth. Met. 2007, 157, 570-574. [CrossRef]

Collins, F; Lambert, J.; Duan, W.H. The Influences of Admixtures on the Dispersion, Workability, and Strength of Carbon
Nanotube-OPC Paste Mixtures. Cem. Concr. Compos. 2012, 34, 201-207. [CrossRef]

Garg, M,; Das, C.S.; Gupta, R. Use of Silica Particles to Improve Dispersion of -COOH CNTs/Carbon Fibers to Produce HyFRCC.
Constr. Build. Mater. 2020, 250, 118777. [CrossRef]

Sezer, N.; Kog, M. Oxidative Acid Treatment of Carbon Nanotubes. Surf. Interfaces 2019, 14, 1-8. [CrossRef]

Sabziparvar, A.M.; Hosseini, E.; Chiniforush, V.; Korayem, A.H. Barriers to Achieving Highly Dispersed Graphene Oxide in
Cementitious Composites: An Experimental and Computational Study. Constr. Build. Mater. 2019, 199, 269-278. [CrossRef]
Rhee, I.; Kim, Y.A,; Shin, G.O.; Kim, J.H.; Muramatsu, H. Compressive Strength Sensitivity of Cement Mortar Using Rice
Husk-Derived Graphene with a High Specific Surface Area. Constr. Build. Mater. 2015, 96, 189-197. [CrossRef]

Scrivener, K.; Snellings, R.; Lothenbach, B. A Practical Guide to Microstructural Analysis of Cementitious Materials; CRC Press: Boca
Raton, FL,, USA, 2018; ISBN 9781498738675.

Nochaiya, T.; Chaipanich, A. Behavior of Multi-Walled Carbon Nanotubes on the Porosity and Microstructure of Cement-Based
Materials. Appl. Surf. Sci. 2011, 257, 1941-1945. [CrossRef]

Hu, Y,; Luo, D.; Li, P; Li, Q.; Sun, G. Fracture Toughness Enhancement of Cement Paste with Multi-Walled Carbon Nanotubes.
Constr. Build. Mater. 2014, 70, 332-338. [CrossRef]

Li, G.Y.;; Ming, P.; Zhao, X. Mechanical Behavior and Microstructure of Cement Composites Incorporating Surface-Treated
Multi-Walled Carbon Nanotubes. Carbon 2005, 43, 1239-1245. [CrossRef]

Torabian Isfahani, F; Li, W.; Redaelli, E. Dispersion of Multi-Walled Carbon Nanotubes and Its Effects on the Properties of Cement
Composites. Cem. Concr. Compos. 2016, 74, 154-163. [CrossRef]

Reales, O.A.M.; Toledo Filho, R.D. A Review on the Chemical, Mechanical and Microstructural Characterization of Carbon
Nanotubes-Cement Based Composites. Constr. Build. Mater. 2017, 154, 697-710. [CrossRef]


http://doi.org/10.1016/S0021-9797(02)00176-5
http://doi.org/10.1016/j.colsurfa.2019.124369
http://doi.org/10.1021/ac060990s
http://doi.org/10.1021/cm047866e
http://doi.org/10.1016/j.synthmet.2007.06.012
http://doi.org/10.1016/j.cemconcomp.2011.09.013
http://doi.org/10.1016/j.conbuildmat.2020.118777
http://doi.org/10.1016/j.surfin.2018.11.001
http://doi.org/10.1016/j.conbuildmat.2018.12.030
http://doi.org/10.1016/j.conbuildmat.2015.08.016
http://doi.org/10.1016/j.apsusc.2010.09.030
http://doi.org/10.1016/j.conbuildmat.2014.07.077
http://doi.org/10.1016/j.carbon.2004.12.017
http://doi.org/10.1016/j.cemconcomp.2016.09.007
http://doi.org/10.1016/j.conbuildmat.2017.07.232

	Introduction 
	Materials and Methods 
	Materials 
	Methods 
	UV–Visible Spectroscopy 
	Cement Pastes 


	Results and Discussion 
	UV–Visible Spectroscopy 
	Compressive Strength 
	Porosity 

	Conclusions 
	References

