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Abstract: Carbon nanotubes (CNTs) have received exten-
sive attention due to their exceptional properties and wide
range of applications. However, the agglomeration of CNTs
in aqueous solutions and organic solvents significantly
limits their large-scale application. In this study, the micro-
scopic morphology and dispersion stability of the CNT sus-
pensions were analyzed, and the most suitable surfactant
in this study was selected. The preparation parameters of
the CNT suspensions were optimized, and uniaxial com-
pression tests were conducted on carbon nanotube con-
crete (CNTC) prepared using the optimized parameters.
Scanning electron microscope analysis was used to investi-
gate the improvement in the microstructure of the concrete
by CNTs. Transmission electron microscope micrographs of
the polyvinyl pyrrolidone (PVP)-CNT suspensions exhibited
a uniformly distributed CNT cross-linked network. The
absorbance reduction ratio of PVP-CNT suspensions after
standing for 90 days was 13.75 and 22.41%, respectively.
The absorbance reduction ratio of the suspensions first
increased and then decreased with increasing dispersant
ratio and ultrasonic dispersion time and increased with
increasing ultrasonic power ratio. Compared with that of
plain concrete, the uniaxial compressive strength of CNTC
significantly improved, with a maximum increase of 18.15%
when the content was 0.10%, and the failure mode exhibited
typical shear failure characteristics. The optimized preparation
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parameters for the CNT suspensions were a PVP-to-multiwalled
carbon nanotube mass ratio of 4:1, an ultrasonic dispersion
time of 20 min, and an ultrasonic power of 60%. These opti-
mized parameters are ideal choices for preparing CNT cement-
based composite suspensions.

Keywords: carbon nanotube, suspension, dispersion stabi-
lity, compressive strength

1 Introduction

As the most widely used traditional building material in
the world, concrete boasts various advantages, such as low
cost, abundant resources, and good compression resis-
tance. It plays a pivotal role in engineering construction
and is expected to continue to play an indispensable key
role in the future. However, with the rapid economic devel-
opment and improvements in scientific and technological
strength, the architectural structures involved in modern
mining engineering, bridge engineering, urban construc-
tion engineering, railway engineering, and basic engi-
neering fields of the machinery manufacturing industry
in China have begun to develop rapidly in the direction
of large-span, super-high, super-deep, and multifunctiona-
lization techniques. The performance and function of
traditional building materials can no longer meet people’s
requirements for new architectural structures. At the same
time, the harsh and complex service environments lead to a
decrease in the mechanical properties, resistance attenuation,
and service life of architectural structures [1,2]. Therefore,
research on high-performance cement-based materials with
the development of sustainability, intelligence, super dur-
ability, and multifunctionalization has become a popular
topic in materials science and engineering. Chung [3] and Li
et al [4] first carried out research on self-sensing carbon
fiber cement-based composite materials. Zhou and Yang stu-
died the sensing properties of nylon fiber cement-based
composite materials with carbon coatings in 2001 [5]. Li
et al proposed the application of steel slag cement-based

8 Open Access. © 2024 the author(s), published by De Gruyter. This work is licensed under the Creative Commons Attribution 4.0 International License.

3


https://doi.org/10.1515/ntrev-2024-0124
mailto:wyqwyx001@163.com

2 —— Shanxiu Huang et al.

composite materials in 2005 [6]. Kim et al. prepared engi-
neered cement-based composite materials produced by
grinding blast furnace slag in 2007 and conducted single-fiber
pull-out tests and matrix fracture tests [7]. In 2008, Sivakumar
et al studied the hydration rate of fly ash mixed cement
composite materials in the early stage using fly ash as a filler
[8]. Xiong et al studied the microwave absorption and
mechanical properties of nanotitanium oxide cement-based
composite materials in 2010 [9]. Wang et al prepared basalt
fiber concrete beams with volume ratios of 0.1 and 0.2% in
2011 and conducted bending tests [10].

As seen from the above research, new fillers are con-
stantly being used to prepare high-performance cement-
based composite materials [11,12]. In 1991, the Japanese
scientist Ilijima discovered that carbon nanotubes (CNTs)
have excellent mechanical properties, high chemical and
thermal stability, low resistivity, and electromagnetic wave
absorption properties due to their special internal struc-
ture, making them ideal reinforcing materials for various
matrix materials [13-16]. The combination of CNTs and
concrete can effectively utilize the excellent mechanical
and electrical properties of CNTs, significantly improve
the low toughness and high brittleness of concrete, and
endow concrete with good mechanical and electrical prop-
erties and unique self-sensing effects [17-21]. In the process
of preparing carbon nanotube concrete (CNTC), the addi-
tion of a small amount (not more than 0.5% of the cement
mass) of CNT can achieve a strong composite effect. How-
ever, due to the large aspect ratio of CNTs and the strong
van der Waals forces between the tube walls, CNTs are
prone to agglomerate and form large clusters, resulting
in CNTs not being uniformly dispersed in cement-based
composite materials. This leads to the actual reinforcement
effect of CNT concrete not reaching the theoretical expec-
tation. Therefore, preparing an aqueous suspension that
can uniformly and stably disperse CNTs into cement-based
materials is an important prerequisite for obtaining high-
quality CNTC. Cwirzen et al. used polyacrylic acid polymer as a
dispersant and achieved good results after ultrasonic treat-
ment and dispersion of CNTs [22]. Xin et al. used organosilicon
surfactants as CNT dispersants, and the research showed that
the hydrophilic polyethylene part of the surfactant enables the
dispersion of CNTs in aqueous solutions through spatial stabi-
lization [23]. Li et al [24] and Yazdanbakhsh et al. [25] found
that ultrasonic waves and surfactant technology can achieve
uniform dispersion of CNTs in cement-based materials. How-
ever, excessive ultrasonic energy can lead to CNT breakage,
and improper use of surfactants can delay or even stop the
cement hydration and hardening process. Makar et al. [26]
and An et al. [27] showed that using surfactants and ultrasonic
dispersion technology can achieve good dispersion of CNTs
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in aqueous systems, and the ratio of dispersants to CNTSs sig-
nificantly affects the dispersibility of CNTs in cement-based
materials. Bu et al used sodium dodecyl benzene sulfonate
(SDBS) as a dispersant and a choline chloride-malonic acid
ionic liquid as a solvent to prepare a well-dispersed CNT sus-
pension through ultrasonic dispersion of CNTs [28].

In summary, the combination of surfactants and ultra-
sonic dispersion is a common and feasible technology.
However, in this technology, the selection of suitable dis-
persants and the optimization of various process para-
meters during the preparation of CNT suspensions have
yet to be determined. Currently, few systematic studies
analyze the dispersion effect and stability of suspensions
from multiple perspectives. Therefore, this study investi-
gated the microscopic morphology and stability of CNT sus-
pensions under natural standing and centrifugal separation
conditions, optimized the parameters for preparing CNT
suspensions using a combination of ultrasonication and sur-
factants, and performed uniaxial compression tests on CNTC.
Scanning electron microscope (SEM) analysis was utilized to
reveal the microscopic mechanism by which CNTs improve
the mechanical properties of concrete. The research findings
enrich and improve the theoretical system research on the
dispersion stability of CNT suspensions, providing an impor-
tant reference and significance for the engineering applica-
tion of CNT cement-based materials.

2 Experimental program

2.1 Materials

Multiwalled carbon nanotubes (MWCNTs), prepared by
chemical vapor deposition at the Chengdu Institute of
Organic Chemistry, Chinese Academy of Sciences, are black
powders with purities greater than 90%, specific surface
areas ranging from 230 to 280 m%g, electrical conductiv-
ities greater than 100 S/m, a diameter of 10-20 nm, and a
length of less than 30 um, as shown in Figure 1(a). Polyvinyl
pyrrolidone (PVP), which was produced by Sinopharm Che-
mical Reagent Co., Ltd,, in Shanghai, is a nonionic surfactant in
the form of a white or slightly yellow powder, with an ignition
residue of no more than 0.1%, a total nitrogen content of
11.5-12.8%, a K value of 27.0-32.4%, and a moisture content of
no more than 5.0%, as depicted in Figure 1(b). SDBS, also pro-
duced by Sinopharm Chemical Reagent Co., Ltd.,, in Shanghai, is
an anionic surfactant in the form of a white powder that is
soluble in water; it contains moisture and volatiles of no more
than 5.0% and sodium sulfate of no more than 9.0%, as shown
in Figure 1(c). Gum arabic (GA) was produced by Xilong Science



DE GRUYTER

Optimization of preparation parameters and testing verification of CNT suspensions

—_ 3

(b)

(©)

Tl

(d)

Figure 1: MWCNTs and dispersants. (a) MWCNTs, (b) PVP, (c) SDBS, and (d) GA.

Co., Ltd., and is a nonionic surfactant that is a yellowish powder
and is soluble in water; it has a relative density ranging from
1.35 to 149, a loss on drying of no more than 10.0%, and an
ignition residue of no more than 4.0%, as shown in Figure 1(d).

The coarse aggregates selected were continuously graded
crushed stone with a specific gravity of 256 and a particle size
ranging from 5 to 20 mm, complying with the standard GB/T 14685-
2011 [29]. The fine aggregates are natural medium-coarse river
sand with a fineness modulus of 2.6 and a particle size ranging
from 0.15 to 4.75 mm, complying with the standard GB/T 14684-2011
[30]. The cement used is ordinary Portland cement produced by
Jiaozuo Qianye Cement Co., Ltd., complying with the standard GB
1752007 [31]. The mixing water is drinking water produced by
Jiaozuo Water Supply Co. Ltd, which contains few impurities
and does not adversely affect the performance of CNTC.

2.2 Preparation and characterization of CNT
suspensions

First, surfactants were added to a beaker filled with dis-
tilled water and stirred with a glass rod until completely
dissolved. Then, a certain amount of CNTs was added to
each surfactant solution. After initial stirring using an HJ-

4B magnetic stirrer, the mixture was transferred to a Y92-II
ultrasonic cell crusher for ultrasonic dispersion. After dis-
persion, the beaker was covered with plastic film for future
use, as shown in Figure 2(a). A UV-3600 ultraviolet spectro-
photometer was used to measure the absorbance of the
CNT suspensions prepared with different surfactants. The
absorbance was used to characterize the dispersion effect
and stability of the CNT suspensions under different con-
ditions. According to the Beer-Lambert law,

1
A = log T" Ecl. ()

The absorbance A of the solution is proportional to the
product of the concentration ¢ and path [ of the solution. For a
certain optical path, the concentration of the CNT suspension
was calculated according to the absorbance of the measured
CNT suspension to quantitatively characterize the relation-
ship between the CNT content and different dispersants to
determine the dispersion effect of the CNT suspension [32,33].
The specific process for measuring the absorbance of the CNT
suspension was as follows: (1) A CNT suspension with a con-
centration ranging from 0 to 0.1g/L was prepared, and an
aqueous dispersant solution with the same concentration as
the reference solution was prepared. (2) The upper layer of
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Figure 2: Test procedure: (a) suspension preparation and test and (b) sample preparation and test.

the CNT suspension containing different surfactants was
removed, and the same concentration of surfactant aqueous
solution was used as a reference. The absorbance at a wave-
length of 260 nm was measured. A small amount of the pre-
pared CNT-suspended droplets were absorbed on a copper
grid with a carbon film, and the microscopic morphology of
the CNT dispersion was observed by a Tecnai G2 F20 trans-
mission electron microscope (TEM) after drying.

2.3 Experimental scheme for optimizing the
preparation parameters of the CNT
suspension

In this article, a CNT suspension was prepared using a combi-
nation of ultrasonic waves and surfactants. Three surfactants,
SDBS, GA, and PVP, were selected for the surfactant optimiza-
tion experiments. Based on the morphologies observed by TEM
and suspension stability comparisons, the surfactant suitable
for the CNTs used in this study was optimized. The experi-
mental scheme is shown in Table 1, with a total of six groups
of CNT suspensions. After determining a suitable surfactant for
the CNT suspension, a reasonable ratio and process parameters
for the ultrasonic dispersion of CNTs were determined
through orthogonal experiments and intuitive analysis of
the experimental results. The focus was on investigating the
effects of a reasonable mass ratio of dispersant to CNTs,

ultrasonic dispersion time, and ultrasonic power on the sta-
bility of the CNT suspension. Three levels were used for each
factor, and the interaction of influencing factors was not
considered. The entire experimental process was conducted
according to an orthogonal table (L9(3%). The orthogonal
experiment factor levels are shown in Table 2.

3 Results and discussion

3.1 Influence of different dispersants on the
morphology of CNT suspensions
observed by TEM

When the CNT content was 0.02 g, the ultrasonic dispersion
time was 30 min, and the ultrasonic power ratio was 40%,

Table 1: Experimental scheme used to optimize the surfactants

Number MWCNTs (g) Surfactant (g) Water (mL)
1 0.02 PVP 0.1 20
2 0.05 PVP 0.1 20
3 0.02 SDBS 0.1 20
4 0.05 SDBS 0.1 20
5 0.02 GA 0.1 20
6 0.05 GA 0.1 20
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Table 2: Testing factor for preparation of the CNT suspensions

Mass ratio of Ultrasonic time/ Ultrasonic power

dispersant to CNT (A) min (B) ratio/% (C)
2:1 (Ay) 10 (By) 20 (Cy)
4:1 (Ay) 20 (By) 40 (Cy)
6:1 (A3) 30 (Bs) 60 (C3)

the dispersants had a significant impact on the micromor-
phology of the CNT suspension observed by TEM, as shown
in Figure 3. According to the micromorphology of the CNT
suspension with PVP as the dispersant, a uniformly distrib-
uted CNT cross-linked network is clearly visible, as shown
in Figure 3(a). In the TEM images of the micromorphology
of the CNT suspensions with GA and SDBS as dispersants,
the CNTs agglomerated and entangled to form bundles, as
shown in Figure 3(b) and (c), respectively. The agglomera-
tion and entanglement phenomena in the CNT suspension
with SDBS as the dispersant are more serious. Therefore,
the dispersion effect of PVP, GA, and SDBS decreases
successively.
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When the CNT content increases to 0.05g, the micro-
morphology of the CNT suspension with different disper-
sants is shown in Figure 4. According to the TEM images
of the CNT suspension with PVP as the dispersant, the
number and density of CNTs are significantly greater
than those shown in Figure 3(a), showing a uniformly dis-
tributed cross-linked network of CNTs. The good dispersion
effect of PVP benefits from the mutual attraction between
the hydrophobic groups of nonionic surfactant molecules
and the hydrophobic surface of CNTs, in which the surface
of the CNTs encased in a layer of PVP molecular film. The
steric hindrance effect overcomes the van der Waals forces
between CNTs, preventing their agglomeration. Moreover,
the hydrophilic groups of PVP endow PVP with a stronger
dispersion ability. This is consistent with the research
results of Kim et al. [34]. However, when GA, which is
also a nonionic surfactant, is used as a dispersant, the
TEM image shows local agglomeration of the CNT network,
indicating that the van der Waals forces between CNTs
are not yet effectively balanced, leading to a significant
decrease in the uniform distribution of CNTs and resulting
in the irregular network structure of the CNTs [35], as

Figure 4: TEM images of CNT suspensions (0.05 g of CNTs) with different dispersants: (a) PVP, (b) GA, and (c) SDBS.
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shown in Figure 4(b). SDBS is an anionic surfactant with
hydrophobic groups dominated by dodecyl phenyl groups
and hydrophilic groups dominated by sulfonic acid groups.
However, due to its strong foaming properties during the
ultrasonic process, which weakens the homogeneous state
of the suspension, the agglomeration of CNTs is extremely
severe, as shown in Figure 4(c). In summary, based on the
comparison and analysis of micromorphology, the disper-
sion effect of the CNT suspension prepared with PVP as the
surfactant was greater than that of the other two groups.

3.2 Influence of different dispersants on the
stability of CNT suspensions under
natural standing conditions

According to the mix ratio shown in Table 1 and the pre-
paration process shown in Figure 2, six groups of CNT
suspensions were prepared using SDBS, GA, and PVP as
dispersants. The results for the above six groups of suspen-
sions after standing for 90 days at room temperature are
shown in Figure 5. The six groups of CNT suspensions
had no stratification, no sedimentation, uniform blackness,
and good dispersion stability. The supernatants of the six
groups of samples shown in Figure 5 were diluted at the
same ratio and placed in a colorimetric dish, as shown in
Figure 6. Figure 6 shows that the blackness of the PVP-CNT
suspension and SDBS-CNT suspension is slightly greater
than that of the GA-CNT suspension, indicating that PVP
and SDBS have better dispersion effects. The supernatants
of the six groups of CNT suspensions were extracted, and
the absorbance at 260 nm was measured. The variation in
the absorbance of the CNT suspensions with different dis-
persants over time is shown in Figure 7. Figure 7 shows
that the absorbance of the different suspensions gradually
decreased with increasing time. The dispersion stability of
the PVP-CNT suspension was the greatest within 90 days,
and the absorbance drop ratios of the PVP-CNT suspensions

Figure 5: CNT suspensions after allowing to stand for 90 days.
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Figure 6: CNT suspensions after dilution.

with the two CNTs were 13.75 and 22.41%. The stability of the
SDBS-CNT suspension was the worst, and the absorbance
drop ratios of the SDBS-CNT suspensions with the two
CNTs were 29.17 and 28.72%. The absorbance drop ratios
of the GA-CNT suspensions doped with the two CNTs were
24.84 and 17.43%, and the stabilities of the above two sus-
pensions were between those of the other two suspensions.

3.3 Influence of different dispersants on the
stability of the CNT suspensions with
centrifugal separation

Six groups of aqueous CNT suspensions were reprepared
using SDBS, GA, and PVP as dispersants. The 1-PVP and 2-
PVP samples had CNT contents of 0.02 and 0.05 g, respec-
tively, and the PVP content was 0.1g. The rest have the
same meaning. Some of the six reprepared groups of sam-
ples were poured into centrifuge tubes and centrifuged at

o° 2,

Figure 7: Trend of the absorbances of the CNT suspensions over time.
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5,000 rpm using a desktop high-speed centrifuge. After cen-
trifugation for 10 min, the samples were removed for obser-
vation. Due to the high concentration of the CNT suspension
and agglomeration of CNTs to form cell clusters, no stratifi-
cation phenomenon or precipitates were observed, and the
chemical reaction and diffusion process of the relevant cell
clusters can be explored based on the nonlinear Fokker—
Planck equation [36]. After centrifugation for 60 min, the
supernatant of each sample was diluted to the same concen-
tration, and the absorbance was measured. The absorbance
at a wavelength of 260 nm was measured, and the drop ratio
was calculated, as shown in Figure 8. Figure 8 shows that the
absorbance of the aqueous CNT suspensions prepared with
SDBS, GA, and PVP as dispersants decreased significantly
before and after centrifugation. After centrifuging the CNT
suspensions prepared with PVP as the dispersant, the absor-
bance of the 1-PVP and 2-PVP suspensions decreased by 27.6
and 36.1%, respectively, the absorbance of the 1-SDBS and
2-SDBS suspensions decreased by 51.9 and 45.9%, respectively,
and the absorbance of the 1-GA and 2-GA suspensions
decreased by 42.0 and 44.5%, respectively. The absorbance
reduction ratio observed in 2-PVP and 2-GA suspensions is
greater than that in 1-PVP and 1-GA suspensions. The reason
for this lies in the increase in CNT content, which renders
the nonionic surfactants PVP and GA unable to fully cover
all CNT surfaces, resulting in a larger decrease in absor-
bance. In contrast, SDBS, an anionic surfactant, utilizes elec-
trostatic repulsion as its primary dispersion mechanism to
prevent CNT agglomeration. At high concentrations, SDBS
forms micelles or aggregates, which are more prone to
settling with CNTs during centrifugation. This leads to a
significant reduction in the concentration of CNTs in the
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Figure 8: Absorbance drop ratio of the CNT suspensions.
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supernatant, subsequently causing a substantial decrease
in absorbance. This finding is in agreement with the results
reported by Abreu et al. [37]. The decrease in the absorbance
of the CNT suspension prepared with PVP as the dispersant
after centrifugation was the smallest, indicating that the
CNT suspension with PVP as the dispersant had better
stability.

After centrifuging the CNT suspension six times, it was
filtered through filter paper to obtain the CNTs. The CNTSs
attached to the centrifuge tube were dried and weighed
together. The proportion of the filter residue for each
sample after centrifugation was obtained by dividing the
weight by the original content of CNTs in each sample, as
shown in Figure 9. Figure 9 shows that the proportion of
filter residue for the 1-GA suspension was the highest,
reaching 84.5%, while the proportion of filter residue for
the 2-PVP suspension was 58%. The proportion of filter
residue for the SDBS suspension is between that of the
other two suspensions. From the perspective of the propor-
tion of filter residue for the suspension after centrifuga-
tion, the PVP suspension had better stability than did the
other two suspensions. The reason for this is that the poly-
meric chains of PVP can form stable interactions with the
surface of CNTs, enabling effective dispersion of CNTs even
at high concentrations, thereby reducing agglomeration
during centrifugation. Additionally, the shear forces and
centrifugal forces generated during centrifugation may
contribute to further dispersing some of the originally
agglomerated CNTs. These redispersed CNTs may remain
suspended in the solution after centrifugation. During the
suction filtration process, the SDBS suspension produced a
large amount of foam due to its own characteristics and
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Figure 9: Filter ratio of the CNT suspensions.
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airflow movement, as shown in Figure 10(a), which is
similar to the phenomenon observed during ultrasonic dis-
persion, as shown in Figure 10(b). This situation is not
conducive to the stability of the SDBS suspension. There-
fore, SDBS is not suitable for use as a dispersant for CNTs
alone, and it is advisable to use it with a defoamer.

3.4 Optimization of the preparation
parameters of the CNT suspension

Based on the above research, PVP was selected as the dis-
persant, and the CNT content was 0.05 g. According to the
factor levels shown in Table 2, nine groups of CNT suspen-
sions were prepared following the process shown in Figure
2(a). After the suspension was incubated for 24h, the
supernatant was collected and diluted to the same concen-
tration to determine the absorbance. The test results are
shown in Table 3. The orthogonal test can be performed to
analyze the degree and order of influence of various influ-
encing factors on the investigation index. The orthogonal
test performed in this analysis is as follows: First, the
average value and range of the index of each level of the
influencing factors were calculated, and then the primary
and secondary order of the influence of each factor on the
index according to the size of the range was determined.
The influence of each factor level on the index was ana-
lyzed according to the relationship between the factor level
and the average value of the index. The ranges of the
indices of the three influencing factors, A, B, and C, are
0.155, 0.535, and 0.739, respectively. The order of influence
of each factor on the absorbance of the CNT suspension
was as follows: ultrasonic power (C) had the greatest influ-
ence, ultrasonic dispersion time (B) had the second greatest
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Table 3: Optimization results of the preparation parameters

Number A B C D (Blank column) Absorbance
1 A B, G Dy 2.748
2 A B, G D, 3.782
3 Ay Bs (o D3 3.581
4 A, B, () D3 3.496
5 Ay B, C3 D, 4109
6 A, Bs G D, 2.971
7 A3 B, G D, 3.759
8 Az B, G D3 3.514
9 As B G Dy 3.248

influence, and the mass ratio of dispersant to CNTs (A) had
the smallest influence.

The relationships between the mass ratio of dispersant
to CNTs, the ultrasonic dispersion time, the ultrasonic
power level, and the absorbance of the CNT suspension
are shown in Figure 11. As shown in the figure, with an
increasing dispersant doping ratio, the absorbance of the
CNT suspension first increased and then decreased. This
may be because an excessive PVP content leads to an
increase in the osmotic pressure of the micelles after the
surface adsorption of the CNTs becomes saturated, which
increases the viscosity of the CNT suspension and causes the
attraction between CNTs to increase again. When the disper-
sion equilibrium of CNTs is disrupted, the CNT suspension no
longer exists in a stable and uniform distribution state, ulti-
mately leading to a weakening of the dispersion effect of PVP.
With increasing ultrasonic dispersion time, the absorbance of
the CNT suspension first increases and then decreases. When
the ultrasonic dispersion time is 20 min, the absorbance of
the suspension reaches the maximum value, indicating that
insufficient or excessive ultrasonic dispersion time will affect
the dispersion effect of the CNT suspension. As a significant

Figure 10: Foaming in the SDBS suspension during the filtration and ultrasonication process: (a) filtration and (b) ultrasonication.
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Figure 11: Relationship between the absorbance of the CNT suspensions
and different influencing factors.

influencing factor, the absorbance of the CNT suspension
increases with increasing ultrasonic power, indicating that
higher ultrasonic power can effectively overcome the van
der Waals forces between CNTs and improve their disper-
sion effect.

Absorbance was used as the evaluation index in this
orthogonal experiment performed to optimize the prepara-
tion parameters of the CNT suspensions. According to the
Beer-Lambert law, the absorbance of a CNT suspension is
proportional to its concentration, so the concentration of
the suspension can be reflected by the absorbance. The
greater the absorbance of the CNT suspension and the
greater the concentration of the suspension, the greater
the dispersion effect of the CNTs. Figure 11 shows that
when PVP was used as the dispersant to prepare the CNT
suspension used in this article, the optimal preparation
parameters were a dispersant:CNT mass ratio of 4:1 and
an ultrasonic dispersion time of 20 min. Since the absor-
bance of the suspension increased with increasing
ultrasonic power, additional tests were carried out on the
ultrasonic power used to ultrasonicate the suspension at a
dispersant:CNT mass ratio of 4:1 and an ultrasonic disper-
sion time of 20 min. The absorbances of the CNT suspen-
sions at different ultrasonic powers is shown in Figure 12.
As shown in Figure 12, with increasing ultrasonic power,
the absorbance of the CNT suspension also increases, and
the increase is large when the ultrasonic power is between
30 and 40%, which is partly attributed to the enhancement
of desorption, this is, as the ultrasonic power increases,
more adsorbed substances are desorbed from the surface
of the CNTs, which results in the exposure of more active
sites on the surface of the CNTs, and thus enhances the
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Figure 12: Relationship between the absorbance of the CNT suspensions
and ultrasonic power.

CNTs’ ability to absorb light. The absorbance is the highest
when the ultrasonic power is 60%, and the dispersion effect
of CNTs is the greatest. In the additional test, the ultrasonic
power was increased to 70%, but too high of an ultrasonic
power resulted in cavitation, resulting in a large number of
small bubbles in the suspension and many CNTs hanging on
the wall, as shown in Figure 13. Suspension preparation
could not be completed at this ultrasonic power ratio.

4 Application of the optimization
parameters of the CNT
suspensions

4.1 CNTC preparation and experiments

First, PVP was added to a beaker containing distilled water
and stirred with a glass rod until completely dissolved.
Then, CNTs were added to the surfactant solution, and
the magnetic stirrer was initially stirred and then moved
to the ultrasonic cell grinder for ultrasonic dispersion. The
preparation parameters were set according to the prepara-
tion parameters shown in Section 3.4. After dispersion, the
beaker mouth was closed with a plastic film for use.
According to the mix ratio of CNTC shown in Table 4, the
weighed raw materials were added to the mixer according
to the gravel, sand, and cement, and slow mixing was car-
ried out for 2 min. Then, high-speed mixing was carried out
for 3 min. During agitation, the CNT suspensions and water
were slowly added. Then, the mixed slurry was put into a
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Figure 13: Cavitation and wall hanging phenomena at a high ultrasonic power: (a) cavitation and (b) wall hanging.

cylindrical mold whose inner wall was coated with release
oil, and the mold was placed on the shaking table for 30 min
before grinding. Finally, after curing in a standard environ-
ment for 24h, concrete samples with CNT contents (mass
fraction) of 0, 0.05, 0.10, and 0.30% were prepared by putting
the mold into a standard curing room for 27 days. The dia-
meter of the CNTC samples was 50 mm, and the height was
100 mm. The test process is shown in Figure 2(b). An RMT-
150B rock mechanics test system was adopted to conduct
uniaxial compression tests on the four groups of CNTC sam-
ples according to ASTM C39. The axial deformation control
loading method was adopted, the axial loading rate was set to
2 x 10~° my/s, and the corresponding strain rate was 2 x 107
s L. The load sensor with an axial direction of 1,000 kN was
used to measure the axial load of the sample with a measure-
ment accuracy of 3kN, and a displacement sensor with an
axial direction of 5 mm was used to measure the axial defor-
mation of the sample with a measurement accuracy of 7.5 um.

4.2 Stress—strain curve and compressive
strength
The stress—strain curves of the CNTC samples under uni-

axial compression are shown in Figure 14. The figure

Table 4: Mixing ratio of the CNTC samples

shows that the deformation and failure process of concrete
with each CNT content goes through the compaction, elastic
deformation, plastic deformation, and failure stages. At the
initial stage of loading, the original pores in the concrete
samples were gradually compacted, and the stress—strain
curves of the concrete samples with different CNT contents
clearly exhibited concave shapes [38]. The regularity of the
stress—strain curves of the CNTC samples is relatively poor
in the compaction stage due to the unavoidable agglomera-
tion of high-content CNTs in the concrete [39], the difference
in the flatness of the sample end and the error in the device
loading head during the precompaction of the sample. With
increasing axial stress, the sample enters the elastic defor-
mation stage, and the stress-strain curve is approximately
linear. Figure 14 shows that Young’s modulus of the CNTC
samples first increases and then decreases with increasing
CNT content. When the CNT content is 0, Young’s modulus of
the CNTC samples is 33.92 GPa. The corresponding Young’s
modulus are 34.09, 45.45, and 33.15 GPa. Young’s modulus of
the concrete sample with a CNT content of 0.10% is the largest.
Poisson’s ratios of the concrete specimens with 0-0.30% CNT
content were 0.221, 0.239, 0.240, and 0.233, respectively, which
proved the good toughness of the CNTC, and it was also more
conducive to the safety and solidity of the structure. With the
continuous application of axial load, plastic deformation

Content (%) Mass (g)

Water Cement River sand Coarse aggregate MWCNTs PVP
0 33.95 84.78 109.51 243.74 0 0
0.05 33.95 84.78 109.51 243.74 0.0424 0.1696
0.10 33.95 84.78 109.51 243.74 0.0848 0.3392
0.30 33.95 84.78 109.51 243.74 0.2543 1.0172
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begins to occur in the sample. Once the uniaxial compressive
strength limit is reached, the sample begins to fail, and the
bearing capacity decreases. The incorporation of CNTs has a
significant impact on the declining stage of the stress—strain
curve. Compared with plain concrete samples, the curves of
CNTC samples decrease more slowly, demonstrating obvious
ductility. This is in good agreement with the results reported
by Zhu et al. [40].

The compressive strength of the CNTC under uniaxial
compression is shown in Figure 15. As shown in Figure 15,
the CNT content has a significant influence on the compres-
sive strength of the CNTC samples. When the CNT content
is less than 0.10%, the compressive strength of the sample
increases with increasing CNT content [41]. For example,
the compressive strength of the concrete sample with a
CNT content of 0.10% increased by 9.45 and 7.92 MPa,
respectively, compared with that of the concrete with
CNT contents of 0 and 0.05%, by 18.15% and 14.78%.
When the CNT content exceeds 0.10%, the compressive
strength of the CNTC samples decreases with increasing
CNT content, and the compressive strength of the CNTC
samples decreases by 8.37%. However, the compressive
strength of the concrete with CNTs is greater than that of
plain concrete. When the CNT content is 0.10%, the compres-
sive strength of the CNTC sample is the highest, this is
because the 0.10% CNTs exhibit good dispersibility, enabling
them to fully utilize the bridging effect to make the cement
paste bond more firmly. However, excessive CNTs can lead
to agglomeration, which in turn decreases the strength of
the concrete. The same results have also been reported by
Ahmad and Zhou [42].
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Figure 14: Stress—strain curve of CNTC.
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Figure 15: Compressive strength of CNTC.

4.3 Failure mode

The failure modes of concrete with different CNT contents
under uniaxial compression are shown in Figure 16. Figure
16 shows that CNT content has a great influence on the
failure mode of the concrete samples. Under uniaxial com-
pression, plain concrete exhibits better homogeneity, the
bonding friction effect is weak during failure, and the
whole frame of the sample is relatively complete during
failure. However, with increasing CNT content, the failure
of the CNTC is mainly attributed to the overall structural
instability, which mainly shows typical shear failure char-
acteristics, and the sample is relatively broken after failure.
The concrete sample with 0.10% CNTs shows impact failure
characteristics to a certain extent. The reasons for the dif-
ference in the failure modes of the concrete samples with
different CNT contents are as follows: as a nanoscale rein-
forcement material, CNTs fill microcracks and pores in the
concrete and improve the compaction and strength of the
concrete, and this reinforcement effect changes the failure
mode of the concrete to a certain extent. For example, 0.10%
CNTs can effectively bridge microcracks in concrete and
prevent the expansion and connectivity of cracks. Compared
with ordinary concrete, CNTC has greater compactness,
cohesiveness, and integrity, which will reduce the occur-
rence of crushing failure and increase the shear failure
characteristics when it is damaged. With the continuous
increase in axial load, the CNTC reaches its energy storage
limit. At this time, the stored elastic strain energy is released
sharply during failure, and the energy release rate is high.
As a result, the crack friction and slip phenomena of CNTC
are significant during failure.
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4.4 Microstructure of the CNTC characteristics. In this study, SEM and analysis were con-

ducted to observe the microstructure of concrete matrices
The mechanical properties and durability of CNTC are with different CNT contents. The microstructures of the
affected by the formation and expansion of microscopic concrete samples with CNT contents of 0, 0.05, 0.10, and
cracks; that is, the macroscopic performance of the mate- 0.30% are shown in Figure 17(a) and (b). Figure 17(a) shows
rial is the inevitable result of changes in its microstructural that there are a large number of micropores and
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Figure 17: Microstructure of concrete with different CNT contents: (a) 0, (b) 0.05%, (c) 0.10%, and (d) 0.30%.
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microcracks in the plain concrete sample. The size of the
pores and the opening of the cracks are too large to be
completely filled by hydration products, and the matrix is
loose and cloud-like, which has a great influence on the
macroscopic mechanical properties of concrete. When the
CNT content is 0.05%, the dispersion of CNTs in the concrete
matrix at room temperature is relatively sparse, as shown in
Figure 17(b). The insufficient role of the hydration products
and CNTs makes it difficult for the network skeleton of the
CNTs to form a long-distance straddle, and CNTs can only
play a local strengthening role. In the concrete matrix, most
of the irregular voids and cracks still exist, in which case the
compressive strength of the concrete is not significantly
improved. When the CNT content is increased to 0.1%, the
microstructure in Figure 17(c) shows that a larger CNT ske-
leton is formed, C-S-H hydration products adhere to the
CNT clusters and eventually wrap around the CNT clusters,
making the CNT interweaving network more uniform and
stable, and the matrix microvoids and microcracks transi-
tion from loose to dense and effectively filled. The macro-
scopic mechanical properties are significantly improved
[43]. When the CNT content further increases to 0.3%, as
shown in Figure 17(d), the CNT network in the CNTC matrix
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increases the density of the matrix. However, under the
influence of van der Waals forces, CNTs intertwine and
agglomerate in the concrete matrix, which leads to the inhi-
bition of the growth of cement hydration products in the
matrix pores. As a result, the macroscopic mechanical prop-
erties of CNTC decrease. Similar results are reported in
Wang’s literature [44,45].

CNTs can improve the mechanical properties of con-
crete, and their microscopic mechanism is mainly reflected
in the following aspects. CNTs are distributed in the micro-
cracks of the concrete matrix through bridging, as shown
in Figure 18(a). On the one hand, when the tip of the micro-
crack development direction touches the CNTs, crack expan-
sion is inhibited or prevented due to the excellent tensile
strength of the CNTs. On the other hand, the interconnected
network structure can effectively fill the pores of the matrix,
reducing the porosity of the concrete. The number of cracks
in the initial concrete hole wall is reduced, thereby reducing
the initial defects of the concrete matrix [46,47], as shown in
Figure 18(b). From the perspective of energy conversion and
consumption, the formation and expansion of cracks is actu-
ally a process in which the force exerted by an external load
on the material is dispersed and consumed inside the

Figure 18: Improvement mechanism of the mechanical properties of CNTC: (a) bridging, (b) filling, (c) embedding and pull out, and (d) fracture.
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material. The incorporation of CNTs changes the dispersion
and consumption mechanism of the energy generated by
the external load inside the concrete matrix, which is partly
caused by the appearance and expansion of cracks. The
other part is the elongation of the CNTs in the matrix and
the loosening or relative slip with the matrix. The work done
by weakening or destroying the CNT bridging action within
the concrete matrix contributes to the total energy consump-
tion, which increases the energy consumption path, improves
the strength of the material and delays the destruction of the
material [48-50].

The ports of CNTs in the microcracks are embedded in
the hydration products on the surface of the cement par-
ticles, and the matrix microcracks are connected so that
when the matrix is stretched or compressed, the CNTs can
maintain the stability of the cracks to a certain extent
through their own mechanical potential energy and the
potential energy required to be removed. The bridging
effect of CNTs is more effective for crack openings smaller
than 1 pm, possibly due to stress and chemical reactions
that intensify particle transportation between the nearest
neighbor clusters or cells [51]. When the width of the
microcrack increases, the bonding strength between
the CNTs and the concrete matrix is usually lower than
the tensile strength of the CNTs. One end of the CNTs is
embedded in the concrete matrix, and the other end is
removed. This process needs to overcome the bonding
force and friction between the CNTs and the matrix, as
shown in Figure 18(c). As shown in Figure 18(d), the main
fracture mode is trans-granular fracture, indicating that
CNTs have achieved effective dispersion in the concrete
matrix and significantly improved the strength of the
grains. This fracture mode reflects that CNTs, as bridging
points, effectively disperse stress during crack propaga-
tion, thereby slowing down the crack propagation speed.
This is in good agreement with the research results of Orooji
et al. [52]. When the bonding strength between CNTs and the
concrete matrix is greater than the tensile strength of CNTs,
the CNTs themselves break, but the two ends are still
embedded in the concrete matrix; the fracture process is
also an important energy-consuming process.

5 Theoretical discussion

With the in-depth research on the application of CNTs
in concrete, more kinds of CNTs and their modification
methods can be explored in the future to further enhance
the mechanical properties, durability, and functionality
(such as conductivity, electromagnetic shielding, and so
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Figure 19: Multi-field application scenarios of CNTC.

on) of concrete, which will provide more innovative space
for the next generation of scientists and engineers [53]. The
introduction of CNTs has enabled concrete materials to
show a wide range of applications in many fields, such as
high-rise buildings, railways, roads, and airports (Figure 19).
This is important for improving the safety and extending the
service life of infrastructure.

This research work is closely linked to the sustainable
development goals (SDGs) [54]. Specifically, CNTC indirectly
supports the realization of SDG 7 (clean and affordable
energy) by improving material properties and reducing
energy consumption and carbon emissions. At the same
time, its potential to enhance the durability and safety of
infrastructures is important for the construction of SDG 11
(Sustainable Cities and Communities). In addition, this study
demonstrates adherence to the principles of SDG 12 (Respon-
sible Consumption and Production) and provides new ideas
for the sustainable development of the building materials
industry. More importantly, this study opens the way for the
development of alternative and future advanced materials,
inspiring more researchers to devote themselves to research
and exploration in this field.

6 Conclusion

This article identified suitable dispersants from PVP, SDBS, and
GA, optimized the preparation parameters of the CNT suspen-
sions, and the mechanical properties and microstructure of the
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CNTC were studied using an RMT-150B mechanical test system
and scanning electron microscopy. The main conclusions are
as follows:

1) The TEM image of the CNT suspension prepared using
PVP as a dispersant showed a uniform CNT cross-linked
network, while the TEM image of the suspension pre-
pared using SDBS and GA as dispersants showed CNT
agglomeration and CNTs wound into bundles. The non-
ionic surfactant PVP was more suitable for dispersing
CNTs in this study.

2) After 90 days of static treatment, the absorbance reduc-
tion ratios of PVP-CNT suspensions at two different CNT
contents were 13.75 and 22.41%, respectively. For SDBS-
CNT suspensions, the absorbance reduction ratios were
29.17 and 28.72%. Meanwhile, the absorbance reduction
ratios of GA-CNT suspensions were 24.84 and 17.43%.
After centrifugal separation, the absorbance reduction
ratios of PVP-CNT suspensions were 27.6 and 36.1%,
respectively. The absorbance reduction ratios of SDBS-
CNT suspensions were 51.9 and 45.9%. For GA-CNT sus-
pensions, the absorbance reduction ratios were 42.0 and
44.5%. The filtration fraction of the PVP-CNT suspension
present after centrifugal separation was significantly
smaller than that of the suspensions prepared with the
other two dispersants.

3) The influence of the ultrasonic power, ultrasonic disper-
sion time, and dispersing agent-to-CNT mass ratio on
the absorbance of the CNT suspension decreased in
turn. With increasing mass ratio and ultrasonic disper-
sion time, the absorbance of the CNT suspension first
increased and then decreased, and the absorbance of
the CNT suspension increased with increasing ultra-
sonic power; however, 70% of the ultrasonic power
ratio led to cavitation and wall hanging. The optimal
parameters for the preparation of CNT suspensions
were a mass ratio of PVP to MWCNTSs of 4:1, an ultra-
sonic dispersion time of 20 min, and an ultrasonic
power of 60%.

4) Under uniaxial compression, the compressive strength
of CNTC is greater than that of plain concrete, and the
compressive strength of concrete with 0.10% CNT content
is the highest, which is 61.51 MPa. The bridge filling effect
of CNTs makes the whole structure of the CNTC changes
gradually from intact to broken, and the failure mode
changes from tensile-shear mixed failure to single-shear
failure. The interweaving network of 0.10% CNTs in the
concrete matrix is more uniform and stable; when the
CNT content increases to 0.30%, the agglomeration of
CNTs in some regions of the matrix is obvious. A mass
ratio of PVP to MWCNTs of 4:1, an ultrasonic dispersion
time of 20 min, and an ultrasonic power of 60% are the
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optimum parameters for preparing CNT suspensions,
resulting in a significant and high-quality dispersion
effect, which lays a foundation for its efficient application
in building materials.
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