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Abstract: In this review, the research reports on the dis-
persion processes of carbon nanotubes (CNTs) in aqueous
cementitious materials are intensively introduced and sum-
marized. The main processes for the CNTs dispersion in
aqueous systems include high shear emulsification, ultra-
sonic treatment, covalent modification, and non-covalent
modification. The influences of various factors on the dispersity
of CNTs are evaluated, and the pros and cons of dispersion
processes of CNTs are analyzed, along with the dispersion
mechanism of CNTs in aqueous materials. Several novel techni-
ques are also introduced, including arc thermal excitation and
electromagnetic field-induced method, etc. In addition, the chal-
lenges when CNTs dispersion are further involved in cementi-
tious alkali pore solution and the improvement means are also
described in detail. And, the direct dispersion process (in situ
growth process) of CNTs in cementitious materials has also
been discussed in depth.
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1 Introduction

Attempts have been made to attenuate the poor toughness
of cementitious materials by using high performance fiber
materials, and to render the cementitious materials them-
selves with good self-sensing properties through the con-
ducting effect of fiber materials. Micro/nano ductile fibers
with high aspect ratio, modulus of elasticity, and electrical
conductivity can be used as toughening and conducting
components to simultaneously improve the mechanical
toughness and sensing properties of the cementitious
materials [1-3]. Carbon nanotubes (CNTs) are one-dimen-
sional nanomaterials possessing a special structure with a
diameter of about 2-100 nm and a very high aspect ratio
(100-1,000). CNTs were first discovered by high-resolution
transmission electron microscopy (TEM) in 1991 by Dr
Iijima [4], a Japanese physicist. They are nanoscale hollow
tubes made of single or multi-layer graphene sheets bent
and rolled, and now available for large-scale production
and engineering applications [5]. CNTs have good mechan-
ical properties, and their tensile strengths can reach
50-200 GPa [6-8], which is 100 times that of steel, with
only 1/6 of the density of steel and an elastic modulus of
about 1 TPa. In addition, CNTs have good thermal, electrical
conduction, and optical properties, and can be widely used to
modify metals, ceramics, asphalt, and polymer materials [9-18].
It was found that CNTSs could also overcome the drawbacks of
cementitious materials [19,20] such as low tensile strength and
brittleness [21], improve its anti-cracking [22-26], electrical conduc-
tivity [3,27,28], durability [29-31], and also develop its piezoresistive
self-sensing properties, etc. [32,33]. Han et al [34] prepared a self-
sensing cementitious material for traffic self-monitoring modified
by CNTs. The material had good piezoresistive properties and was
sensitive enough to detect the mechanical stress caused by traffic
flow. Yu et al [35] added 0.1wt% CNTs to the cementitious
materials and found that CNTs not only improved the elec-
trical conductivity of the cement-based material, but also
increased compressive strength by 16.8%.

However, CNTs have strong van der Waals force between
themselves and are very apt to entangle each other and form
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macro/micro agglomerates in water or aqueous matrix [36-40].
Meanwhile, the dispersion status of CNTs in the matrix is
directly related to the various macroscopic properties of the
corresponding CNTs-reinforced composite. The agglomerated
CNTs not only fail to show their excellent properties, but even
damage the inherent properties of the matrix materials
[41-43]. Therefore, how to disperse CNTs conveniently and
efficiently has become the most critical issue for the rational
use of CNTs to strengthen various kinds of composite.

Aqueous systems are the most common systems in
civil engineering and bioengineering. At present, most
scholars adopt the method of first dispersing CNTSs in aqu-
eous systems and then mixing them with cementitious
materials to prepare CNTs reinforced cementitious mate-
rials (NRC). Therefore, the dispersion process of CNTSs in
aqueous systems is one of the key concerns. The CNTs dis-
persion process in aqueous systems can be roughly divided
into three stages: (1) surface wetting of CNTs, (2) breaking
of CNT agglomerates, and (3) enhancement of repulsion
between CNTs to prevent re-agglomeration. At present,
the main dispersion processes of CNTs in aqueous systems
include high shear emulsification process [44], ultrasonic
treatment process [45], covalent modification process [46], and
non-covalent modification process [47] (the schematic diagram
of major processes for CNTs dispersion is shown in Figure 1),
and the above processes can also be combined with each other
to acquire superior dispersity of CNTs [48,49].

Most of the aqueous dispersions of CNTs with good dis-
persibility can improve the performance of cementitious
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materials to some extent by mixing them directly with
cementitious materials. However, it is of more concern
whether secondary agglomeration of CNTs occurs in the
cementitious material systems. It will lead to the weakening
of the modification effect of CNTs on NRC. At present, there
are few processes to directly disperse CNTs in the cementi-
tious material systems, mainly in situ growth techniques
[50]. Therefore, how to guarantee the dispersion stability
of CNTs aqueous dispersion or how to directly disperse
CNTs in the cementitious material systems is another key
issue that needs to be solved at present.

Now, CNTs have been widely used, and the processes
of dispersing CNTs are gradually mature. However, there is
a lack of comprehensive collation and in-depth analysis of
various decentralized processes. And the introduction and
analysis of new processes are also less. At present, most of
the existing reviews only analyze several main dispersion
processes [51]. Their mechanism analysis of dispersion pro-
cesses is not thorough, and the dispersion of CNTs in
cementitious pore solution is rarely mentioned. Without
a comprehensive and in-depth understanding and analysis
of various dispersion processes, it is difficult to find the
most effective and practical dispersion process. In this
work, the dispersion processes and effects of CNTs disper-
sion in aqueous systems and cementitious material sys-
tems are analyzed in depth, respectively. Compared with
previous studies, we have more carefully sorted out the
effects of various dispersion conditions, materials, and pro-
cesses on the CNTs dispersion. The problems arising from the
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Figure 1: The schematic diagram of major processes for CNTs dispersion in aqueous systems: (1) high shear emulsification process; (2) ultrasonic
treatment process; (3) covalent modification process; and (4) non-covalent modification process.
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admixture of CNTs aqueous dispersions into cementitious
materials are also presented, and improvement methods
are proposed. Finally, the guidelines for the dispersion pro-
cess of CNTs in aqueous cementitious materials are proposed.

2 CNTs dispersion in aqueous
systems

2.1 High shear emulsification process

High shear emulsification process is a novel physical dis-
persion method, and the main principle of this process is to
achieve effective dispersion of CNTs through high-shear
mechanical force such as crushing, shearing, grinding tech-
niques, etc.

Zhang et al. [52] used impact grinding and high shear
emulsification process to disperse CNTs in aqueous sys-
tems, respectively, and the fractal dimension was used to
determine the dispersion effect of the two processes. The
fractal dimension of the dispersions prepared by the two
processes were 1.15-1.59 and 1.46-1.58, respectively, which
showed that the shear emulsification process was slightly
better than the other one. The impact grinding mainly
broke the large agglomerates into small pieces without
separating the filamentous CNTs, while the shear emulsifi-
cation process could separate a certain amount of CNTs.
Krause et al. [53] quantified the length distributions of
CNTs after 5 and 10h of dry grinding in ball mills, and
the average length decreased by 46 and 65%, respectively.
As the ball milling time continued to increase, although the
size of CNT agglomerates decreased, the packing density of
CNTs increased, resulting in poor dispersion of CNTs in
aqueous solution, as shown in Figure 2. Although the above
studies indicated that the high shear emulsification process
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is not effective in dispersing CNTs, some scholars obtained
positive conclusions. Munkhbayar et al. [54] used a plane-
tary ball mill to grind CNTs under different conditions in
order to disperse CNTs in aqueous system. The CNTs were
ball milled at different speeds (200, 300, 400, and 500 rpm)
and under different dry and wet grinding conditions,
respectively. The microstructure of the treated CNTs is
shown in Figure 3. It could be shown that under the dry
grinding conditions, the CNTs were in long and not obviously
short-sheared state at 200 rpm, they were in flat and rough
agglomerate state at 300-400 rpm, and at 500 rpm, although
they were obviously cut short, still appeared in agglomerate
state. Under wet grinding conditions, the dispersion effect of
CNTs improved with the increase in shear speed, at 500 rpm,
CNTs were obviously short sheared and well dispersed. And,
compared with the simple ball milling method to disperse
CNTs, the dispersion effect can be enhanced by introducing
suitable additives in the ball milling [55]. Ma et al [56] found
that the conductivity of ball-milled CNTs did not increase
significantly in the absence of additives, and even showed a
slight decrease in conductivity after over 4h ball milling,
which indicated some damages to the electronic structures
of CNTs. However, in the presence of NH,HCOs, the CNTs
conductivity increased significantly after ball milling, and
the conductivity gradually increased with the increase in
ball milling time. After 9 h ball milling, the conductivity of
CNTs increased by 250% with respect to that without ball
milling. These phenomena were attributed to the nitrogen
compounds being covalently bonded onto the CNTs, func-
tioning as electron donors, and responsible for charge
transfer to CNTs. Pierard et al. [57] dispersed CNTs with an
average length of 0.8 um by ball milling method. It was
shown that the ball milling method severely damaged the
CNTs, and excessive grinding did not disperse the agglom-
erates well, their lengths of CNTs became so short that their
own properties jeopardized.

Figure 2: The length distributions of CNTs in aqueous systems after 5 h and 10 h of dry grinding in ball mills [53]: (a) no grinding; (b) 5 h grinding; and

(c) 10 h grinding.
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Figure 3: SEM microstructure of CNTs after grinding treatment with different rotating speeds at 200, 300, 400, and 500 rpm [54]: (a) dry grinding and

(b) wet grinding (in water).

The reviews of studies on the dispersion of CNTs by
high shear emulsification process is shown in Table 1.
Although high shear emulsification process can disperse
CNTs to some extent, the CNTs dispersed by this method
have many problems. The process is energy-consuming,
has low dispersion efficiency, and limited dispersion effect,
which will generate a lot of by-product waste, making it not
to be widely adopted. More importantly, the process can
severely shear CNTs, resulting in significantly short lengths
and loss of various excellent properties.

2.2 Ultrasonic treatment process

The dispersion mechanism on CNTs of ultrasonic treat-
ment process is mainly ultrasonic cavitation. The impacts
from high temperature and wave energy generated by
ultrasonic treatment break the CNTs agglomerates and
achieve uniform dispersion of the CNTs in the liquid

[58—61]. CNTs dispersed using the ultrasonic treatment pro-
cess can effectively improve the properties of cementitious
materials. Dong et al. [62] further sonicated CNTs aqueous
suspension with 40 kHz power and 60 min sonication time
after subjected to mechanical stirring (only CNTs solution
was stirred evenly by mechanical force, and CNTs were not
sheared or worn) to obtain more homogeneous CNTs dis-
persed liquid. And, the good piezoresistive properties of
NRC were prepared with them. Table 2 summarizes the
reviews on the dispersion of CNTs by ultrasonic treatment
process. A detailed explanation of the contents in Table 2 is
also provided as below.

2.2.1 Effects of ultrasonic power on the dispersity
of CNTs

Ultrasonic power is the key factor affecting the dispersity
of CNTs. Koh et al. [63] found that there was no significant

Table 1: Reviews on the CNTs dispersion in aqueous systems by high shear emulsification process

Instruments Dispersion

conditions

CNTs concentration* (wt%)

Remarks

Impact grinding Wet grinding (in water) 5.0

High shear emulsification
process

Planetary ball mill Dry grinding 7.5
Dry grinding 25
Wet grinding (in water)
Dry grinding 13.7
Dry grinding 100

Broke the large agglomerates into small pieces
without separating the CNTs [52]
A certain amount of CNTs were separated [52]

CNTs were short cut and poorly dispersed [53]
CNTs were short sheared and well dispersed [54]

The conductivity of CNTs increased significantly [56]
CNTs were severely damaged [57]

*CNTs concentration: The mass ratio (wt%) of CNTSs to total dispersion, the following Table is as the same.
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Table 2: Reviews on the dispersion of CNTs in aqueous systems by ultrasonic treatment process

CNTs concentration Remarks

(wt%)

CNTs quality

Time

Power/frequency

Obtained homogeneous CNTs dispersion and NRC with good
strength, toughness and piezoresistive properties [61,62]

Average diameter of 9.5 nm,
average length of 1.5 pm

60 min

80W

0.1-0.2

Diameter range of 8-15nm,
length range of 3-12 ym

30 min

CNT dispersion effect was greatly influenced by the ultrasonic

power [64]

0.1

SWNTs (>1 pm in length)

30 min

3,6,9,and 12W

The effect of the sonication time was different for CNTs prepared

by different methods [63]

Average diameter of 0.80 +

3 W during the first 3 h, 15 W for the next 4 h, 40 W for the next 6 h,

55 W for the next 9 h, and 77 W for the final 12 h

0.35nm for AD CNTs
Average diameter of 0.75 +

0.07 nm for CVD CNTs
Average diameter of 0.70 +

0.20 nm for HiPCO CNTs

Ultrasonic power and time together affected CNTs

dispersion [66]

0.14

Diameter range of 5-15nm,
length range of 10-20 pm

1-60 min

15 min

94 W

55-118 W
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difference in the degree of dispersion of CNTs obtained
with different ultrasonic power, but with higher ultrasonic
power the CNTs would be sheared shorter. Vichchulada
et al [64] tested the dispersion effect of single-walled
CNTs (SWNTs) suspension after ultrasonic treatment. It
was found that SWNTs were effectively dispersed at ultra-
sonic power up to 9W, and the CNTs dispersions will be
stabilized at ultrasonic power between 9 and 12 W. When
the ultrasonic power exceeded 12 W, the SWNTs were cut
to some extent, and the damage to SWNTs was more severe
at higher ultrasonic power.

From the results summarized in Table 2, the optimal
ultrasonic power required for different CNT qualities and
test conditions varies widely. The power required to dis-
perse SWNTs is smaller, and the power required to disperse
CNTs with larger diameters and more walls is much larger
than the former.

2.2.2 Effects of sonication time on the dispersity
of CNTs

Sonication time is another important factor affecting the
dispersion of CNTs. Rausch et al [65] found that the UV
absorbance of CNT dispersions increased with sonication
time, and the variation in absorbance of diluted CNT
dispersions with increasing sonication time is shown in
Figure 4. However, Koh et al. [63] investigated the disper-
sion of CNTs synthesized by arc discharge (AD), chemical
vapor deposition (CVD), and high pressure carbon mon-
oxide method (HiPCO), respectively. It was found that the
dispersity of CNTs was not exactly positively correlated
with the sonication time. The dispersity of CNTs prepared
by AD became the worst compared to those by CVD and
HiPCO methods after the sonication time exceeded 6 h. All
of CNT dispersions could not remain stable after the soni-
cation time continued to increase. Gao et al. [66] found
that the synergy effect of both ultrasonic power and time
on the dispersion of CNTs was greater. When the sonica-
tion time exceeded 15min, the dispersion of CNTs no
longer increased significantly by continuing to increase
the sonication time, and the effect was better by increasing
the ultrasonic power at this time. It is worth noting that the
ultrasonic power exceeding 94 W caused deterioration of
dispersity of CNTs.

Ultrasonic power and time do not affect the dispersity
of CNTs alone, and they work largely in coordination. The
analysis of the ultrasonic power and time data in Table 2
shows that high power and prolonged ultrasonic treatment
is suitable for dispersing CNTs with large diameter and
severe agglomeration. The smaller diameter CNTs can
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Figure 4: The variation in the absorbance of diluted CNT dispersions with
the increase in the sonication time [65].

reduce the damage to their own structure by moderately
reducing the ultrasonic power or time. For CNTs with very
small diameter or SWNTS, it is better to choose low power
and short duration ultrasonic treatment.

2.2.3 Drawbacks of ultrasonic treatment and
employment of combined dispersion process

Ultrasonic treatment is a physical dispersion process, and
the CNTs after reasonable ultrasonic treatment can effec-
tively enhance the mechanical and electrical properties of
cementitious materials after incorporation. If the ultra-
sonic power, time, and temperature are not reasonably
controlled, it will cause excessive shearing of CNTs with
small diameter and poor quality. And, the CNTs incorpora-
tion cannot improve the performance of NRC, and even
damage the inherent properties of the matrix [67-70].
Dispersing CNTs by ultrasonic treatment alone can
break the CNT agglomerates effectively, but it is difficult
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to maintain the stability of CNTs dispersions. It is worth
noting that the dispersion effect will be superior when com-
bined with other methods, such as ultrasonic combined with
covalent modification, ultrasonic combined with non-cova-
lent modification, ultrasonic and covalent modification com-
bined with non-covalent modification process, etc. As revealed
in Figure 5, there exists big gap in TEM images of CNTSs
between before and after non-covalent modification com-
bined with ultrasonic treatment. The surface-active agent
(SAA) used for non-covalent modification is cetyltrimethylam-
monium bromide (CTAB). Ultrasonic power, frequency and
time are selected 100 W, 40 kHz and 30 min, respectively.

2.3 Covalent modification process

The surfaces of CNTs are modified with oxidizing agents
such as strong oxidizing acids, potassium permanganate,
and Fenton reagents. It can open the covalent bonds on the
surfaces or ends of CNTs, and hydroxyl and carboxyl groups
are introduced at the corresponding positions [71]. The
introduction of hydrophilic functional groups can make
the air or other impurities on the surfaces of CNTs replaced
by water to achieve wettability. It makes CNTs to be highly
dispersible in aqueous materials [72]. A summary of the
covalent modification process for CNTs dispersion in aqu-
eous systems is shown in Table 3.

2.3.1 Effects of covalent modification process on the
dispersity of CNTs

Wepasnick et al. [73] used six oxidants for the surface
structure modification of CNTs. It was found that CNTs
were not sensitive to factors such as oxidant concentra-
tion, but were very significantly affected by the types of

Figure 5: TEM morphology of CNTs before and after non-covalent modification combined with ultrasonic treatment [48]: (a) untreated and (b) treated.
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Table 3: Reviews on the dispersion of CNTs in aqueous systems by covalent modification process

Remarks

CNTs concentration (wt%)

Reaction conditions Reaction time

Oxidizing agents

The covalent modification effect of CNTs is significantly affected by the

type of oxidant [73]

0.04

4h

80°C

HNO3, KMnO,, H,S0,/HNO,

(NH4):S04, H,0,, 05

The covalent modification process could damage CNTs, and the longer the

treatment time, the more serious the damage [74]

0.2

100 min, 180 min

100°C

The mixture of H,SO4 and HNO3

Ultrasonic combined with covalent modification process could break CNT

agglomerates more adequately [75,76]

0.02-0.1

4h

Ultrasonic treatment and oxidation

at 80°C

The mixture of H,S0, and HNO3

Ultrasonic treatment (100 W, 42 kHz) 2h 0.05

and oxidation at 40°C

HNOg, HzSO4, and H202

Enhanced the dispersibility of CNTs with less damage [78]

0.1

05
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oxidants. The concentration of functional groups such as
carbonyl and hydroxyl groups on the surface of CNTs
treated with (NH,),SO4, H;0,, and Os; was high. And the
CNTs treated with more oxidants such as HNO; and KMnO,
formed more carboxyl groups. Elkashef et al. [74] added CNTs
to the solution with a 3:1 concentration ratio of HNO; and
H,SO, and reacted for 100 and 180 min, respectively. It
was found that the dispersity and defects of CNTs reacted
for 180 min were significantly more than those reacted for
100 min, indicating that the covalent modification process
was very prone to damage CNTs. Luo [48] found that covalent
modification of CNTs with strong acids could enhance the
dispersion of CNTs in cement-based aqueous system. The
more important reason was that it reacts with Ca(OH), in
cementitious materials. After the reaction, the functional
groups on the surfaces of CNTs and Ca*" formed calcium
carboxylate, which increased the dispersion of CNTs. In
summary, the hydrophilicity of the covalent modified
CNTs increased significantly, which enabled their agglom-
erates to be broken up more easily and facilitated the
more uniform dispersion of CNTs in aqueous and cemen-
titious materials.

2.3.2 Effects of ultrasonic combined with covalent
modification process on the dispersity of CNTs

The covalent modification process can make CNTs more
hydrophilic and favor the CNTs to have wettability, but
this is not enough to break up the CNT agglomerates.
Ultrasonic treatment can provide sufficient energy to break
up CNT agglomerates, as proved in Section 1.2.

Osorio et al [75] used three covalent modification
methods (H,SO4, HNO3, and HCl for the first one, H,SO,
and HNOs for the second one, and HNO; for the last one)
to modify CNTs, respectively, and then combined with an
ultrasonic treatment process to disperse CNTs in water. All
three covalent modifications grafted functional groups on
the surface of CNTs. In addition, it was found that the first
functionalization process exhibited higher efficiency, fol-
lowed by the second method, based on the CNTs dispersion
in water. Avilies et al. [76] reduced the dispersant concen-
tration and ultrasonic power in order to avoid excessive
defects in CNTs during dispersion. CNTs were modified
with low concentrations of HNO;, H,SO,, and H,0, and
then treated by low-power sonication to disperse the CNTs.
In this process, the sonication time and solution temperature
were strictly controlled to prevent serious damage to the
structure of CNTs. Although the original structure and proper-
ties of CNTs were basically maintained, the corresponding
dispersion effect was not satisfactory.
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Overall, the covalent modification method usually com-
bines ultrasonic treatment to effectively break the CNT clus-
ters, but the actual dispersion effects and damage vary widely.

2.3.3 Pros, cons, and prospects of covalent modification
process

The covalent modification process can effectively disperse
CNTs with higher stability, but there are many conditions
to consider, the concentration of oxidant, oxidation time,
and reaction temperature will affect the dispersity of CNTSs.
It is very difficult to control the above conditions in a rea-
sonable way. In most cases, CNTs are cut at sidewall defects
without extensive functionalization of the remaining side-
walls, which will destroy the structure of CNTs themselves,
causing many defects and loss of their properties [77].

With the in-depth study of the covalent modification
process, it was found that the surface modification of CNTs
could be performed using weak oxidizing substances such
as O3 and UV, the dispersity of corresponding CNTSs in
aqueous solution can also be enhanced. It can not only
improve the dispersity of CNTs in aqueous materials but
also reduce the damage of the covalent reaction to the
structure of CNTs themselves. Jung et al. [78] investigated
the effects of O; treatment on the dispersity of CNTs in
aqueous solution and the properties of ultra-high perfor-
mance concrete (UHPC) prepared with the resulting CNT
dispersions. As a result, the interfacial interaction between
CNTs and UHPC was enhanced, and then the nano nuclea-
tion effect of CNTs in the early hydration stage was better.
The Os-treated CNTs not only altered the hydration mechanism
of UHPC significantly, but also provided multiple nucleation
sites and double spatial repulsion, which effectively improved
the dispersity of CNTs, between CNTs and cement particles.
And, the Os-treated CNTs also accelerated the early hydration
and improved the compressive strength of UHPC at the later
stage. Unfortunately, it does not provide a detailed study of the
dispersion of O;-modified CNTs in the pore solution of cemen-
titious materials.

2.4 Non-covalent modification process

The non-covalent modification process is mainly based on
the adsorption of various molecules on the surfaces of
CNTs to disperse CNTs without affecting their internal
molecular structure. The original structure and the unique
properties of CNTs dispersion can be better maintained by
the non-covalent modification.
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SAA is a hydrophilic/oleophilic amphiphilic molecule
that have the effects of reducing surface tension and energy.
It can adsorb on the surfaces of CNTs and form the oriented
arrangement [79]. And then, suitable SAAs have good encap-
sulation properties for CNTs, which thereby gives them
strong amphiphilic and interfacial properties.

Table 4 shows the application conditions and effects of
the non-covalent modification and its combined process. A
detailed explanation of the contents in Table 4 is also pro-
vided as below.

2.4.1 Effects of different SAA types on the dispersity
of CNTs

Different SAA types have different chemical structures and
properties, and their abilities to disperse CNTs vary. Islam
et al [80,81] used sodium dodecylbenzene sulfonate (SDBS),
sodium dodecyl sulfate (SDS), nonylphenol ethoxylate (Tx100),
and gum Arabic (GA) etc., to disperse CNTs. They found that
the length of alkyl chains of SAA, the types of reactive groups,
and the interaction with CNTs were the main factors affecting
the dispersity of CNTs. It was also noted that in order to fully
integrate CNTs with cementitious materials, SAA not only
needed to be able to adequately disperse CNTs, but must
also be compatible with cementitious materials.

Chen et al. [82] investigated the mechanism of disper-
sing CNTs by four different SAAs (cationic SAA-CTAB,
anionic SAA-SDS, baryonic SAA-nonylphenol ether sulfo-
succinate monosodium disodium salt (HTA-103), and non-
ionic SAA-octylphenol polyoxyethylene ether (OP-10)). The
molecular structure of CTAB consists of a positively charged
head group and a hydrophobic alkyl carbon chain. The head
group of CTAB is electrostatically attracted to the surface
of negatively charged CNTs, while its alkyl chain is also
attracted to CNTs by van der Waals force and hydrophobi-
city. However, the electrostatic adsorption force of CTAB is
significantly stronger than the van der Waals force and
hydrophobicity. Therefore, when doping with appropriate
amount of CTAB, the head groups will be adsorbed on the
surfaces of CNTs and the alkyl chains will be left alone. The
outer alkyl chains in turn adsorb the free alkyl chains in
solution due to van der Waals force and hydrophobicity,
which leads to the formation of the positively charged
semi-micellar SAA double cladding layers at the periphery
of the CNTs. By virtue of the steric effects (space hindrance
caused by the proximity of certain atoms or groups to each
other) and electrostatic repulsion effects (the repulsive force
between electrons in the outer layer of molecules when they
are close to each other) of SAA between the modified CNTs,
the dispersity of CNTs in aqueous solution and the stability
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Table 4: Reviews on the dispersion of CNTs in aqueous systems by non-covalent modification process

Remarks

Combined processes

CNTs concentration

SAA concentration

SAA types

Different types of SAA had different dispersion mechanisms [80-82]

Magnetic stirring or ultrasonic

treatment

0.1mg/ml
0.03 mg/ml

20, 0.5, 0.8 mg/ml*

0.02 mg/ml

SDBS, SDS, Tx100
SDS, SDBS, GA,
Tx100, CTAB

0.04, 0.3, 0.025, 0.06 wt% 0.1 wt%

CTAB, SDS, HTA-103,

OP-10
SDS

SAA concentration severely affected the dispersibility of CNTs and the properties of

NRC [83-86]

0.05-0.15 wt%

0.1 wt%

0.01-0.4 wt%
0.025-0.2 wt%

Ultrasonic and covalent

modification

SDS, PVP, GA

Ultrasonic treatment

0.1 wt%

1.1-1.9 wt%
0.24-1wt%
1wt%

SDS, Tx100, Tween 20, 80

Ultrasonic could provide energy to break the non-covalent modified CNT

agglomerates [86,87]

0.16 wt%
0.21 wt%

SDS, Tx100, CTAB, GA

The combination of the three processes could yield CNTs dispersion with excellent
dispersibility and stability [50,88]

Ultrasonic and covalent

modification

0.1, 0.2 wt%

0.5 wt%

Water reducing agent

0.1, 0.2, 0.3 wt%

0.28, 0.56 wt%

Water reducing agent,

Tx100

#N mg/ml: the concentration of CNTs or SAA in solution is N mg/ml.
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of the dispersion are guaranteed. The mechanism of cationic
SAA modification and dispersed CNTs is shown in Figure 6(a).
The molecular structure of SDS consists of a negatively
charged head group and a hydrophobic alkyl carbon chain.
In the CNTs dispersion, the hydrophobic alkyl carbon chains
adsorb to the negatively charged CNT surfaces due to van der
Waals force and hydrophobicity to create the steric effects
between the CNTs, and the negatively charged head groups
provide electrostatic repulsion between the CNTs at the out-
ermost layers. These effectively prevent the agglomeration
between CNTs and ensure the dispersion stability. The
mechanism of anionic SAA modification and dispersed
CNTs is shown in Figure 6(b). The molecular structure
of HTA-103 contains a benzene ring, which can adsorb
with CNTs through n—n stacking interaction. Moreover,
there are two negatively charged head groups in its mole-
cular chain, which not only provide strong electrostatic
repulsive force, but also will make the molecular chain of
HTA-103 fully extended and produce good steric effects, so
that the CNTs can be effectively dispersed. The molecular
structure of OP-10 contains a hydrophobic alkyl chain, a
benzene ring and —OCH,CH,- long chain. The alkyl chains
are adsorbed on the surfaces of CNTs by hydrophobic and
van der Waals force, and the benzene rings are adsorbed on
the surfaces of CNTs by n—n stacking effect. Both of them
work together to provide strong adsorption capacity. The
—OCH,CH,- long chains in the outermost layers provide
the steric effects, which increase the dispersion stability of
CNTs in water. The mechanism of nonionic SAA modifica-
tion and dispersed CNTs is shown in Figure 6(c).

2.4.2 Effects of SAA concentration on the dispersity
of CNTs

SAA concentration affect the stability of CNTs suspension.
When the concentration is too low, the steric and electro-
static repulsive effects between CNTs do not reach the level
of preventing their agglomeration due to less SAA adsorbed
on the surfaces of CNTs, which results in inferior dispersion
of CNTs. When the SAA concentration is too high, supersa-
turated adsorption is formed on the surfaces of CNTs.
Moreover, the excess SAA will adsorb each other to form
micelles and compete with SAA from the surfaces of CNTs,
resulting in inferior dispersion of CNTs.

Yu et al. [83] studied the effects of SAA concentration
on the dispersity of CNTs by absorbance detection and
other methods, and found that the maximum absorbance
of CNTs suspension increased with the increase in SDS
concentration, and the optimal concentration of SDS was
0.15 wt%. The absorbance of the dispersion did not change



10 Yibo Gao et al.

(a)

Je-ho~e

NN .

p-Oo-4 electrostatic ¢ oo~ glf Ml Ot

#-HO~4  repulsion + g ~O~4H HHe~O~4

zm steric effects #-~ 04 B Hip~ oo

RS oA~ o8

o A O R~ O

NN m "»ow‘y

H R -~ ONN HHe~O~8

=i R O~ M~ O
L o~-8 s~ O YA~ ON8
NN $~ A ONAH N

5 TN B

"Hydrophobicity + van
der Waals forces" lead
to mutual attraction of
hydrophobic chains

Negatively charged surface of
CNTs and positively charged
head groups of SAA attract
each other

steric effects +
n-n stacking
action

“Hydrophobicity + van der Waals forces + n-n
stacking action" lead to mutual attraction
between hydrophobic chains and CNTs

DE GRUYTER

S

electrostatic
repulsion +
steric effects

7

Z;

TR

"Hydrophobicity + van der Waals
forces" lead to mutual attraction
between hydrophobic chains and CNTs

O\~4  Cationic SAA

J//Q Anionic SAA
%

TN

Non-ionic SAA

Figure 6: Schematic diagram of the mechanisms of different SAAs-modified and dispersed CNTs [82]: (a) cationic; (b) anionic; (c) non-ionic; and

(d) illustration.

significantly after the SAA concentration continued to
increase. Sezer and Koc [84] investigated the effects of
SAA concentration on the dispersity of CNTs using the
zeta potential method. By measuring the zeta potential
values of the suspension with the mass ratio of SAA to
CNTs varying from 0.25:1 to 2:1, it was found that the ideal
ratio was between 0.5:1 and 1:1. When the ratio was greater
than 1:1, the stability of CNT dispersions did not improve
significantly with further increase in SAA dosage. On the
other hand, if the SAA concentration was too low (<0.25 wt%),
it was not sufficient to stabilize the dispersed CNTs. Rastogi
et al. [85] proved that the appropriate dosage of SAA is the key
to give full play to its efficiency. It was found that SAA with
high concentration was easy to form micelles in solution.
These micelles interacted with other SAA molecules on adja-
cent CNTs. This interaction reduced their surface energy,
which reduced the dispersion of CNTs, when the SAA concen-
tration was high.

From the above research results shown in Table 4, the
commonly used SAA are organic polymers. Among them,
nonionic SAA-PVP and anionic SAA-SDBS are the most
widely used and have superior dispersion effect. However,

the compatibility of the above SAA with cementitious mate-
rials is problematic, which affects the strength and dur-
ability of NRC.

2.4.3 Effects of “ultrasound combined with non-covalent
modification” process on the dispersity of CNTs

The non-covalent modification can effectively increase the
repulsive force between CNTs, but the repulsive force pro-
vided by the non-covalent modification alone is not suffi-
cient to break the CNT agglomerates and achieve effective
dispersion of CNTs.

Konsta-Gdoutos et al. [86] suggested that effective dis-
persion of CNTs could be achieved using ultrasonic com-
bined with SAA non-covalent modification process. It was
found that the agglomerates of CNTs were effectively
reduced and the dispersion became better. Luo et al. [87]
used four SAA, including SDS, Tx100, CTAB, and GA, as
dispersants for CNTs, and dispersed CNTs combined with
ultrasonic treatment process, respectively. Then, the dis-
persion of CNTs in water was evaluated by static and
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centrifugal sediment observation. It was found that GA had
the best effect on CNTs dispersion if a dispersant was used
alone (the microscopic morphology of NRC with 0.2% GA-
dispersed CNTs is shown in Figure 7(a)). Tx100 and CTAB
were the second and third most effective, respectively, and
SDS was the least effective. The flexural and compressive
strengths of NRC with GA-dispersed CNTs were the highest,
reaching 4.80 and 38.7 MPa, with an increase of 315 and
23.6%, respectively, compared to the blank specimens. They
also found that hybrid dispersants might produce superior
dispersity of CNTs, as proved in microscopic morphology of
NRC doped with 0.2% CNTs by SDBS/Tx10A in Figure 7(b), the
combination of Tx10A and SDBS on dispersity of CNTs was
significantly better than that of GA alone.

2.4.4 Effects of “combination of ultrasonication,
covalent decoration, and non-covalent
modification” process on the dispersity of CNTs

Covalent modification can well solve the problem of diffi-
cult surface wetting of CNTs, ultrasonic treatment provides
sufficient energy to break the agglomerates, and non-cova-
lent modification can provide strong repulsive force for the
dispersed CNTs to increase the stability of the dispersion.
Therefore, the combination process of “ultrasonic and
covalent modification method combined with non-covalent
modification” can achieve sufficient dispersion and long-
term stabilization of CNTs.

Abu Al-Rub et al [49] functionalized the SAA-treated
and non-SAA-treated CNTs in a mixture of concentrated
H,S0, and HNOs, respectively, and then ultrasonically dis-
persed CNTs. NRC was prepared by mixing 0.2% CNTs into
cementitious materials, and the mechanical properties of
NRC at 7 days of aging were tested. CNTs treated with SAA
and functionalized with concentrated acid were found to
have a significant increase in the strengths at 7 days of
NRC, and CNTs functionalized with concentrated acid only

e
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without SAA treatment showed a severe decrease in the
strengths at 7 days of NRC. Luo et al [88] functionalized
CNTs by Fenton reagent and UV irradiation, and then the
functionalized CNTs were dispersed by combined ultrasonic
and SAA treatment. In the obtained CNTs aqueous disper-
sions, the CNTs were well dispersed, and the CNTs functio-
nalized by this process had less structural damage than
those obtained by other covalent modification processes,
which affected their own properties to a lesser extent.
This process is one of the relatively most frequently-used,
effective, and reasonable dispersion processes at present.

2.4.5 Pros, cons, and prospects of non-covalent
modification process

Non-covalent modification process is the most common
process to disperse CNTs, which has better dispersion
effect and causes less damage to CNTs compared to cova-
lent modification process. Although the process is widely
used, it is still not sufficiently studied regarding whether
the CNTs dispersed by SAA are well compatible with the
cementitious materials and whether the properties of CNTs
in the composite can be effectively played and how to
improve their utilization efficiency. The reasonable design
of SAA molecular structure is the key to improve the con-
centration and stability of CNT dispersions, and how to
design the suitable structure of SAA [89] is the problem
that need to be explored more deeply.

2.5 Comparison of the characteristics and
effects of four types of dispersion
processes

We compare and evaluate the above four dispersion pro-
cesses. The four processes and their combinations are

um ] 1u0-011 15.0kV 10.8mm x50.0k SE(M)

Figure 7: Microstructure of NRC doped with 0.2% CNTs after dispersed with [48]: (a) GA (low magnification); (b) GA (high magnification); (c) SDBS/Tx10
combination (low magnification); (d) SDBS/Tx10 combination (high magnification).
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graded according to three criteria: the concentration, dis-
persion effect, and degree of damage of CNTs. The compar-
ison and evaluation results are shown in Figure 8.

In Figure 8, we have determined the degree of damage
and dispersion effect into four separate grades. The grading
criteria for the damage degree are listed below. “No” means
that there is basically no structural damage to the dispersed
CNTs, and the performance is not affected; “Less” means
that the dispersed CNTs are less damaged, only a small
part of the structure is damaged, or the structure is not
damaged, but the performance of CNTs is affected to some
extent; “Average” means that most of the CNTs are damaged,
but the degree of damage is average and the performance is
greatly affected; “Severe” means that most of the CNTs are
severely damaged, and the performance is also severely
affected.

The dispersion effect is graded as follows: “Good” means
that CNTs are basically well dispersed and their perfor-
mance is not affected or minimally affected; “Average”
means that most CNTs are well dispersed but their perfor-
mance is affected to some extent; “Poor” means that some
CNTs are separated from the agglomerates or more CNTs are
well dispersed but the performance is seriously affected;
“Very poor” means that the CNT agglomerates are not dis-
persed and the performance of CNTs is seriously impaired.

As can be seen from Figure 8, “H” process severely
damages the structure of CNTs and the dispersion effect
is poor. Its advantage is that it can be used for the disper-
sion of CNTs at ultra-high concentrations, which is far
superior to other processes. The ultrasonic process is less
damaging to CNTs, but the single process has limited effect
on the dispersion of CNTs. The dispersion effect of “C” and
“N” is similar, but “C” is more likely to damage CNTSs.
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Considering the degree of damage and dispersion effect,
the best dispersion process is “U + C + N.”

2.6 Effects of other processes on the
dispersity of CNTs in aqueous systems

Each of the above processes can disperse CNTs more effec-
tively, but the traditional processes may have some chal-
lenges. At present, finding new methods to disperse CNTs
and giving full play to the excellent performance of CNTs
are still the focus of research on NRC.

Cui [90] invented a dispersion method of CNTs based
on the thermal excitation by electric arc, which could dis-
perse CNTs in the gas-phase environment. And then, the
matrix was modified by the dispersions. Finally, the CNTs
are collected in the solvent by reasonable technical methods.
The essence of this method is to cause the instantaneous
boiling of the jumping medium doped with CNTs through
the instantaneous input of high-density energy flow of
electric arc, and the high-pressure gradient formed by
the instantaneous boiling make the agglomerates “explode”
and disperse to form flocculent CNT dispersions. The jumping
medium is a liquid that can vaporize and expand rapidly
when excited by high heat instantaneously, which plays the
role of vaporization and expansion medium during the whole
dispersion process, but does not affect the structure and com-
position of the final CNT dispersions. The schematic diagram
of dispersion of CNTs by arc thermal excitation process is
shown in Figure 9(a). Ghavidel et al [91] proposed a new
process for dispersion of CNTs based on the hydrodynamic
stress to which the CNTs were subjected during the electric
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Figure 8: Evaluation of the comprehensive dispersion effect of different dispersion processes.
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Figure 9: Schematic diagram of dispersing carbon nanotubes by different processes: (a) arc thermal excitation [90]; (b) electromagnetic field-induced

[91]; and (c) CBP dispersion process [92].

field orientation. The main innovation lied in the length con-
servation of CNTs and the real-time control of the dispersity.
In this process, the CNTs were separated from the agglomer-
ates by switching the magnetic field in different directions to
frequently induce the movement of the CNTs. Figure 9(b)
showed the dispersion effect of CNTs by ultrasonic treatment
and electromagnetic field-induced process. Oka et al [92]
developed the novel high-speed dispersion device using cavi-
tation bubble plasmas (CBP) to disperse CNTs uniformly in
ion exchange water by CBP treatment without adding disper-
sant. With the increase in CBP treatment time, the mass of
CNT agglomerates in ion exchange water became smaller and

more uniformly dispersed. The schematic diagram of disper-
sion of CNTSs by CBP dispersion process is shown in Figure 9(c).
Zhao et al [93] used the rapid expansion of CO, in the super-
critical state to disperse CNTs. CNTs were placed in a super-
critical CO, suspension (supercritical CO, are those that remain
in the liquid state under high temperature and pressure con-
ditions), and the CO, was rapidly expanded by a microfine
nozzle to promote the uniform dispersion of CNTSs.

The new dispersion processes have their own unique
advantages and can effectively avoid the adverse effects
caused by traditional methods, but they also create new
problems. For example, they may hinder the compatibility
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of CNTs with cementitious materials, etc. Therefore, more
detailed studies are needed to explore in the future.

3 CNTs dispersion in cementitious
materials systems

As described in the introduction, CNTs are mostly mixed
with cementitious materials in the form of CNTs aqueous
dispersions when they are applied to cementitious mate-
rials. There are fewer means to directly disperse CNTs in
cementitious material systems, and only in situ growth
techniques are mainly available at present. Therefore,
the research on CNTs dispersion in cementitious material
systems mainly focus on the compatibility of aqueous dis-
persions with cementitious material systems, etc.

3.1 Problems of CNTs aqueous dispersions
applied to cementitious materials

3.1.1 Dispersion process weakens the properties of CNTs

Currently, the dispersion process of CNTs in aqueous mate-
rials has been more effective. As can be seen from Section
1, the process with the best dispersion effect is “U + C + N,”
taking into account various factors. However, even the CNT
dispersions dispersed by this process still have problems
when applied to cementitious material systems. There are
two main reasons for this. One is that the polar functional
groups introduced on the covalently modified CNTs affect
the hydration of cementitious materials [94]. The other is
that the electrical, thermal, and magnetic properties of CNTs
are affected by the polymer-insulated SAA coating [95].
Batiston et al [96] covalently modified CNTs using a mixed
solution of H,SO, and HNO; and used them to modify
cementitious materials. It was found that the hydration
kinetics of cementitious materials incorporated with modi-
fied CNTs were delayed or even decreased. The CNTs rich in
polar functional groups could attract large amounts of water
and affect cement clinker hydration. It was also found that
the Ca(OH), could effectively alleviate the delayed hydration
phenomenon, thanks to the neutralization effect of alkaline
Ca(OH), with acidic polar functional groups. Metaxa et al
[97] dispersed CNTs (0.05-0.2 wt%, length >5 um, diameter
20-45 nm) using conventional SAA (SDBS and Tx100), HNO;,
and high efficiency water-reducing agent (CC198), respec-
tively, and then applied CNTs to modify cementitious mate-
rials. The results showed that the resistivity of the mortar
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prepared with SAA-dispersed CNTs was slightly reduced
(10%), the electrical and mechanical properties of the mortar
prepared by the second process were not changed, and the
CNTs dispersed with water-reducing agent could perform
well, and the resistivity of the mortar prepared with the
CNTs was reduced by 60%, and the flexural and compressive
strengths were increased by 25 and 10%, respectively. More-
over, if SAA doping is not well controlled, there will exist
reversed micelles and obvious air-entraining effect, which
will seriously affect the final performance of NRC. Therefore,
the SAA doping needs to be strictly controlled, preferably not
exceeding 1 wt%.

And, regardless of the use of any of the processes men-
tioned in Section 1, there is a common problem. Limited by
the attraction of cement clinker particles, the weak com-
patibility of dispersant with cementitious materials and
the strong alkalinity of pore solution of cementitious mate-
rials, CNTs dispersed in aqueous systems may agglomerate
again after mixing with cementitious materials [98]. Men-
doza et al. [99] used ultrasonic treatment and non-covalent
modification process to disperse CNTs in water. To inves-
tigate whether the dispersed solution can also be stably
dispersed in pore solution of cementitious material, the
pore-like solution was prepared using Ca(OH),. By ana-
lyzing the state of CNTs dispersion in this solution, it was
found that some CNTs showed secondary agglomeration.
The adsorption of Pozzolith 460 type superplasticizer
(SP) on the surface of CNTs weakened in alkaline envir-
onment, which also lead to the electrostatic repulsion
weakening between CNTs and SP molecular, resulting in
CNTs poorly dispersed in the cementitious system. Sil-
vestro et al [100] investigated the dispersion of car-
boxyl-functionalized CNTs in pore solution of silicate-like
cementitious materials and found that the dispersion of
CNTs became significantly weaker in this system. They
also prepared NRC using 0.1wt% CNTs and found that the
compressive strength of the NRC did not have significant
change before and after the addition of CNTs. The micro-
and nano-pores in NRC decreased but the macro-pores
increased, which was the main reason for the lack of
improvement in its mechanical properties.

3.1.2 Remaining challenges in CNTs dispersion

In addition to the above issues, there are still many pro-
blems about how to effectively utilize CNTs in cement
matrix [101], the details are as follows. (1) How to improve
the compatibility between CNTs and the components of
cementitious materials is yet to be studied. (2) The synth-
esis, separation and purification, dispersion process, and
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dispersion characterization of CNTs have cumbersome
operation steps, high technical content, instrument preci-
sion requirements, and costs. There is a need to develop
fast, simple, and low-cost means of dispersion and charac-
terization. (3) The dispersion methods of CNTs mainly focus
on SAA coating, strong acid oxidation, and physical disper-
sion. The research and application of new dispersion pro-
cesses are less. (4) The interaction mechanisms of CNTs
with cementitious materials is not fully understood. The
existing strengthening mechanisms, such as fiber bridging,
fiber pull-out, nucleation, and network distribution, cannot
fully explain the interaction between the two. (5) NRC is
prone to the problem of insufficient long-term durability,
and it remains to be studied whether NRC will lose strength
or its brittleness will increase after a long time. (6) CNTs
cannot be arranged in an orderly distribution in cementitious
materials, which will lead to less performance enhancement
of cementitious composite and lower utilization of CNTSs. The
existing dispersion techniques are difficult to orient and
arrange CNTs, especially to make them uniformly arranged
along the force direction in NRC.

3.2 Methods for maintaining the properties
of CNTs when blended into cementitious
materials

The CNTs are covalently modified to some extent by weak
oxidant such as Fenton or O;, and then the water-reducing
agent is used as CNTs dispersant synchronously to obtain
the best dispersion effect combined by ultrasonic treatment.
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The CNTs dispersed by the above process can be applied to
cementitious materials to effectively improve their compre-
hensive performance. First, it can improve the surface
hydrophilicity of CNTs to a certain extent; second, it will
not significantly reduce the length-to-diameter ratio and
structure integrity of CNTs; third, the water reducing agent
is used as SAA simultaneously without worrying about the
incompatibility of other commonly used dispersants of CNTs
with cement-based systems, which affects the hydration of
cement; fourth, the weak oxidant and water reducing agent
with many hydrophilic groups will not significantly affect
the excellent mechanical and electrical properties of NRC
[88,95]. Figure 10 shows the FTIR of CNTs before and after
Fenton/UV modification and piezoresistive properties of
NRC doped with 0.3% CNTs under cyclic loading. The CNTs
dispersed by such process had good dispersity while main-
taining the electronic structure integrity. The resistivity
peak of the piezoresistive curve of NRC was maintained at
0.23 under cyclic loading with good stability, and the piezo-
resistive sensitivity of the NRC was substantially improved
up to 137.5 [88].

3.3 Methods for maintaining the dispersity
of CNTs dispersion when blended with
cementitious materials

Although the alkaline pore solution in cementitious material
affects the dispersity of CNTs, the CNTs with impaired dis-
persion effect still can improve the bulk performances
of NRC. Du et al [102] used methylcellulose to stabilize
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Figure 10: FTIR of CNTSs after Fenton/UV modification and piezoresistive properties of NRC doped with 0.3% CNTs under cyclic loading [88]: (a) FTIR
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0.08 wt% CNTs (CNTs modified by water-reducing agent and
dispersed by sonication) in a multi-cementitious material
consisting of silicate cement, fly ash (FA), and silica fume
(water-to-cement ratio of 0.6). The pore structure of the
CNTs-doped cementitious material was found to be signifi-
cantly improved, and the compressive strength was signifi-
cantly increased. It indicated that the dispersion of CNTs in
cementitious material could be maintained by additional
admixture of stabilizers for cementitious system in addition
to the CNTs dispersion using other processes. Li et al. [26]
compared the dispersion of CNTs, carboxy-functionalized
CNTs, and low-temperature plasma-modified CNTs in the
pore solution and their respective enhancement effects on
silicate cementitious materials. It was found that a large
number of oxygen-containing functional groups appeared
on the surface of low-temperature plasma-modified CNTs,
which could show good dispersion in the pore solution after
mixing with water reducing agents. The mechanical proper-
ties of the cementitious materials showed more positive
effects, with flexural and compressive strengths increased
by 37.1 and 17.4%, respectively, which were much higher
than the other two types of CNTs.

The above study illustrates that alkaline cementitious
pore solution has a significant degrading effect on the dis-
persibility of CNTs. Although, this problem can be improved
to some extent by incorporating stabilizers into cementi-
tious materials or modifying CNTs using more efficient pro-
cesses. This problem is still a critical factor that prevents
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nanomaterials such as CNTs and graphene, from fully
exploiting their applications in cementitious materials.

3.4 In situ growth techniques

3.4.1 Effects of in situ growth process on the dispersity
of CNTs

In situ growth techniques are applied to grow CNTs directly
on the matrix to form CNTs-based composite by specific
methods. Its huge development potential has attracted
the attention of many scholars. Geraldo et al. [103] used
CVD to synthesize CNTSs in situ on sand grains. The optimum
temperature and ethylene flow rate for CNTs growth were
found to be 750°C and 300 sccm. Both methods, direct doping
of functionalized CNTs and in situ growth of CNTs, improved
the flexural strength of the mortars. But compared with the
former (12% improvement in flexural strengths), the flex-
ural strength of the composite prepared by the in situ
growth process was doubled by 26% with the same dosage
of CNTs. Ludvig et al. [50] synthesized CNTs by CVD using
silicate cement clinker as carriers and converter furnace ash
as iron precursors. Compared with other commonly used
materials for CNTs synthesis, these materials had lower
purity, more complicate composition, difficult particle size
control, and lower cost. The obtained products were fibrous
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Figure 11: SEM images of CNT@Cem grown at different temperatures [104]: (a) 450°C; (b) 550°C; (c) 650°C; (d) 750°C; and (e) 850°C. (f) BET surface

areas of the CNT@Cem grown at different temperatures.
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Figure 12: Optical images of C-MCWNT and CNT@FA suspension doped with 2.0 wt% CNTs [106]: (a) C-MCWNT and (b) CNT@FA.

in structure and had more defects. It was also pointed out
that if silica fume and FA were used as carriers, higher
levels of carbon deposition, thinner diameter, and higher
quality CNTs could be obtained. But there were no signifi-
cant differences in the mechanical properties of NRC mod-
ified by the above two kinds of CNTs with different qualities.
Ding et al. [104] used Ni—Al cement, processed from cement,
nano-Al,0;, and Ni(NOs)3'9H,0, as the CNTs growth catalyst
to generate CNTs on cement particles (CNTs@Cem) by CVD
method, which effectively alleviated the CNTs agglomera-
tion problem and improved the preparation efficiency of
NRC. By analyzing the effect of different temperatures on
the growth efficiency of CNTs, it was found that the optimal
growth temperature of CNTs was 550-650°C when nickel
was used as the growth catalyst, and the effect of tempera-
ture on the growth of CNTs@Cem is shown in Figure 11. The
hierarchical structure of CNT@Cem integrated the dual
functions of strengthening and conduction, which effec-
tively improved the mechanical and self-sensing properties
of the composite. The self-sensing cementitious materials
prepared by this method were found to have excellent sen-
sitivity and repeatability. Nasibulin et al. [105] synthesized
novel nanocomposites, CNTs, and carbon fibers, by using
cement particles as catalyst and carriers, and they adsorbed
on cement particles with good dispersity. The method had
high efficiency in synthesizing CNTs under low temperature
conditions, and the compressive strengths of NRC could be
increased by a factor of 2 and electrical conductivity by a
factor of 40 after curing in water for 28 days. The combined
process of “ultrasonic combined with in situ growth” is often
used to disperse CNTs owing to superior dispersion effect.
Zhan et al. [106] synthesized CNTs in situ on the surfaces of
FA (CNT@FA) and significantly improved the dispersity of
CNTs in combination with the ultrasonic treatment, resulting
in NRC with excellent strain-sensing and mechanical proper-
ties. The carboxy-functionalized multi-walled CNTs (C-MWCNT)
re-agglomerated with the average area of agglomerates
1,367 pmz after sonication; in contrast, the CNT@FA dispersion

was more stable with the majority of agglomerates of less
than 100 um? Optical microscopy images of C-MWCNT and
CNT@FA suspension with 2.0 wt% CNTs are shown in Figure 12.
At monotonic compressive load in the elastic range, the mortars
containing CNT@FA exhibited superior strain sensing sensitivity,
and the maximum resistivity change of CNT@FA mortars was
one order of magnitude higher than that of CMWCNT mor-
tars at the same concentration of CNTS.

The reviews of studies on the dispersion of CNTs by in
situ growth process is shown in Table 5. Compared with the
first four kinds of dispersion processes, this process does
not cause serious damage to the structure of CNTs. It can
also be seen from the above research results that the CNTs
growth carriers are mainly cement particles and mineral
admixtures. It means that there exist good compatibility
between CNTs prepared by this process and cementitious
materials. The excellent properties of CNTs can be advanta-
geously explored, and the mechanical and self-sensing prop-
erties of NCR are significantly better than those of NRC pre-
pared by the first four kinds of dispersion processes.

3.4.2 Pros, cons, and prospects of in situ growth
techniques

In situ growth of CNTs on the matrix yields well-dispersed
CNTs, and more importantly, it can also eliminate the com-
plex dispersion processes and improve the preparation
efficiency of CNTs-based composite, so the techniques have a
broad prospect for exploration and application. However, the
research on the preparation of CNTs using in situ growth
method on cementitious materials are modest. How to effec-
tively control the growth direction and rate of CNTs on cement-
based carriers still lacks a mature technique. In addition, the
techniques have low efficiency and high cost for synthesizing
CNTs, which makes them incapable of being directly applied to
engineering. Further research to solve the above problems will
enable better utilization of the novel techniques.
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Table 5: Reviews on the dispersion of CNTs in cementitious materials by in situ growth process

Remarks

Processes

Carriers

Catalysts

Carbon sources

Yibo Gao et al.

CNTs prepared by in situ growth process possessed superior dispersity, performance

enhancement effect on NRC [50,103-105]

CcvD

Mixed catalyst containing iron and  Sand grains
cobalt

Ethylene

Silicate cement clinker,

Iron-containing catalysts
silica fume

Acetylene

Cement particles

Ni-Al cement

Cement particles
Iron catalyst

Ultrasonic combined with in situ growth process could break CNT aggregates well [106]

Microwave irradiation

FA

Cyclopentadieny!
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4 Conclusion and outlook

CNTs, as the nanoscale fiber materials with excellent per-
formance, have broad application prospect in composite
materials. How to effectively disperse CNTs is the key to
give full play to their excellent properties and prepare
NRC. Finding an efficient, economical, and reasonable dis-
persion process is the prerequisite for NRC to be used in
industrial mass production.

Most scholars prefer to disperse CNTs in aqueous sys-
tems, and then use CNT dispersions to modify cementitious
materials. The main processes for CNTs dispersion in aqu-
eous systems include the following. High shear emulsifica-
tion and ultrasonic treatment process are two common
physical dispersion processes. However, the dispersion
effect differs greatly between the two. High shear emulsi-
fication process is difficult to disperse the core part of CNT
agglomerates, and it also damages the CNTs themselves so
that they lose their inherent properties. In comparison,
ultrasonic treatment provides more kinetic energy to dis-
perse CNTs and the mechanical damage to CNTs is less.
Covalent modification process can introduce reactive func-
tional groups on CNTs to improve the dispersity and solu-
bility of CNTs. This method is complicated and requires
more demanding concentration of strong acid dispersant
and treatment time, and can easily destroy the molecular
structure of CNTs. In comparison, non-covalent bond mod-
ification process tends to be more favorable for CNTs dis-
persion. The main form of non-covalent modification
process is to modify the CNTs with SAA to make the repulsive
force between CNTs to achieve the purpose of dispersion of
CNTs. It is worth noting that the non-covalent modification
process also has its defects, and the functionalities of CNTSs,
such as their own electrical conductivity, magnetic conduc-
tivity, and optics, will be somewhat reduced after being
encapsulated by inappropriate SAA.

The dispersion of CNTs, which are stably dispersed in
aqueous systems, deteriorates when mixed with alkaline
cementitious pore solution. Therefore, maintaining CNTs
dispersion in the cementitious material systems is another
important prerequisite to fully utilize the properties of
CNTs. The influence of CNTs dispersion on the pore solu-
tion of cementitious materials can be reduced by selecting
suitable SAA, doping with dispersion stabilizer, low-tem-
perature plasma-modified CNTs, and other processes. In
situ growth process is an emerging method for the direct
preparation of dispersed CNTs, which can leave out the
complex process of traditional dispersion methods, simplify
the dispersion process. The dispersed CNTs can more effec-
tively improve the various properties of cementitious mate-
rials. However, the synthesis efficiency is low, the dispersion
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cost is high, and it is difficult to control the growth of CNTs
effectively.

At present, the dispersion mechanism of CNTs mainly
contains: wetting, electrostatic repulsion, steric effects etc.
A full understanding of the dispersion mechanisms of dif-
ferent dispersion processes is a prerequisite for the reason-
able combination and application of multiple dispersion
processes. There are still many challenges that need to be
solved for practical applications of CNTs and CNTs modified
cementitious materials in civil engineering, such as novel
high-efficiency aqueous dispersants optimization for CNTs,
the regular arrangement achievement of CNTs during the
dispersion process, synthesis cost of CNTSs, etc.
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