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Abstract: The incorporation of carbon nanotubes into cementitious composites increases their com-
pressive and flexural strength, as well as their electrical and thermal conductivity. Multiwalled
carbon nanotubes (MWCNTs) covalently functionalized with hydroxyl and carboxyl moieties are
thought to offer superior performance over bare nanotubes, based on the chemistry of cement binder
and nanotubes. Anionic carboxylate can bind to cationic calcium in the hydration products, while
hydroxyl groups participate in hydrogen bonding to anionic and nonionic oxygen atoms. Results
in the literature for mechanical properties vary widely for both bare and modified filler, so any
added benefits with functionalization are not clearly evident. This mini-review seeks to resolve
the issue using an analysis of reports where direct comparisons of cementitious composites with
plain and functionalized nanotubes were made at the same concentrations, with the same methods
of preparation and under the same conditions of testing. A focus on observations related to the
mechanisms underlying the enhancement of mechanical strength and conductivity helps to clarify
the benefits of using functionalized MWCNTs.

Keywords: cement; composites; carbon nanotubes; functionalization; concrete; compressive strength;
mortar

1. Introduction

Cementitious materials played a key role in the urbanization of modern economies,
with utilization in the construction of commercial and residential buildings. Today, concrete
remains an essential element in building construction and in the development of trans-
portation infrastructure as an integral component to bridges, overpasses and pavement,
such as in the interstate system of the United States. The importance of these materials has
meant ongoing efforts to improve the properties of binder and concrete and to develop new
uses with sustainability in mind. Many recent advances in the properties of cement paste,
mortar and concrete have been through the incorporation of nanoparticles (NPs). Several
reviews describe the benefits of composites with NPs of SiO,, TiO,, Al;O3 and other oxides
which can increase strength under compression and tension [1-6].

Carbon nanotubes stand out as a subgroup of NPs because of their distinctive structure
and remarkable features including high aspect ratio and electrical conductivity. Composed
of an array of unsaturated hexagonal carbon rings, carbon nanotubes exist in zigzag,
armchair and chiral forms (Figure 1). Multi-walled carbon nanotubes (MWCNTSs) consist
of a series of concentric, coaxial cylinders with diameters typically 20-50 nm, much larger
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than the 1 nm diameter of a single-walled carbon nanotube. These small diameters mean a
high aspect ratio for lengths as high as 10 microns or more [7,8].

Due to lower cost and greater resistance to compression, MWCNTs are more widely
used in composites than in single-wall forms. With tensile strengths on the order of
50-150 GPa [9,10], far greater than steel, carbon nanotubes offer the prospect of mitigating
susceptibility to failure under tension, a well-known weakness of cementitious composites.
Indeed, carbon nanotubes, with their high tensile strength, have shown the ability to reduce
cracking and improve the flexural stress of mortars and cement pastes.

In addition to their physical strength, MWCNTs have high electrical and thermal
conductivities of 2.2 x 10* S/cm [11] and 3 x 10° W/m K [12]. Their electrical conductiv-
ity supports features like electromagnetic shielding, dissipation of static charge and the
piezocharacter that forms the basis for structural health monitoring. With high thermal
conductivity, carbon nanotubes may help to reduce the degradation of structures at extreme
temperatures, though the temperature dependence of MWCNTs thermal conductivity
poses a challenge for this application [13]. These extraordinary properties make MWCNTs
promising components for composites.

Figure 1. Multi-walled carbon nanotubes have been used more frequently than single-walled due to
lower cost. Properties like electrical conductivity vary with the zig-zag, armchair and chiral chemical
structures [14].

Interest in cementitious materials with MWCNTs has been high, with many articles
appearing, and comprehensive reviews available [15-17]. Researchers have focused on the
mechanical properties of compressive and flexural strength in cement paste and mortar
composites with carbon nanotubes. However, findings in the literature have been inconsis-
tent as to the extent of any benefit or even whether there is a benefit with functionalization.
The addition of plain MWCNTs to cement paste [18-22] or mortar [23] has been shown
to raise the compressive strength, while others have observed decreases or no change for
cement paste and mortar composites [24-28]. Flexural strength with pristine MWCNTs at
concentrations of 0.025-1.0 wt% of cement can increase as much as a factor of 2-3 [8] for
cement paste, though increases are more typically 20-30% [18,20,29-31], and to a degree in
mortar [23,32] as well. Yet, there are also reports with little or no improvement in flexural
strength [33,34] for concentrations of 0.015-0.5 wt%.

Understanding the nature of carbon nanotubes led some researchers to propose func-
tionalization of the nanotubes for better performance. The proposal considered the hy-
drophobicity of bare nanotubes, the interaction of MWCNTs with hydration products of
cement, the aqueous processing conditions required and the mechanisms underlying the en-
hanced strength of cement composites. Chemical modification has shown promise, with the
most common methods introducing hydroxyl and carboxylic acid groups to improve prop-
erties. Tests on composites with functionalized MWCNTs have yielded increases as high as
50% in the compressive strength for both cement paste [10,27,33,35] and mortar [22,36-39].
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Similar levels of improvement for flexural strength are known for paste [10,33,40,41] and
mortar [27,36,38,41]. While the modification of MWCNTs can certainly be rationalized,
there are potential problems. The chemical reactions can damage the structure of the carbon
nanotubes, weakening the properties that undergird the potential benefits. Some investiga-
tors found that functionalization yields comparable or worse performance of mechanical
strength than bare MWCNTs [26,39,42,43]. Altogether, these reports create uncertainty
about the merits of using functionalized carbon nanotubes.

It is clearly possible to improve mechanical strength with both nonfunctionalized
and functionalized carbon nanotubes. There is, however, great variability in the results
with pristine MWCNTs, and in the findings with functionalized MWCNTs as well, so
reported values for compressive and flexural strength do not consistently and clearly favor
functionalization. As such, the benefits of functionalization are not readily apparent. The
failure in many investigations of functionalized nanotubes to include pristine nanotube
composite samples for comparison has clouded the picture and not helped to resolve
the question.

The purpose of this study is to examine the hypothesis that nanotube covalent function-
alization improves mechanical and other properties of cementitious composites better than
pristine nanotubes. The question is significant because the treatment of added carboxylic
acid and alcohol substituents has been widely employed with the objective of improving
dispersion and performance. For this review, an extensive search of the literature was
conducted to find studies of cementitious composites incorporating functionalized carbon
nanotubes. Of the many reports in the literature, articles were selected for inclusion and
analysis based on a single, simple objective criterion of whether a pristine nanotube control
was included. The approach yielded results for samples with pristine and functionalized
carbon nanotubes from the same lab. These studies are more likely to have MWCNTs
before and after functionalization of comparable structure and purity, consistent methods
of dispersion, and similar techniques for sample preparation and testing. The scope is
not limited to how functionalization affects mechanical strength. It includes the effect
of functionalization on the mechanisms and properties underlying improved mechanical
strength with MWCNTs with the same criterion applied in the selection of studies. Findings
for properties of cementitious composites associated with strength (e.g., porosity and ag-
gregation) are insightful. The results produce a clearer picture of the functionalization and
mechanical strength of cementitious composites. As for electrical properties, fewer studies
exist where direct comparisons have been conducted, but findings from direct comparisons
of electrical conductivity are also presented. The addition of pristine or functionalized
MWCNTs does reduce resistance or increase the conductivity of cement pastes [44—49] and
mortars [50,51], though not always [52]. To affect this property, the MWCNTs must reach
a minimum concentration for connectivity. The high aspect ratio of the nanotubes acts to
lower the concentration of the percolation threshold over other fillers [53].

2. Functionalization of Multiwalled Carbon Nanotubes

The term functionalization has been used broadly to represent various methods to
cause disaggregation of carbon nanotubes leading to their suspension in water with the
objective of effective mixing to obtain distributed, better integrated nanotubes in the fi-
nal composite. Functionalization changes the surface of the carbon nanotubes and helps
to address the challenge that arises from the hydrophobic chemical nature of MWCNTs.
Hydrophobicity impedes the distribution of the nanotubes in water, and ultimately in
the composite, as the aqueous media is combined with cement and mixed. Not only are
nanotubes not drawn into aqueous media, but their high surface energy with strong van
der Waals attractive forces causes them to resist separation and to reaggregate during
mixing. Distinct nanotubes in process water help ultimately to achieve separated nan-
otubes throughout the cementitious composite after processing. This is important because
the disaggregated nanotubes, whether functionalized or not, contribute to mechanisms
underlying strength improvement.
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2.1. Methods of Functionalization

There is some ambiguity in what functionalization means to different researchers.
Broadly applied, it includes the use of surfactants and polymers to improve the dispersion
of MWCNTs in aqueous media to achieve better mechanical properties of pastes and
mortar. Many, however, consider it limited to methods leading to the addition of covalently
bonded polar substituents to the nanotubes. In this review, our use of functionalization
focuses on nanotubes with covalently linked polar substituents. A common method to add
alcohol and/or carboxylic acid groups employs a mixture of nitric and sulfuric acids. Other
oxidizing conditions for functionalization have been treatment with KMnO,4/H,SO4 [34],
exposure to a low-temperature oxygen plasma [34] and reaction with ozone [49]. Singer
et al. compare methods of oxidation and recommend a milder treatment with hydrogen
peroxide [54]. Harsh conditions can cause degradation, so purification procedures after
oxidation can be important. Removal of carboxylated carbonaceous fragment byproducts
from the oxidation reaction has been reported to have a great effect on performance [25]. In
some studies, the method of functionalization is not specified, only a supplier is indicated.
MWCNTs purchased from companies may be superior in quality, with more time invested
by the company in optimizing preparation and purification after functionalization.

2.2. Surfactants

The challenges to the dispersion of nanotubes in water can be successfully overcome
with surfactants and some polymers [55-57]. The choice and amount of surfactant are
important [58]. For example, the block copolymer surfactant Pluronic F127 outperformed
the anionic sodium dodecylbenzene sulfonate to yield improved flexural and compressive
strengths of mortar loaded with single-walled carbon nanotubes by 7% and 19%, respec-
tively [59]. The optimal concentration of Pluronic F127 was determined from an absence
of aggregation in optical micrographs. Konsta-Gdoutos et al. [29] reported that the opti-
mum surfactant-to-CNTs mass ratio for a uniform dispersion is four, while Zou et al. [30]
suggested a mass ratio of eight for achieving a good dispersion. Use of surfactants gener-
ally requires sonication, which means significant energy, extra time and possible damage
to the nanotubes [58,60]. Li et al. [61] presented the mechanisms of surfactant-modified
MWCNTs treated by ultrasound in an aqueous phase for the comparison of three dif-
ferent types of surfactants: anionic surfactant (sodium dodecyl sulfate, SDS), cationic
surfactant (cetyltrimethylammonium bromide, CTAB) and nonionic surfactant (octylphe-
nol polyoxyethylene ether, OP-10), as shown in Figure 2. The surfactants were employed
to disperse the MWCNTs in aqueous solution with the assistance of ultrasonic waves. In
comparison to anionic and nonionic surfactants (SDS and OP-10), the cationic surfactant
(CTAB) yielded better dispersity of MWCNTs, because of greater electrostatic repulsion
and higher steric resistance [61].

While it is possible to achieve favorable results for mechanical properties with surfac-
tant [58,60], poor results are often obtained [25,28,62]. Surfactants may introduce voids,
and weaken cementitious materials [63]. Siddique et al. found that the use of the surfactant
sodium dodecyl sulfate in the preparation of an MWCNT mortar composite led to foam-
ing and voids with less compressive strength [62]. Others have attributed a decrease in
performance to surfactants carrying excess water into the cement matrix.

Treatment of MWCNTs to form -OH and -COOH groups would seem to offer advan-
tages over surfactants. Functionalization of this type enhances the ability of water to break
up aggregates with little use of sonication. Moreover, surfactants do not provide a covalent
bond to the CNTs, so they are more susceptible to pullout under tension and less able to
transfer forces within the cementitious composite [41]. Functionalization provides a basis
for bonding as detailed below.
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Figure 2. Interactions between MWCNT and surfactant with ultrasonic treatment [61]. Adsorbed
surfactant on the surface of nanotubes acts to overcome van der Waals forces and facilitates dis-
aggregation with ultrasound. Anionic surfactants like sodium dodecyl sulfate (SDS), and cationic
surfactants like cetyltrimethylammonium bromide (CTAB), work by repulsion of like charges and
steric effects. The nonionic octylphenol othoxylate (OP-10) functions by steric interactions only.

3. Mechanisms of Increased Mechanical Strength with Nanotubes and the Effects
of Functionalization

If the hypothesis that functionalization of MWCNTs improves mechanical strength of
composites better than pristine nanotubes is correct, then the difference should be evident
in factors and mechanisms tied to mechanical behavior. In the sections below, properties
known to affect compressive and flexural strength are examined. Results from head-to-head
comparisons are emphasized for support or rejection of the hypothesis.

3.1. Dispersion and Functionalization

Dispersion is important for all NPs, but it is a particular challenge for carbon nanotubes.
Functionalization alone will not achieve adequate dispersion. Mechanical energy input is
needed with sonication to disaggregate the nanotubes in aqueous media and mix to form
pastes and composites. In the absence of a means to overcome van der Waals forces, the
addition of MWCNTs to cementitious materials can have a detrimental effect on mechanical
properties. They must be spread throughout a cementitious composite to be effective, and
that has proven to be difficult. For example, Malikov et al. observed a 27.8% drop in
compressive strength with 0.01% pristine nanotubes that dispersed poorly in concrete [26].

By sonication of nonfunctionalized MWCNTSs, Kumar et al. obtained a 15% increase
in compressive strength and a 36% increase in tensile strength of a cement paste, that
decreased at higher concentrations of nanotubes [20]. At higher concentrations, the drop
in performance was attributed to poorer, nonuniform dispersion, which was evident in
SEM imaging. Paste and mortar composites of both pristine and functionalized MWCNTs
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often exhibit decreasing compressive strength (Table 1A,B) above an intermediate weight
percentage. Similar results have been reported for flexural strength (Table 2A,B). The
reduction in mechanical strength occurring at higher concentrations is caused by reaggre-
gation leading to agglomeration (Figure 3). In contrast, the effect of agglomeration on
conductivity is not clear, due to the inconsistent trends of electrical conductivity (Table 3),
though some data seem to show increasing conductivity over a wider concentration range
of 0.05-2.0% [44,48,64]. Comparison is difficult, with concentrations in these studies based
variously on the volume of cement paste, the weight percent of cement and the weight
percent of the nanocomposite.

Functionalization improves dispersion. In comparative studies, functionalized MWC-
NTs by various methods displayed more effective dispersibility than untreated MWC-
NTs [10,25,34]. Superior dispersibility of modified MWCNTs in water has been demon-
strated by UV-vis absorption, while SEM imaging of microstructure in the composite shows
better dispersion stability in the cement matrix [34].

Whether functionalized or not, nanotube geometry and dimensions affect dispersion.
Compared to short ones, longer, high aspect ratio nanotubes are more difficult to dis-
perse [10,33,65], which can contribute to clumps of MWCNTs or agglomeration (Figure 3).
Even so, long MWCNTs are more effective in improving strength, albeit short nanotubes
at higher concentrations can achieve similar performance [8,33,66]. The diameter of the
nanotubes is also a factor. Manzur et al. examined the compressive strength of cement
composites for seven different sizes of nanotubes, with outer diameters (OD) ranging from
less than 8 nm to greater than 50 nm and with lengths of 10-20 um or 10-30 pm [39]. Both
pristine and bare nanotube samples were tested. Composite compressive strength was
greater for OD less than 20 nm with the smallest diameter functionalized sample yielding
the highest value of 42 MPa for a 0.3% loading at day 28. The result was explained with
smaller size nanotubes filling nanopore void space in the cement matrix more efficiently. At
the same time, smaller diameters mean more surface area and a greater need to overcome
surface energy requirements for dispersion.

Figure 3. Agglomeration of bare MWCNTs in a cement paste composite [67]. MWCNTs reaggregate
at higher concentrations during mixing to form agglomerates. The presence of these structures
weakens the composite. An agglomerate in a composite is outlined in red (a) and shown at higher
magnification (b).

Manzur et al. also concluded that the treatment of MWCNTs with a mixture of
sulfuric and nitric acids introduced functional groups to reduce agglomeration and more
uniformly disperse filler [39]. Similarly, Cui et al. found that functionalization led to
better dispersion, significantly elevating the compressive and flexural strength of both
long and short MWCNTs, relative to the improvement seen with pristine MWCNTs [10].
Hydroxyl-substituted nanotubes proved superior to carboxyl substituents in their study;
though both produced excellent results.
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Table 1. (A) Comparison of compressive strength for cement paste with functionalized, pristine or no
MWCNTs *. (B) Comparison of compressive strength for cement mortar with functionalized, pristine

or no MWCNTs *.
(A)
. . . . . Functional Group
Materials Compression Compression  Compression Concentration
R < .. . . + or Method of Ref.
Cure Time Control Pristine Functionalized Range . NS
Functionalization
MWCNTs ;Zg gﬁffé)l Nitric/Sulfuric
Cement Paste ~45 MPa ~52 MPa 0.1% . [35]
(silica fume)@14d ~72 MPa Acid
(with surf)
MWCNTs gi) ﬁlﬁj o 60 (??f"/p e Nitric and
Comen: Paste 36 MPa 13 MPa 65MPa 0.05% Sulfuric Acids (251
) 59 MPa 0.09%
MWCNTs 96.5 MPa 101.1 MPa 0.05% of paste
Cement Paste@2sd -0 MPa 93.8 MPa 100.8 MPa 0.1% -COOH [631
~115 MPa ~125 MPa 0.1%
CLI‘;“i %ngg 4 ~9%5MPa ~110 MPa ~158 MPa 0.5% -OH [10]
ement aste ~112 MPa ~120 MPa 0.8%
~115 MPa ~130 MPa 0.1%
CL;ni tl\fjwfgz 4 ~9%5MPa ~110 MPa ~145 MPa 0.5% -COOH [10]
cment raste ~112 MPa ~145 MPa 0.8%
Short ~100 MPa ~90 MPa 0.1%
MWCNTs ~95 MPa ~115 MPa ~155 MPa 0.5% -OH [10]
Cement Paste@28d ~75 MPa ~95 MPa 0.8%
Short ~100 MPa ~95 MPa 0.1%
MWCNTs ~95 MPa ~115 MPa ~135 MPa 0.5% -COOH [10]
Cement Paste@28d ~75 MPa ~85 MPa 0.8%
58.9 MPa 64.1 MPa 0.015%
67.9 MPa 66.6 MPa 0.05%
C mI\/IIX\]IS:a I\{[TS@ZS d 54.1 MPa 64.7 MPa 56.4 MPa 0.1% -COOH [33]
ement Faste 57.9 MPa 55.3 MPa 0.25%
57.6 MPa 53.4 MPa 0.5%
58.9 MPa 64.4 MPa 0.015%
67.9 MPa 66.1 MPa 0.05%
Com S g 541MPa 64.7 MPa 62.1 MPa 0.1% -OH [33]
ement aste 57.9 MPa 57.6 MPa 0.25%
57.6 MPa 57.7 MPa 0.5%
MWCNTs - .
Cement Paste 48.6 MPa 50.8 MPa 54.5 MPa 0.1% Nlt“‘xs.glfum [68]
Cure? “
(B)
. . . . . Functional Group
Materials Compression Compression  Compression Concentration
. < . . . + or Method of Ref.
Cure Time Control Pristine Functionalized Range . NS
Functionalization
MWCNTs ~51 MPa ~52 MPa 0.05%
Cement ~46 MPa ~49 MPa ~54 MPa 0.1% -COOH [34]
Mortar@28d ~49 MPa ~50 MPa 0.2%
MWCNTs ~51 MPa ~53 MPa 0.05% Low temperature
Cement ~46 MPa ~49 MPa ~54 MPa 0.1% p [34]

Mortar@28d ~49 MPa ~57 MPa 0.2% plasma
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Table 1. Cont.

(B)

Functional Group

Mater{als Compression Coml.)re?ssmn CompreSS}on Concentrailon or Method of Ref.
Cure Time Control Pristine Functionalized Range . NS
Functionalization
~ ~ 00
o SR (VG
Cement ~37 MPa . -COOH [40]
Mortar@28d ~39 MPa ~41 MPa 0.3%
~37 MPa ~35 MPa 0.5%
e R Y R
Cement ~37 MPa o -COOH [40]
Mortar@28d ~39 MPa ~40 MPa 0.3%
~37 MPa ~36 MPa 0.5%
MWCNTs :33,5 igz ~40 MPa 8;;
Cement ~37 MPa ~42 MPa e -COOH [40]
Mortar@28d ~39 MPa ~42 MPa 03%
~37 MPa 0.5%
o R (VO
Cement ~37 MPa e -COOH [40]
Mortar@28d ~39 MPa ~36 MPa 0.3%
~37 MPa ~33 MPa 0.5%
MWCNTs
Cement 72.1 MPa 88.8 MPa 82.1 MPa 0.05% -COOH [69]
Mortar@28d
MWCNTs
Cement 72.1 MPa 88.8 MPa 85.3 MPa 0.05% -OH [69]
Mortar@28d
MWCNTs
Cement ~46 MPa ~50 MPa :gé Ilt/ga 0.15% _(EggH [22]
Mortar@14d 2
MWCNTs
Mortar with 30% ~59 MPa ~56 MPa :Z; i/ga 0.15% _(;SI?IH [22]
fumed sllica@14d a
MWCNTs
Mortar with 30% ~59 MPa ~56 MPa :Z; i/ga 0.15% -(;82H [22]
fumed sllica@14d a
* The tilde symbol “~” indicates values estimated from graphical presentations of results. ¥ Weight percent of

cement. ¥ Functional group if specified or method of modification otherwise.

Table 2. (A) Comparison of flexural strength for cement pastes with functionalized, pristine or no
MWCNTs *. (B) Comparison of flexural strength for cement mortar with functionalized, pristine or

no MWCNTs *.
(A)
. . Functional Group
Materials Flexural Flexural Flexural Concentration
. . . . + or Method of Ref.
Cure Time Control Pristine Functionalized Range . N
Functionalization
~13 MPa ~9 MPa 0.1%
CeL;réi tl\f,‘lggz 4  ~85MPa ~11.5MPa ~11 MPa 0.5% -OH [10]
~12.5 MPa ~11 MPa 0.8%
~13 MPa ~13 MPa 0.1%
Long MWCNTs o
Cement Paste@28d ~8.5 MPa ~11.5 MPa ~12 MPa 0.5% -COOH [10]

~12.5 MPa ~13.5 MPa 0.8%
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Table 2. Cont.

(A)
. . Functional Group
Materials Flexural Flexural Flexural Concentration
. . L. . . t or Method of Ref.
Cure Time Control Pristine Functionalized Range . NS
Functionalization
Short ~9 MPa ~11 MPa 0.1%
MWCNTs ~8.5 MPa ~10.5 MPa ~15.5 MPa 0.5% -OH [10]
Cement Paste@28d ~9 MPa ~8 MPa 0.8%
Short ~9 MPa ~10.5 MPa 0.1%
MWCNTs ~8.5 MPa ~10.5 MPa ~13.5 MPa 0.5% -COOH [10]
Cement Paste@28d ~9 MPa ~10 MPa 0.8%
MWCNTs ~4.8 MPa 2161551\1/1[1{;;1 Sulfuric and
Cement Paste ~4.3 MPa . 0.1% of paste e [35]
- (with surf) ~5.7 MPa nitric acid
(silica fume)@14d .
(with surf)
MWCNTs Cement 1.5 MPa 1.6 MPa 4.7 MPa 0.1% Sulfuric and [68]
Paste Cure? nitric acid
9.0 MPa 8.7 MPa 0.015%
10.3 MPa 9.3 MPa 0.05%
Cemﬁ‘:vli IZES@ZS d 7.7 MPa 9.4 MPa 8.4 MPa 0.1% -COOH [33]
8.8 MPa 7.1 MPa 0.25%
8.3 MPa 6.4 MPa 0.5%
9.0 MPa 8.7 MPa 0.015%
10.3 MPa 9.3 MPa 0.05%
CemlzszSa I;ES@ZS d 7.7 MPa 9.4 MPa 8.8 MPa 0.1% -OH [33]
8.8 MPa 8.1 MPa 0.25%
8.3 MPa 6.7 MPa 0.5%
(B)
. . Functional Group
Materials Flexural Flexural Flexural Concentration
. . - . . t or Method of Ref.
Cure Time Control Pristine Functionalized Range . N
Functionalization
MWCNTs ~7.9 MPa ~8.5 MPa 0.05%
Cement ~7 MPa ~8.2 MPa ~9.6 MPa 0.1% -COOH [34]
Mortar@28d ~7.2 MPa ~9.0 MPa 0.2%
MWCNTs ~7.9 MPa ~8.9 MPa 0.05% Low temperature
Cement ~7 MPa ~8.2 MPa ~8.1 MPa 0.1% lasfr’n . [34]
Mortar@28d ~7.2 MPa ~8.3 MPa 0.2% P
MWCNTs
Cement 10.3 MPa 13.3 MPa 12.1 MPa 0.05% -COOH [69]
Mortar@28d
MWCNTs
Cement 10.3 MPa 13.3 MPa 11.6 MPa 0.05% -OH [69]
Mortar@28d
MWCNTs
Mortar with 30% ~4.4 MPa 5.9 MPa :22 ll\\ﬁjz 0.15% _C.gl(—)IH [22]
fumed sllica@14d ’
* The tilde symbol “~” indicates values estimated from graphical presentations of results. ¥ Weight percent of

cement. ¥ Functional group if specified or method of modification otherwise.
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Table 3. Comparison of electrical conductivities for cement pastes with functionalized, pristine or no

MWCNTs *.
Materials Cure Electrical Electrical Electrical Concentration Func;i/;n:;l grofup or Ref
Time Control Pristine Functionalized Range * Letnoa ot el
Functionalization ¥
MWCNT ~2.54 x 1077 S/cm ~4.46 x 1077 S/cm 0.05% -C=0 from PVAc
Cements ~2.03 x 107 S/cm ~3.09 x 1077 S/cm ~8.15 x 1077 S/cm 0.1% -NH from PIn [45]
Paste@28d ’ ~3.97 x 1075 S/cm ~8.56 x 10*S/cm 0.3% (Admicellar
~9.02 x 1074S/em  ~5.20 x 1073 S/cm 0.5% polymerization)
MWCNTs ~397 x107S/cm  ~8.46 x 107 S/cm 0.1% g rom PVAC
Cement ~1.32x1077S/em  ~3.82 x 107°S/cm ~5.96 x 107 S/cm 0.3% (Grafting [46]
—4 - %o .8
Paste@28d ~694x107#S/em  ~312x 1073 S/cm 0.5% polymerization)
Short 9
MWCNTSs ~155 Q-m ~162 O-m O.lo/o
Coment ~200 O-m ~130 Q-m ~117 Q-m 0.5% -COOH [48]
Paste@28d ~179 O-m ~190 O-m 0.8%
Short
~155 Q'm ~151 m 0.1%
Ng’evnfgf ~200 Q'm ~130 Q-m ~178 Q-m 0.5% -OH 48]
Paste@28d ~179 O-m ~159 O-m 0.8%
Long MWCNTs ~150 O-m ~140 O-m 0.1%
%ement ~200 Q'm ~145 Q-m ~100 O'm 0.5% -COOH [48]
Paste@28d ~149 O'm ~90 O-m 0.8%
LonéMWCNTs ~150 Q-m ~210 Q-m 0.1%
ement ~200 O-m ~145 O-m ~120 O-m 0.5% -OH [48]
Paste@28d ~149 O-m ~130 Q-m 0.8%
MWCNTs ~610 AR/Q) ~596 AR/Q) 0.1%
Cement - ~600 AR/Q) - 0.5% -COOH [70]
Paste@30d ~575 AR/Q) - 2.0%
MWCNTs
17.16 O-m 15.13 O'm 1291 O-m
Cement 1% H,S04-HNO;3 [49]
Paste@28d& 90d 401.07 Q-m 291.03 O-m 207.47 O-m
MWCNTs
17.16 Q-m 15.13 Q-m 14.14 O-m
Cement . 3 ) 1% Ozone (O3) [49]
Paste@28d & 90d 401.07 O'm 291.03 Q-m 126.96 )-m
MWCNTs
17.16 Q-m 15.13 O-m 14.73 O-m
Cement . . ) 1% 03-NaOH [49]
Paste@28d & 90d 401.07 Q-m 291.03 O-m 50.35 O-m
3.0 x 10° Q'm, 15 min
MWCNTs 6 ! . -
3.3 x 10° (3-m, 30 min -COOH, Oxidation
6 6 7, [ s
Cement 3.7 x 10° O-m 3.6 x 10° Q-m 1.9 % 105 Chom. 45 min 0.1% fime (68]
Paste@1d ,
1.1 x 10° Q-m, 60 min
* The tilde symbol “~” indicates values estimated from graphical presentations of results.  Weight percent of

cement. ¥ Functional group if specified or method of modification otherwise.

Findings for aspect ratio were consistent with the work of Mazur et al. Long MWC-
NTs (10-30 pm, outer diameter less than 8 nm) generally outperformed short nanotubes
(0.5-2 pm, outer diameter less than 8 nm) in mechanical strength (Tables 1A and 2A).
Ahmed et al. noted the strong influence of aspect ratio on dispersion and reinforcement
and calculated theoretical nanotube spacing for ideal dispersion and uniform distribution
in cement paste. This analysis showed that spacing decreased with aspect ratio as well
as concentration [33]. While nanotubes with smaller aspect ratios are easier to disperse,
the greater theoretical spacing means fewer are available at crack surfaces and there is less
strength from MWCNT-matrix bonding. It was concluded that high aspect ratio MWCNTs
are desirable if well dispersed [33].

Other methods, less common than covalent functionalization by oxidation, have been
reported to enhance dispersion. Isopropanol can be used to separate nanotubes with
sonication before suspending them in water [71]. A recent report describes the use of
sodium hydroxide to disperse MWCNTs in composites [72]. Li et al. found synergism with
the use of polyvinyl alcohol latex to help disperse hydroxy-modified MWCNTs [73]. These
recent papers indicate ongoing interest in addressing dispersion.
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In summary, functionalized MWCNTs enhance dispersity better than bare MWCNTs.
This is important because improved mechanical properties with nanotubes depend on
effective dispersion. Direct comparative studies by several groups have shown that MWC-
NTs with covalent functionalization by oxidation improved dispersion with concomitant
superior strength. Consistency for long and short MWCNTs with theoretical analysis for
the effect of aspect ratio helps to validate the results for dispersity.

3.2. Porosity and Functionalization

The void volume of a cementitious material is described by its porosity, a major
determinant of compressive strength. An important property, porosity, as well as pore size
distribution, can be determined by Mercury Intrusion Porosimetry (MIP) and by the digital
analysis of Environmental SEM (ESEM) images [74]. In general, the addition of MWCNTs
to composites causes a reduction in porosity [35,63,74,75]. This reduction in porosity with
MWCNTs can be understood as their filling the small voids between hydration products of
cement (Figure 4), as well as contributing to nucleation [10,18,29,40,76].

Aok
W 1473 mm I VEGADY

Ot U 200

Figure 4. SEM images of mortar at 200x show pores (c), and at 5000 x magnification (b) show a
pore filled with plain MWCNTs [22]. MWCNTs can fill pores and reduce porosity to increase the
compressive strength of cement pastes and mortars.

Mechanical strength is closely related to the pore structure of the composites [75]. Pores
create sites for crack propagation and failure, so enhancing the effect of MWCNTs on porosity
is a mechanism substantiating the benefits of functionalization. Kang et al. attributed the
observed greater increase in compressive and tensile strength with acid-treated nanotubes to
lower porosity compared to pristine nanotubes. They examined the porosity of cement paste
composites containing either 0.1 wt% plain nanotubes or 0.1 wt% acid-treated nanotubes for
porosity [35]. In a head-to-head comparison, the cement composite containing acid-treated,
functionalized nanotubes was found to have lower porosity and greater strength than the
one with plain nanotubes [35]. Hu measured the porosities of cement pastes with 0.1 wt%
nanotubes and found that pristine MWCNTs led to a porosity of 24.84%, compared to 15.70%
for 0.1 wt% functionalized MWCNTs [63]. The reduction in porosity corresponded with
greater strength for functionalized MWCNTs [38,63].

Composite strength depends more on the total size distribution rather than just the
total pore volume [63]; macropores with diameters greater than 50 nm affect strength more
than smaller pores [43,63]. As such, it is notable that the addition of nanotubes causes a
greater percentage reduction in the presence of larger pores than smaller pores. Li et al.
used MIP to demonstrate that 0.5% acid-treated carbon nanotubes produced a Portland
cement mortar with a total porosity 64% lower than the control mortar sample, yielding
a value of 10.8% [38]. This is compared to the important macropore porosity at 1.47%,
representing a reduction of 82%.
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Porosity and strength are very sensitive to the concentration of nanotubes, whether
functionalized or not [34,35,63]. As the amount of MWCNTs modified with an oxygen
plasma [34] increased for concentrations of 0, 0.05, 0.1 and 0.2%, the cumulative pore volume
decline indicated a continuing decrease in micropores, corresponding to a continual increase
in compressive strength. In other studies, with varying concentrations of MWCNT, the
compressive strength of the composites tends to exhibit a maximum (Table 1A,B), then
decreases due to the formation of agglomerates (Figure 3). Bare hydrophobic MWCNTs may
reaggregate at higher concentrations to form agglomerates, leading to defects, and acting
as voids [17,34,65] to lessen the improvement in mechanical properties. The formation of
agglomerates to create voids has the same effect as higher porosity.

A different mechanism for the reaggregation of functionalized MWCNTs must exist
in place of the van der Waals forces. Li et al. proposed that high levels of Ca?* and other
multivalent cations may bind with carboxylic acids on functionalized MWCNTs to provide
a chemical basis for agglomeration [38]. The work by Ahmed et al. illustrates the effect of
agglomeration as observed by SEM [33]. They found optimal compression strength values
of 6667 MPa for cement paste modified with either pristine, hydroxyl functionalized
or carboxyl functionalized MWCNTs at levels of 0.05% [33]. Smaller increases at higher
concentrations for each were attributed to agglomerates with samples approaching the
unmodified paste compressive strength of 54.1 MPa.

With its effect on porosity and agglomeration, the concentration of nanotubes has
also been shown to affect the properties of concrete, with decreases in mechanical strength
reported for concretes with functionalized [43,77] and bare MWCNTs [65]. In working
with UHPC containing bare CNTs, Jung et al. found that the mechanisms for decreasing
mechanical performance observed above the critical incorporation concentration (CIC)
were CNT agglomeration and formation of air voids [65].

Functionalized MWCNTs have been shown to be superior to pristine MWCNTs in re-
ducing porosity in cement pastes. Studies finding lowered porosity also observed improved
compressive strength.

3.3. Fracture Resistance, Bridging and Interfacial Bonding with Nanotubes

Another important mechanism by which MWCNTs increase the strength of cementi-
tious composites involves load transfer [10] by distributing stresses in an extensive network.
Nanotubes can bridge micro-cracks (Figure 5a) and voids, as first shown by Makar and
Beaudoin [8] and observed subsequently by others [8,20,31,77]. Smaller size MWCNTs
allow for finer dispersion and the ability to stop crack propagation faster than reinforce-
ment with larger fibers [31], though long, well-dispersed nanotubes are more likely to span
cracks, according to a theoretical model [33]. The presence of MWCNTs acts to increase the
fracture resistance of the composite [17].

The mechanism requires strong interfacial bonding for effective bridging, though fail-
ure may still occur if well-anchored nanotubes break (Figure 5b) [41]. Nonfunctionalized
MWCNTs lack chemical bonds with the hydration products of the composite, so the interface
is weak [22]. As a result, the pullout of nanotubes can happen, undermining the reinforce-
ment of the composite (Figure 5c) [41]. Pullout and weak bridging compromise fracture
resistance. Poor interfacial bonding can be addressed by treatment to create functional groups,
commonly -OH and -COOH moieties [41]. Hu found that increases in fracture toughness
for 0.1 wt% pristine MWCNTs were only 11.4% over plain cement, compared to 19.4% for
MWCNTs-COOH [63]. Computer simulations support the benefit of the interactions af-
forded by functionalization. Theoretical investigations using molecular dynamics of CNTs
have shown enhanced adhesion with tobermorite that grows with the number of acid func-
tionalities to promote hydrogen bonding and ionic bonding with divalent calcium [78-80].
Acid-treated MWCNTs have covalently integrated carboxyl and hydroxyl groups that can
react with the C-5-H and Ca(OH); hydration products of cement to produce strong bonds [38].
Using SEM and FTIR, Li et al. obtained evidence showing that reactions occur between the
carboxylic acid and the cement matrix [38]. A greater increase in fracture resistance with
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functionalized MWCNTs results from the bonding of carboxylate and alcohol groups with
C-5-H hydration products [22]. Ionic bonds can form with calcium and carboxylate or with
hydrogen bonding (Figure 6) [81]. The mechanism of stronger bonding along with bridging
and pull-out, evident in the microstructure, has been used to explain the greater impact
resistance of UHPC with -OH and -COOH modified MWCNTs [82].

Ipm ia ! . { .Ili ©

Figure 5. SEM images showing (a) carboxyl functionalized nanotubes bridging a crack, (b) broken
nanotubes and (c) pullout of pristine MWCNTs [33]. Nanotubes well anchored to the hydration
products can inhibit crack propagation but may fail due to weak bonding or breakage.

Interfacial interaction

Raw CNT fiber

Hydrogen bond

. Cement hydration products . Ca & ©OH

Figure 6. Comparison of interfacial interaction mechanism between cement hydration products with
(a) bare MWCNT, (b) MWCNT-OH and (c) MWCNT-COOH [81]. Alcohol functional groups can
hydrogen bond to C-S-H while carboxylic acid functionality can form both hydrogen and ionic bonds.
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Covalent links to the nanotube structure, like those for carboxyl and hydroxyl moieties,
seem to be a key element. In the absence of good interfacial bonding between the MWCNTs
and the cement matrix, slippage and pullout occur, undermining force transmission. This
is the issue with surfactant. Cwirzen et al. described how MWCNTs tend to pull out under
tension due to slippage with nanotubes lacking the covalently linked polar groups that
come with functionalization [83]. The group noted, as an example, that while noncovalently
linked polyacrylic acid could help with dispersion, it still had weak bond strength and was
subject to pullout [83]. In the absence of polar groups on the nanotubes, they concluded in
their study that bare MWCNTs did not increase the compressive or bending strength of
cement paste.

Many factors can influence the interface bonding contributing to pullout. For example,
increasing the site density of carboxylate groups on the MWCNTs can mean a greater
number of bonds to the matrix to avoid slippage. Processing conditions resulting in insuffi-
cient hydration and poor wetting can weaken bonding, while other species can interfere
with bonding. Carboxylate will not compete effectively against residual oxide (O*~) for
bonding to Ca?*. Bonding can apparently be blocked, as Nasibulina et al. found that
using surfactants in combination with functionalized nanotubes resulted in compromised
compressive strength. They hypothesized that the surfactant blocked the interaction of the
functional group with cement [25].

3.4. Nucleation and Hydration

According to some researchers, the high surface area of pristine MWCNTs creates more
sites for nucleation and accelerates the hydration process [21,32,69,77,84,85]. Enhanced nu-
cleation and hydration lead to the formation of more portlandite of higher crystallinity [33]
and integration of MWCNTs with calcium silicate hydrate (C-S-H) (Figure 6). Moreover, the
promotion of the hydration reactions to form C-S-H in small interstitial spaces leads to den-
sification and a shift in pore size distribution that contributes to greater strength [10,21,35].
This densification occurs with both pristine [21,32,74] and functionalized MWCNTs [35],
but, in a direct comparison, Kang et al. found the hydration products to be denser with the
acid-treated nanotubes [35]. That result is consistent with reported strength enhancement
due to reduced crack formation with accelerated hydration [84].

Others observing a decrease in mechanical strength with functionalized MWCNTs
have attributed the loss to lower hydration and a shift in reaction products. Cui et al.
found that the degree of hydration decreased with functionalized MWCNTs, though to a
lesser degree than with pristine nanotubes [10]. This can be explained by functionalized
nanotubes being so hydrophilic that they absorb water to impede hydration.

The presence of functionalized MWCNTs can alter the reaction products of hydration.
Ahmed et al. suggested more formation of ettringite [33] with functionalized MWCNTs,
due to the presence of sulfate from acid treatment [34], thereby causing a less dense
structure of the hydration products and poorer mechanical properties. Similarly, Musso
et al. explained a reduction in the compressive and flexural strength of a cement paste
upon the addition of carboxyl MWCNTs with poorer hydration and less formation of
tobermorite [42]. Pristine CNTs, on the other hand, have been reported not to accelerate or
change hydration reactions [86].

4. Electrical and Thermal Conductivity of Cementitious Composites with
Functionalized and Pristine MWCNTs

Fewer studies of composites were found for electrical conductivity, and none were
found for thermal conductivity, using the criterion of a pristine MWCNT control sample.
It is known that the thermal conductivity of cementitious composites improves with the
addition of nanotubes [12,81,87] for both pristine and functionalized MWCNTs.

Dispersion of MWCNTs during the hydration reaction of cement is important to
developing a network structure inside the cement matrix to enhance the electrical and
thermal conductivity [64]. Better electrical conductivity is found with higher MWCNT
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loading (0.05 to 0.8 wt% of cement) in accordance with a denser network of MWCNTs inside
the cement (Figure 7) [45,48,64,70]. When mixing the MWCNT suspensions with the cement,
one portion of the dispersed MWCNTs will be incorporated into the hydrating cementitious
matrix, particularly during the formation of C-S-H and ettringite. This helps the cured
composite to attain the critical distance of 2-3 nm for electron tunnelling between individual
MWCNTs in a denser MWCNT network [64]. Ruan et al. found no clear difference in the
resistance of cement paste between short MWCNTs with either short hydroxyl or short
carboxyl functionalized nanotubes [48]. However, cement pastes with functionalized long
MWCNTs did outperform the composite with pristine carbon nanotubes (Table 3). The
lower resistivity of the long MWCNTs compared to the short MWCNTs is consistent with
smaller theoretical spacing for a higher aspect ratio [33]. Onthong et al. modified the
surface of MWCNT by coating it with a conducting polymer, polyindole and polyvinyl
acetate using concurrent admicellar polymerization [45]. The coated MWCNTs obtained
provided good water dispersion and yielded a cement paste (0.3 wt% MWCNTs) with
an electrical conductivity of 8.56 x 10~* S/cm, more than 20 times greater than the paste
with bare MWCNTs. With the exception of the inconclusive results for the short MWCNTs,
the findings overall in Table 3 indicate increased conductivity or reduced resistivity with
covalent functionalization.
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Figure 7. Scheme of the MWCNT interconnected network within a cementitious matrix and the
occurring charge-carrier mechanisms (hopping—tunnelling) as a function of time [64]. Liebscher et al.
describe how increasing density of carbon nanotubes in a composite changes their proximity and
alters the contribution of hopping and tunneling to charge transport.

Thermal conductivity of cementitious composites improves on the addition of nan-
otubes [12,81,87]. To the authors” knowledge, there are no studies where the thermal
conductivity of cementitious composites was compared for bare and functionalized MWC-
NTs. The thermal conductivity of grouting material rose steadily with concentration, from
0.39 W/m-K with no nanotubes to 0.57 W/m-K at the concentration tested of 2 wt% [81].
Batiston et al. investigated thermal conductivity of cement pastes with pristine MWCNTs
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as a function of concentration and aspect ratio. At 0.05%, experimental values increased
from 0.73 W/m-K for the control to an optimum of 0.84 W/m-K at an aspect ratio of 250.
Values were lower for a loading of 0.10%.

5. Conclusions

Addressing the value of covalent functionalization is significant because it has been a
common technique to enhance performance of cementitious composites. The question of
the value of functionalization is understandable, with complex processes for cementitious
composites with many options for components, composition and methods of preparation.
Methods of dispersion vary with whether to use surfactant, type and concentration of sur-
factant and power and duration of sonication. Aside from the question of functionalization
or not, carbon nanotubes come in different sizes and purity which can have a significant
effect. With so many factors and seemingly conflicting reports, uncertainty related to func-
tionalization is not surprising. The selection of studies for analysis based on the inclusion
of a pristine MWCNT control reduced ambiguity and led to the following observations:

(1) Both covalently functionalized and bare nanotubes improve the compressive and
flexural strength of cement paste and mortar.

(2) Covalent functionalization by oxidation of MWCNTs leads to a greater improvement
in mechanical strength. Analyzing the tabulated values supports the superiority
of functionalized MWCNTs. The average increase in compressive strength among
different research groups for cement paste (Table 1A) is about 14% for pristine and 34%
for functionalized. For mortar (Table 1B), the numbers are 11% and 16%. For flexural
strength of the paste, pristine MWCNTs yield an average 23% increase compared to
43% for functionalized (Table 2A); for mortar (Table 2B), the results are 28% and 32%.

(8) Greater reduction in porosity, greater increase in dispersity and greater fracture resis-
tance occur with functionalized MWCNTs. These changes align with the improved
mechanical properties in cementitious composites.

(4) Data for cement pastes show that composites with functionalized MWCNTs have
higher electrical conductivity than those with pristine MWCNTs. The aspect ratio
appears to be a critical factor for conductivity, though additional work is needed. The
average reduction of tabulated values of resistivity for cement paste is about 35% for
pristine MWCNTs and 50% for functionalized.

Overall, these suggest that functionalized nanotubes are superior to pristine nanotubes.
Trends in properties that affect mechanical strength reinforce the direct measurements of
improved compressive and flexural strength. The electrical conductivity of cementitious
composites is also enhanced with covalent functionalization. Thus, we conclude that a
direct comparison of mechanical strength, as well as electrical conductivity, makes a strong
case for using functionalized nanotubes where performance alone is considered.

Author Contributions: Conceptualization, E.A.O.; formal analysis, E.A.O., S.O. and T.P,; writing—
original draft preparation, E.A.O.; writing—review and editing, S.O. and T.P. All authors have read
and agreed to the published version of the manuscript.

Funding: This research was supported in part with funds from the Francis W. Winn Professorship at
the University of Oklahoma Foundation and the Institute for Applied Surfactant Research.

Data Availability Statement: Data are contained within the article.

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

1. Shi, T.; Li, Z.X.; Guo, J.; Gong, H.; Gu, C.P. Research progress on CNTs/CNFs-modified cement-based composites. Constr. Build.
Mater. 2019, 202, 290-307. [CrossRef]

2. Metaxa, Z.S.; Tolkou, A.K.; Efstathiou, S.; Rahdar, A ; Favvas, E.P,; Mitropoulos, A.C.; Kyzas, G.Z. Nanomaterials in Cementitious
Composites: An Update. Molecules 2021, 26, 1430. [CrossRef] [PubMed]


https://doi.org/10.1016/j.conbuildmat.2019.01.024
https://doi.org/10.3390/molecules26051430
https://www.ncbi.nlm.nih.gov/pubmed/33800797

Nanomaterials 2024, 14, 80 17 of 20

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

Zhao, Z.F,; Qi, T.Q.; Zhou, W.; Hui, D.; Xiao, C.; Qi, ].Y.; Zheng, Z.H.; Zhao, Z.G. A review on the properties, reinforcing effects,
and commercialization of nanomaterials for cement-based materials. Nanotechnol. Rev. 2020, 9, 303-322. [CrossRef]
Bautista-Gutierrez, K.P; Herrera-May, A.L.; Santamaria-Lopez, ].M.; Honorato-Moreno, A.; Zamora-Castro, S.A. Recent Progress
in Nanomaterials for Modern Concrete Infrastructure: Advantages and Challenges. Materials 2019, 12, 3548. [CrossRef] [PubMed]
Paul, S.C.; van Rooyen, A.S.; van Zijl, G.P.A.G.; Petrik, L.F. Properties of cement-based composites using nanoparticles: A
comprehensive review. Constr. Build. Mater. 2018, 189, 1019-1034. [CrossRef]

Reches, Y. Nanoparticles as concrete additives: Review and perspectives. Constr. Build. Mater. 2018, 175, 483-495. [CrossRef]

Li, Q.H.; Liu, ].T; Xu, S.L. Progress in Research on Carbon Nanotubes Reinforced Cementitious Composites. Adv. Mater. Sci. Eng.
2015, 2015, 307435. [CrossRef]

Abu Al-Rub, R K.; Ashour, A.L; Tyson, B.M. On the aspect ratio effect of multi-walled carbon nanotube reinforcements on the
mechanical properties of cementitious nanocomposites. Constr. Build. Mater. 2012, 35, 647-655. [CrossRef]

Peng, B.; Locascio, M.; Zapol, P; Li, S.Y.; Mielke, S.L.; Schatz, G.C.; Espinosa, H.D. Measurements of near-ultimate strength for
multiwalled carbon nanotubes and irradiation-induced crosslinking improvements. Nat. Nanotechnol. 2008, 3, 626-631. [CrossRef]
Cui, X,; Han, B.G.; Zheng, Q.F; Yu, X;; Dong, S.E;; Zhang, L.Q.; Ou, J.P. Mechanical properties and reinforcing mechanisms of
cementitious composites with different types of multiwalled carbon nanotubes. Compos. Part A-Appl. Sci. Manuf. 2017, 103,
131-147. [CrossRef]

Abdulhameed, A.; Abd Wahab, N.Z.; Mohtar, M.N.; Hamidon, M.N; Shafie, S.; Halin, I.A. Methods and Applications of Electrical
Conductivity Enhancement of Materials Using Carbon Nanotubes. |. Electron. Mater. 2021, 50, 3207-3221. [CrossRef]

Zhang, S.Q.; Zhang, H,; Jia, Z.]J.; Cao, R.L.; Xiong, Y.L.; Chen, C.; Zhang, Y.M. Thermal properties of amino-functionalized
multi-walled carbon nanotubes reinforced epoxy-based transducers embedded in concrete. Cem. Concr. Comp. 2022, 127, 104411.
[CrossRef]

Kumanek, B.; Janas, D. Thermal conductivity of carbon nanotube networks: A review. J. Mater. Sci. 2019, 54, 7397-7427. [CrossRef]
Monea, B.E; Ionete, E.I; Spiridon, S.I.; Ion-Ebrasu, D.; Petre, E. Carbon Nanotubes and Carbon Nanotube Structures Used for
Temperature Measurement. Sensors 2019, 19, 2464. [CrossRef] [PubMed]

Rashad, A.M. Effect of carbon nanotubes (CNTs) on the properties of traditional cementitious materials. Constr. Build. Mater.
2017, 153, 81-101. [CrossRef]

Zhang, P.; Su, J.; Guo, ].J.; Hu, S.W. Influence of carbon nanotube on properties of concrete: A review. Constr. Build. Mater. 2023,
369, 130388. [CrossRef]

Ramezani, M.; Dehghani, A.; Sherif, M.M. Carbon nanotube reinforced cementitious composites: A comprehensive review. Constr.
Build. Mater. 2022, 315, 125100. [CrossRef]

Xu, S.L.; Liu, ].T,; Li, Q.H. Mechanical properties and microstructure of multi-walled carbon nanotube-reinforced cement paste.
Constr. Build. Mater. 2015, 76, 16-23. [CrossRef]

Camacho, M.D.; Galao, O.; Baeza, EJ.; Zornoza, E.; Garces, P. Mechanical Properties and Durability of CNT Cement Composites.
Materials 2014, 7, 1640-1651. [CrossRef]

Kumar, S.; Kolay, P; Malla, S.; Mishra, S. Effect of Multiwalled Carbon Nanotubes on Mechanical Strength of Cement Paste.
J. Mater. Civil. Eng. 2012, 24, 84-91. [CrossRef]

Nagqi, A.; Abbas, N.; Zahra, N.; Hussain, A.; Shabbir, S.Q. Effect of multi-walled carbon nanotubes (MWCNTs) on the strength
development of cementitious materials. . Mater. Res. Technol 2019, 8, 1203-1211. [CrossRef]

Tamimi, A.; Hassan, N.M.; Fattah, K.; Talachi, A. Performance of cementitious materials produced by incorporating surface
treated multiwall carbon nanotubes and silica fume. Constr. Build. Mater. 2016, 114, 934-945. [CrossRef]

Danoglidis, P.A.; Konsta-Gdoutos, M.S.; Gdoutos, E.E.; Shah, S.P. Strength, energy absorption capability and self-sensing
properties of multifunctional carbon nanotube reinforced mortars. Constr. Build. Mater. 2016, 120, 265-274. [CrossRef]

Kim, HK.; Nam, LW.; Lee, H.K. Enhanced effect of carbon nanotube on mechanical and electrical properties of cement composites
by incorporation of silica fume. Compos. Struct. 2014, 107, 60-69. [CrossRef]

Nasibulina, L.I.; Anoshkin, I.V.; Nasibulin, A.G.; Cwirzen, A.; Penttala, V.; Kauppinen, E.I. Effect of Carbon Nanotube Aqueous
Dispersion Quality on Mechanical Properties of Cement Composite. ]. Nanomater. 2012, 2012, 169262. [CrossRef]

Malikov, E.Y. The effect of polyvinyl alcohol functionalized multiwall carbon nanotubes on the improvement of the compressive
strength of concrete. Fuller. Nanotub. Carbon Nanostructures 2020, 28, 781-785. [CrossRef]

Yan, X.T.; Cui, H.Z.; Qin, Q.H.; Tang, W.C.; Zhou, X.M. Study on Utilization of Carboxyl Group Decorated Carbon Nanotubes and
Carbonation Reaction for Improving Strengths and Microstructures of Cement Paste. Nanomaterials 2016, 6, 153. [CrossRef]
Cwirzen, A.; Habermehl-Cwirzen, K.; Penttala, V. Surface decoration of carbon nanotubes and mechanical properties of
cement/carbon nanotube composites. Adv. Cem. Res. 2008, 20, 65-73. [CrossRef]

Konsta-Gdoutos, M.S.; Metaxa, Z.S.; Shah, S.P. Highly dispersed carbon nanotube reinforced cement based materials. Cem. Concr.
Res. 2010, 40, 1052-1059. [CrossRef]

Zou, B.; Chen, S.J.; Korayem, A.H.; Collins, F; Wang, C.M.; Duan, W.H. Effect of ultrasonication energy on engineering properties
of carbon nanotube reinforced cement pastes. Carbon 2015, 85, 212-220. [CrossRef]

Tyson, B.M.; Abu Al-Rub, R.K.; Yazdanbakhsh, A.; Grasley, Z. Carbon Nanotubes and Carbon Nanofibers for Enhancing the
Mechanical Properties of Nanocomposite Cementitious Materials. J. Mater. Civil. Eng. 2011, 23, 1028-1035. [CrossRef]


https://doi.org/10.1515/ntrev-2020-0023
https://doi.org/10.3390/ma12213548
https://www.ncbi.nlm.nih.gov/pubmed/31671868
https://doi.org/10.1016/j.conbuildmat.2018.09.062
https://doi.org/10.1016/j.conbuildmat.2018.04.214
https://doi.org/10.1155/2015/307435
https://doi.org/10.1016/j.conbuildmat.2012.04.086
https://doi.org/10.1038/nnano.2008.211
https://doi.org/10.1016/j.compositesa.2017.10.001
https://doi.org/10.1007/s11664-021-08928-2
https://doi.org/10.1016/j.cemconcomp.2022.104411
https://doi.org/10.1007/s10853-019-03368-0
https://doi.org/10.3390/s19112464
https://www.ncbi.nlm.nih.gov/pubmed/31146463
https://doi.org/10.1016/j.conbuildmat.2017.07.089
https://doi.org/10.1016/j.conbuildmat.2023.130388
https://doi.org/10.1016/j.conbuildmat.2021.125100
https://doi.org/10.1016/j.conbuildmat.2014.11.049
https://doi.org/10.3390/ma7031640
https://doi.org/10.1061/(ASCE)MT.1943-5533.0000350
https://doi.org/10.1016/j.jmrt.2018.09.006
https://doi.org/10.1016/j.conbuildmat.2016.03.216
https://doi.org/10.1016/j.conbuildmat.2016.05.049
https://doi.org/10.1016/j.compstruct.2013.07.042
https://doi.org/10.1155/2012/169262
https://doi.org/10.1080/1536383X.2020.1759557
https://doi.org/10.3390/nano6080153
https://doi.org/10.1680/adcr.2008.20.2.65
https://doi.org/10.1016/j.cemconres.2010.02.015
https://doi.org/10.1016/j.carbon.2014.12.094
https://doi.org/10.1061/(ASCE)MT.1943-5533.0000266

Nanomaterials 2024, 14, 80 18 of 20

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

Fakhim, B.; Hassani, A.; Rashidi, A.; Ghodousi, P. Preparation and microstructural properties study on cement composites
reinforced with multi-walled carbon nanotubes. J. Compos. Mater. 2015, 49, 85-98. [CrossRef]

Ahmed, H.; Bogas, ].A.; Guedes, M.; Pereira, M.E.C. Dispersion and reinforcement efficiency of carbon nanotubes in cementitious
composites. Mag. Concr. Res. 2019, 71, 408-423. [CrossRef]

Li, SJ.; Zhang, Y.L.; Cheng, C.; Wei, H.; Du, S.G.; Yan, J. Surface-treated carbon nanotubes in cement composites: Dispersion,
mechanical properties and microstructure. Constr. Build. Mater. 2021, 310, 125262. [CrossRef]

Kang, S.T; Seo, ].Y.; Park, S.H. The Characteristics of CNT/Cement Composites with Acid-Treated MWCNTs. Adv. Mater. Sci.
Eng. 2015, 2015, 308725. [CrossRef]

Sarvandani, M.M.; Mahdikhani, M.; Aghabarati, H.; Fatmehsari, M.H. Effect of functionalized multi-walled carbon nanotubes on
mechanical properties and durability of cement mortars. J. Build. Eng. 2021, 41, 102407. [CrossRef]

Elkashef, M.; Wang, K.; Abou-Zeid, M.N. Acid-treated carbon nanotubes and their effects on mortar strength. Front. Struct. Civ.
Eng. 2016, 10, 180-188. [CrossRef]

Li, G.Y.; Wang, PM.; Zhao, X.H. Mechanical behavior and microstructure of cement composites incorporating surface-treated
multi-walled carbon nanotubes. Carbon 2005, 43, 1239-1245. [CrossRef]

Manzur, T.; Yazdani, N.; Emon, M.A.B. Effect of Carbon Nanotube Size on Compressive Strengths of Nanotube Reinforced
Cementitious Composites. J. Mater. Civil. Eng. 2014, 2014, 960984. [CrossRef]

Manzur, T.; Yazdani, N.; Emon, M.A. Potential of Carbon Nanotube Reinforced Cement Composites as Concrete Repair Material.
J. Nanomater. 2016, 2016, 1421959. [CrossRef]

Sun, G.X,; Liang, R.; Lu, Z.Y.; Zhang, ].R.; Li, Z.]. Mechanism of cement/carbon nanotube composites with enhanced mechanical
properties achieved by interfacial strengthening. Constr. Build. Mater. 2016, 115, 87-92. [CrossRef]

Musso, S.; Tulliani, ].M.; Ferro, G.; Tagliaferro, A. Influence of carbon nanotubes structure on the mechanical behavior of cement
composites. Compos. Sci. Technol. 2009, 69, 1985-1990. [CrossRef]

Hawreen, A.; Bogas, J.A. Creep, shrinkage and mechanical properties of concrete reinforced with different types of carbon
nanotubes. Constr. Build. Mater. 2019, 198, 70-81. [CrossRef]

Yoo, D.Y.; You, L; Lee, S.J. Electrical Properties of Cement-Based Composites with Carbon Nanotubes, Graphene, and Graphite
Nanofibers. Sensors 2017, 17, 1064. [CrossRef] [PubMed]

Onthong, S.; O'Rear, E.A.; Pongprayoon, T. Enhancement of electrically conductive network structure in cementitious composites
by polymer hybrid-coated multiwalled carbon nanotube. Mater. Struct. 2022, 55, 232. [CrossRef]

Onthong, S.; O'Rear, E.A.; Pongprayoon, T. Composite nanoarchitectonics by interfacial bonding for conductivity and strength
development of grafted multiwall carbon nanotube/cement. Constr. Build. Mater. 2023, 392, 131940. [CrossRef]
Konsta-Gdoutos, M.S.; Aza, C.A. Self sensing carbon nanotube (CNT) and nanofiber (CNF) cementitious composites for real time
damage assessment in smart structures. Cem. Concr. Comp. 2014, 53, 162-169. [CrossRef]

Ruan, Y.F; Han, B.G.; Wang, D.N.; Zhang, W.; Yu, X. Electrical properties of carbon nanotubes filled cementitious composites.
Mater. Res. Express 2018, 5, 105704. [CrossRef]

Del Moral, B.; Gullén, LM.; Navarro, R.; Galao, O.; Baeza, FJ.; Zornoza, E.; Calderén, B.; Rodriguez, I.; Arnaiz, N.; Sdnchez,
M.D.R;; et al. The Effect of Different Oxygen Surface Functionalization of Carbon Nanotubes on the Electrical Resistivity and
Strain Sensing Function of Cement Pastes. Nanomaterials 2020, 10, 807. [CrossRef]

Dalla, P.T; Dassios, K.G.; Tragazikis, LK.; Exarchos, D.A.; Matikas, T.E. Carbon nanotubes and nanofibers as strain and damage
sensors for smart cement. Mater. Today Commun. 2016, 8, 196-204. [CrossRef]

Han, B.G.; Zhang, L.Q.; Sun, SW.; Yu, X; Dong, X.E; Wu, T.].; Ou, ].P. Electrostatic self-assembled carbon nanotube/nano carbon
black composite fillers reinforced cement-based materials with multifunctionality. Compos. Part A-Appl. Sci. Manuf. 2015, 79,
103-115. [CrossRef]

Yu, X.; Kwon, E. A carbon nanotube/cement composite with piezoresistive properties. Smart Mater. Struct. 2009, 18, 055010.
[CrossRef]

Nilsson, F,; Kriickel, J.; Schubert, D.W.; Chen, F.; Unge, M.; Gedde, U.W.; Hedenqvist, M.S. Simulating the effective electric
conductivity of polymer composites with high aspect ratio fillers. Compos. Sci. Technol. 2016, 132, 16-23. [CrossRef]

Singer, G.; Siedlaczek, P; Sinn, G.; Rennhofer, H.; Micusik, M.; Omastova, M.; Unterlass, M.M.; Wendrinsky, J.; Milotti, V.; Fedi, E;
et al. Acid Free Oxidation and Simple Dispersion Method of MWCNT for High-Performance CFRP. Nanomaterials 2018, 8, 912.
[CrossRef] [PubMed]

Seneewong-Na-Ayutthaya, M.; Pongprayoon, T.; O'Rear, E.A. Colloidal Stability in Water of Modified Carbon Nanotube:
Comparison of Different Modification Techniques. Macromol. Chem. Phys. 2016, 217, 2635-2646. [CrossRef]
Seneewong-Na-Ayutthaya, M.; Pongprayoon, T. Water-dispersible carbon nanotube prepared by non-destructive functionalization
technique of admicellar polymerization. Diam. Relat. Mater. 2015, 60, 111-116. [CrossRef]

D’Alessandro, A.; Tiecco, M.; Meoni, A.; Ubertini, F. Improved strain sensing properties of cement-based sensors through
enhanced carbon nanotube dispersion. Cem. Concr. Comp. 2021, 115, 103842. [CrossRef]

Luo, J.L.; Duan, Z.D.; Li, H. The influence of surfactants on the processing of multi-walled carbon nanotubes in reinforced cement
matrix composites. Phys. Status Solidi A-Appl. Mater. Sci. 2009, 206, 2783-2790. [CrossRef]

Parveen, S.; Rana, S.; Fangueiro, R.; Paiva, M.C. Microstructure and mechanical properties of carbon nanotube reinforced
cementitious composites developed using a novel dispersion technique. Cem. Concr. Res. 2015, 73, 215-227. [CrossRef]


https://doi.org/10.1177/0021998313514873
https://doi.org/10.1680/jmacr.17.00562
https://doi.org/10.1016/j.conbuildmat.2021.125262
https://doi.org/10.1155/2015/308725
https://doi.org/10.1016/j.jobe.2021.102407
https://doi.org/10.1007/s11709-015-0325-7
https://doi.org/10.1016/j.carbon.2004.12.017
https://doi.org/10.1155/2014/960984
https://doi.org/10.1155/2016/1421959
https://doi.org/10.1016/j.conbuildmat.2016.04.034
https://doi.org/10.1016/j.compscitech.2009.05.002
https://doi.org/10.1016/j.conbuildmat.2018.11.253
https://doi.org/10.3390/s17051064
https://www.ncbi.nlm.nih.gov/pubmed/28481296
https://doi.org/10.1617/s11527-022-02070-z
https://doi.org/10.1016/j.conbuildmat.2023.131940
https://doi.org/10.1016/j.cemconcomp.2014.07.003
https://doi.org/10.1088/2053-1591/aadaf6
https://doi.org/10.3390/nano10040807
https://doi.org/10.1016/j.mtcomm.2016.07.004
https://doi.org/10.1016/j.compositesa.2015.09.016
https://doi.org/10.1088/0964-1726/18/5/055010
https://doi.org/10.1016/j.compscitech.2016.06.008
https://doi.org/10.3390/nano8110912
https://www.ncbi.nlm.nih.gov/pubmed/30404184
https://doi.org/10.1002/macp.201600334
https://doi.org/10.1016/j.diamond.2015.10.030
https://doi.org/10.1016/j.cemconcomp.2020.103842
https://doi.org/10.1002/pssa.200824310
https://doi.org/10.1016/j.cemconres.2015.03.006

Nanomaterials 2024, 14, 80 19 of 20

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

Sobolkina, A.; Mechtcherine, V.; Khavrus, V.; Maier, D.; Mende, M.; Ritschel, M.; Leonhardt, A. Dispersion of carbon nanotubes
and its influence on the mechanical properties of the cement matrix. Cem. Concr. Comp. 2012, 34, 1104-1113. [CrossRef]

Li, X.; Pu, C.S,; Bai, Y.; Huang, EF. Effect of surfactant types on the foam stability of multiwalled carbon nanotube stabilized foam.
Colloids Surf. A-Physicochem. Eng. Asp. 2022, 648, 129389. [CrossRef]

Siddique, R.; Mehta, A. Effect of carbon nanotubes on properties of cement mortars. Constr. Build. Mater. 2014, 50, 116-129.
[CrossRef]

Hu, Y;; Luo, D.N,; Li, PH,; Li, Q.B.; Sun, G.Q. Fracture toughness enhancement of cement paste with multi-walled carbon
nanotubes. Constr. Build. Mater. 2014, 70, 332-338. [CrossRef]

Liebscher, M.; Tzounis, L.; Junger, D.; Dinh, T.T.; Mechtcherine, V. Electrical Joule heating of cementitious nanocomposites filled
with multi-walled carbon nanotubes: Role of filler concentration, water content, and cement age. Smart Mater. Struct. 2020,
29,125019. [CrossRef]

Jung, M.; Lee, Y.S.; Hong, S.G.; Moon, J. Carbon nanotubes (CNTs) in ultra-high performance concrete (UHPC): Dispersion,
mechanical properties, and electromagnetic interference (EMI) shielding effectiveness (SE). Cem. Concr. Res. 2020, 131, 106017.
[CrossRef]

Shah, S.P,; Konsta-Gdoutos, M.S.; Metaxa, Z.S.; Mondal, P. Nanoscale Modification of Cementitious Materials. In Nanotechnology
in Construction (NICOM3); Bittnar, Z., Bartos, P.J.M., Némecek, J., Smilauer, V., Zeman, J., Eds.; Springer: Berlin/Heidelberg,
Germany, 2009; pp. 125-130.

Jang, S.H.; Hochstein, D.P.; Kawashima, S.; Yin, H.M. Experiments and micromechanical modeling of electrical conductivity of
carbon nanotube/cement composites with moisture. Cem. Concr. Comp. 2017, 77, 49-59. [CrossRef]

Lavagna, L.; Bartoli, M.; Suarez-Riera, D.; Cagliero, D.; Musso, S.; Pavese, M. Oxidation of Carbon Nanotubes for Improving the
Mechanical and Electrical Properties of Oil-Well Cement-Based Composites. Acs Appl. Nano Mater. 2022, 5, 6671-6678. [CrossRef]
Hawreen, A.; Bogas, ].A.; Dias, A.P.S. On the mechanical and shrinkage behavior of cement mortars reinforced with carbon
nanotubes. Constr. Build. Mater. 2018, 168, 459-470. [CrossRef]

Han, B.G.; Zhang, K.; Yu, X.;; Kwon, E.; Ou, ].P. Fabrication of Piezoresistive CNT/CNF Cementitious Composites with
Superplasticizer as Dispersant. |. Mater. Civil. Eng. 2012, 24, 658-665. [CrossRef]

Rocha, V.V.; Ludvig, P. Nanocomposites Prepared by a Dispersion of Cnts on Cement Particles. Archit. Civ. Eng. Environ. 2018, 11,
73-77.

Mesquita, E.; Sousa, I.; Vieira, M.; Matos, A.M.; Santos, L.PM.; Silvestro, L.; Salvador, R.; D’Alessandro, A.; Ubertini, F.
Investigation of the electrical sensing properties of cementitious composites produced with multi-wall carbon nanotubes
dispersed in NaOH. |. Build. Eng. 2023, 77, 107496. [CrossRef]

Li, G.Y.; Wang, L.B.; Yu, J.; Yi, B.L.; He, C.B.; Wang, Z.K.; Leung, C.K.Y. Mechanical properties and material characterization of
cement mortar incorporating CNT-engineered polyvinyl alcohol latex. Constr. Build. Mater. 2022, 345, 128320. [CrossRef]

Chen, ].X.; Akono, A.T. Influence of multi-walled carbon nanotubes on the hydration products of ordinary Portland cement paste.
Cem. Concr. Res. 2020, 137, 106197. [CrossRef]

Wang, J.L.; Dong, S.F; Pang, S.D.; Zhou, C.S.; Han, B.G. Pore structure characteristics of concrete composites with surface-modified
carbon nanotubes. Cem. Concr. Comp. 2022, 128, 104453. [CrossRef]

Nochaiya, T.; Chaipanich, A. Behavior of multi-walled carbon nanotubes on the porosity and microstructure of cement-based
materials. Appl. Surf. Sci. 2011, 257, 1941-1945. [CrossRef]

Carrico, A ; Bogas, ].A.; Hawreen, A.; Guedes, M. Durability of multi-walled carbon nanotube reinforced concrete. Constr. Build.
Mater. 2018, 164, 121-133. [CrossRef]

Merodio-Perea, R.G.; Lado-Tourino, I.; Paez-Pavon, A.; Talayero, C.; Galan-Salazar, A.; Ait-Salem, O. Mechanical Properties of
Cement Reinforced with Pristine and Functionalized Carbon Nanotubes: Simulation Studies. Materials 2022, 15, 7734. [CrossRef]
Sanchez, F.; Zhang, L. Molecular dynamics modeling of the interface between surface functionalized graphitic structures and
calcium-silicate-hydrate: Interaction energies, structure, and dynamics. J. Colloid Interf. Sci. 2008, 323, 349-358. [CrossRef]
Wang, P,; Qiao, G.; Hou, D.S,; Jin, Z.Q.; Wang, M.H.; Zhang, ].R.; Sun, G.X. Functionalization enhancement interfacial bonding
strength between graphene sheets and calcium silicate hydrate: Insights from molecular dynamics simulation. Constr. Build.
Mater. 2020, 261, 120500. [CrossRef]

Yang, Z.P,; Yang, ].E; Shuai, B.; Niu, Y.T,; Yong, Z.Z.; Wu, K.J.; Zhang, CJ.; Qiao, X.Y.; Zhang, Y.Y. Superflexible yet robust
functionalized carbon nanotube fiber reinforced sulphoaluminate cement-based grouting materials with excellent mechanical,
electrical and thermal properties. Constr. Build. Mater. 2022, 328, 126999. [CrossRef]

Wang, J.L.; Dong, S.F,; Pang, S.D.; Yu, X.; Han, B.G.; Ou, ].P. Tailoring Anti-Impact Properties of Ultra-High Performance Concrete
by Incorporating Functionalized Carbon Nanotubes. Engineering 2022, 18, 232-245. [CrossRef]

Cwirzen, A.; Habermehl-Cwirzen, K.; Nasibulin, A.G.; Kaupinen, E.I; Mudimela, PR.; Penttala, V. SEW/AFM studies of
cementitious binder modified by MWCNT and nano-sized Fe needles. Mater. Charact. 2009, 60, 735-740. [CrossRef]

Han, B.G.; Zhang, L.Q.; Zeng, S.Z.; Dong, S.F;; Yu, X.; Yang, R.W.; Ou, J.P. Nano-core effect in nano-engineered cementitious
composites. Compos. Part A-Appl. Sci. Manuf. 2017, 95, 100-109. [CrossRef]

Makar, ].M.; Chan, G.W. Growth of Cement Hydration Products on Single-Walled Carbon Nanotubes. . Am. Ceram. Soc. 2009, 92,
1303-1310. [CrossRef]


https://doi.org/10.1016/j.cemconcomp.2012.07.008
https://doi.org/10.1016/j.colsurfa.2022.129389
https://doi.org/10.1016/j.conbuildmat.2013.09.019
https://doi.org/10.1016/j.conbuildmat.2014.07.077
https://doi.org/10.1088/1361-665X/abc23b
https://doi.org/10.1016/j.cemconres.2020.106017
https://doi.org/10.1016/j.cemconcomp.2016.12.003
https://doi.org/10.1021/acsanm.2c00706
https://doi.org/10.1016/j.conbuildmat.2018.02.146
https://doi.org/10.1061/(ASCE)MT.1943-5533.0000435
https://doi.org/10.1016/j.jobe.2023.107496
https://doi.org/10.1016/j.conbuildmat.2022.128320
https://doi.org/10.1016/j.cemconres.2020.106197
https://doi.org/10.1016/j.cemconcomp.2022.104453
https://doi.org/10.1016/j.apsusc.2010.09.030
https://doi.org/10.1016/j.conbuildmat.2017.12.221
https://doi.org/10.3390/ma15217734
https://doi.org/10.1016/j.jcis.2008.04.023
https://doi.org/10.1016/j.conbuildmat.2020.120500
https://doi.org/10.1016/j.conbuildmat.2022.126999
https://doi.org/10.1016/j.eng.2021.04.030
https://doi.org/10.1016/j.matchar.2008.11.001
https://doi.org/10.1016/j.compositesa.2017.01.008
https://doi.org/10.1111/j.1551-2916.2009.03055.x

Nanomaterials 2024, 14, 80 20 of 20

86. Amin, M.S,; El-Gamal, S.M.A.; Hashem, ES. Fire resistance and mechanical properties of carbon nanotubes—Clay bricks wastes
(Homra) composites cement. Constr. Build. Mater. 2015, 98, 237-249. [CrossRef]

87. Batiston E, G.P.; Mezzomo, P; Pelisser, F.; Matos, P.R. Effect of Carbon Nanotubes (CNTs) aspect ratio on the rheology, thermal
conductivity and mechanical performance of Portland cement paste. Rev. IBRACON De Estrut. E Mater. 2021, 14. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1016/j.conbuildmat.2015.08.074
https://doi.org/10.1590/s1983-41952021000500010

	Introduction 
	Functionalization of Multiwalled Carbon Nanotubes 
	Methods of Functionalization 
	Surfactants 

	Mechanisms of Increased Mechanical Strength with Nanotubes and the Effects of Functionalization 
	Dispersion and Functionalization 
	Porosity and Functionalization 
	Fracture Resistance, Bridging and Interfacial Bonding with Nanotubes 
	Nucleation and Hydration 

	Electrical and Thermal Conductivity of Cementitious Composites with Functionalized and Pristine MWCNTs 
	Conclusions 
	References

