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� CNT and silica fume were covalently synthesized.
� Synthesized CNT and silica fume incorporated cement composites were fabricated.
� Covalently synthesized CNT and silica fume improved the stiffness of C-S-H.
� Covalently synthesized CNT and silica fume significantly enhanced mechanical strength.
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The effects of covalently synthesized CNT and silica fume on the modulus of compression of calcium sil-
icate hydrates were investigated in the present study. For the conjugation of CNT and silica fume, the sur-
faces of silica fume and CNT were functionalized with a primary amine group and a carbonyl chloride
group, respectively. The aminated silica fume and carbonyl chloride functionalized CNT were covalently
bonded by the formation of amide bridges. The characteristics of the covalently synthesized CNT and sil-
ica fume were investigated via zeta potential, Fourier-transform infrared spectroscopy, scanning electron
microscopy, Raman spectroscopy and sedimentation tests. The compressive strength and modulus of
compression of calcium silicate hydrates of cementitious composites incorporating the synthesized
CNT and silica fume were then investigated. The test results showed that the addition of the synthesized
CNT and silica fume improved the stiffness of calcium silicate hydrates, thereby significantly increasing
the compressive strength of the composites.

� 2018 Published by Elsevier Ltd.
1. Introduction

Various supplementary cementitious materials including silica
fume, blast furnace slag, fly ash and metakaolin have been widely
adopted to improve the mechanical properties of cementitious
composites [33,36]. Silica fume is one of the most representative
additives and has been utilized as a supplementary cementitious
material since the 1970s. Its specific gravity and bulk density are
approximately 2.20 and in the range of 200–300 kg/m3,
respectively [36]. Previous studies reported that the content of
silica fume that is able to improve the mechanical properties of
cementitious materials is 5.0–10.0% by the weight of cement and
that the compressive strength of cementitious materials increased
by 10–50%, relative to that of specimens without silica fume
[30,32,36].

The addition of silica fume induces particle packing, which thus
densifies the matrix of cementitious materials [3]. Dual et al.
reported that the silica fume reduces the total porosity of cemen-
titious materials by approximately 4.0% [7]. Furthermore, it has
been demonstrated that silica hydrate conversion facilitates poros-
ity reduction [36] and that the silica fume added in cementitious
materials reacts with Ca(OH)2 and forms a calcium silicate hydrate
(C-S-H) phase which is a major hydration product responsible for
the mechanical properties of cementitious materials [3,7,36]. Thus,
the mechanical properties of cementitious materials can be vastly
improved by the incorporation of silica fume [3,7,36].

As nanotechnology has been an issue, studies on the enhance-
ment of the mechanical properties of cementitious materials that
utilize nanomaterials have been actively attempted. Carbon
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nanotube (CNT) is one of the most promising nanomaterials that
has been applied to improve the mechanical properties of cemen-
titious materials. This material has remarkable mechanical, electri-
cal and thermal properties [34,2,41]. In particular, the Young’s
modulus of this material is approximately 1.0–1.8 TPa [38], as each
C atom in the structure of CNT is composed of CAC bonds, among
the strongest bonds in nature [10]. The major issues related to
improvement of the mechanical properties of CNT-reinforced
cementitious composites are the dispersion of the CNT and the
bond strength between the CNT particles and the hydrates
[11,12]. Various methods including ultrasonication, the use of sur-
factants and siliceous materials, and surface modifications of CNT
have been proposed to disperse CNT effectively in cementitious
composites [17,16,4,14,24,12].

In previous studies, the increase in the compressive strength of
cementitious materials with CNT was reported to be in the range of
10–20% and a suitable range of content that can be added to
cementitious materials to improve the compressive strength was
given as 0.01–0.15% by the weight of cement [9,18,23,28]. The
addition of CNT can affect the microstructural properties and the
characteristics of C-S-H phase. Nochaiya and Chaipanich reported
that the addition of CNT to cementitious materials reduced the
porosity by more than 4.0%, mainly decreasing mesopores in the
matrix [27]. Meanwhile, Konsta-Gdoutos et al. reported that CNT
added to cementitious materials contributed to the improved stiff-
ness of the C-S-H phase [17,16]. However, a large amount of CNT
may inhibit the hydration reaction and reduce the mechanical
properties [23]. Morsy et al. reported that CNT particles led to
the separation of cement grains as the particles wrapped around
grains [23]. Consequently, the bond strength among hydrates
was reduced [23].

Several researchers have attempted to devise synthesis
methods for CNT and pozzolanic materials to improve the dis-
persion of CNT in cementitious composites and to enhance the
mechanical properties of the composites [25,26]. Nasibulin
et al. synthesized CNT and cement particles and reported that
the addition of the synthesized material improved the mechan-
ical properties of cementitious composites nearly twofold when
the content of the material added to the composites equaled
100% by the weight of cement [26]. Mudimela et al. intro-
duced a simple chemical vapor deposition method to resolve
the significantly poor bonding between CNT and cement or sil-
ica materials by growing carbon nanomaterials on the surface
of target matrix [25]. It should however be noted that synthe-
sized CNT and cement particles reported in the previous stud-
ies exhibited a decrease in the mechanical strength at an early
age as their dosage increased due to the low degree of hydra-
tion of modified cementitious composites [25,26]. Furthermore,
a slight enhancement in the mechanical strength was observed
only for the samples with a very high fraction of synthesized
composites wherein the efficiency of the fabrication may have
vulnerability.

The effects of covalently synthesized CNT and silica fume
(SF) (hereafter, covalently synthesized CNT and SF is referred
to as C-SF) on the mechanical properties of cementitious com-
posites were investigated in the present study. For the conjuga-
tion of CNT and SF, the surfaces of the SF and CNT were
functionalized with a primary amine group and a carbonyl
chloride group, respectively, and the aminated SF and carbonyl
chloride functionalized CNT were covalently bonded by the for-
mation of amide bridges. The physicochemical characteristics of
the C-SF were investigated via the zeta potential, Fourier-
transform infrared spectroscopy, scanning electron microscopy,
Raman spectroscopy, and sedimentation tests. The mechanical
properties of the composites incorporating the C-SF were
investigated.
2. Experimental procedure

2.1. Sample preparation

The mix proportion of cementitious composites incorporating C-SF is provided
in Table 1. Type I Portland cement was used as a binder material. A polycarboxylate-
type superplasticizer was used to improve the workability and the dispersion of the
C-SF in the cementitious composites. The C-SF was manually ground via mortar and
pestle and formulated into a solution of C-SF (designated amount) and water
(250 g). The solution was then sonicated by means of a bath-type ultrasonicator
(200 W, 40 kHz) for 1.5 h to improve the dispersion of the C-SF. The added content
of C-SF was varied from 0.15 to 0.5% by the weight of cement and the water to
cement (w/c) ratio was fixed at 0.25, since minimization of the w/c ratio can
improve the bond strength between hydrates and C-SF, and inhibit re-
agglomeration of C-SF [13]. The mixing procedure of the cementitious composites
incorporating C-SF was as follows: the cement and water (500 g) were mixed in a
Hobart mixer for 1 min and the sonicated solution including C-SF was added. The
mixture was further mixed for 5 mins and poured into a prismatic mold
40 � 40 � 160 mm in size, as described in ASTM C348. The specimens were
demolded after 24 h and cured at 25 ± 3 �C for 28 days.

2.2. Test methods

The characterization of the C-SF was conducted via zeta potential analyzer
(Malvern, Nano ZS), Fourier-transform infrared (FT-IR) spectroscopy (Thermo Scien-
tific, Nicolet iN10 microscopy), field emission-scanning electron microscopy (FE-
SEM, HITACHI SU5000) images, Raman spectroscopy (NTEGRA, NT-MDT), and sed-
imentation tests. The sedimentation test was conducted with solutions denoted as
C-SF and pristine CNT to evaluate the dispersion characteristics of C-SF. Each solu-
tion was formulated with 8 mL of water and 0.2 g of the selected particles (C-SF or
pristine CNT) and sonicated by means of a bath-type ultrasonicator (200 W, 40 kHz)
for 1.5 h and observed the sedimentation state of the particles at designated
periods.

Cementitious composites having dimensions of 40 mm � 40 mm � 40 mm
were used to assess compressive strength. The effects of the C-SF on the nanome-
chanical characteristics of cementitious composites were investigated by nanoin-
dentation and SEM tests. For the nanoindentation tests, a berkovich tip with an
angle of 65� was used and the samples of the cementitious composites with C-SF
were prepared in a mold of 5 mm � 5 mm � 2 mm. The samples used in the nanoin-
dentation test were immersed in acetone and were then put into a vacuum desic-
cator for 48 h to arrest any additional hydration. The samples were carefully
polished with silicon carbide paper (#4000) for more than 30 min, and an air com-
pressor was used to remove the polishing debris from the surfaces of the samples,
since the surface condition of the samples can significantly affect the results of
nanoindentation tests. The test of each sample consisted of 25 indents performed
on a 5 � 5 grid (10 mm between each grid point) with a target depth of 5000 nm.
Five different areas were arbitrarily selected and the procedure was repeatedly con-
ducted for each sample. That is, the results of 125 indentation tests for each sample
were obtained.
3. Covalent synthesis of CNT and SF

Multi-walled CNT (produced by Hyosung Inc. Korea) and SF
(EMS-970, manufactured by Elkem Inc.) were used to covalently
synthesize CNT and SF. The purity of the CNT exceeded 95%, and
the specific gravity, length, and diameter were 1.32, 10 mm, and
from 12 to 40 nm, respectively. The corresponding specific gravity,
specific surface area, and diameters of the SF were 2.1, 15.0 m2/g
and from 50 to 250 nm. It should be noted that the covalent syn-
thesis of CNT and SF was mainly carried out via one of the follow-
ing two methods: (1) the synthesis of aminated SF and (2) the
synthesis of functionalized CNTs and their covalent coupling in
which these methods were referenced from Phonthammachai
et al. and Kim and Min, respectively [29,15]. To synthesize the ami-
nated SF, 5 g of SF was dispersed in a 5 L mixture of ethanol to
water (at a volume ratio of 3:1) under sonication for 15 mins. Sub-
sequently, 35 mL of 3-aminopropyltriehoxysilane (APTES) was
added to the mixture, and it was then stirred at 95 �C for 1 h. After
cooling to room temperature, the mixture was centrifuged at
8000 rpm, washed three times with ethanol and water, after which
it was dried at 100 �C under a vacuum overnight for future use.

To synthesize CNT functionalized with carbonyl chloride
groups, 1 g of CNT was dispersed in 400 mL at a 1:3 ratio of concen-
trated nitric acid and sulfuric acid, and the mixture underwent



Table 1
Mix proportion of cementitious composites incorporating covalently synthesized CNT and silica fume (g).

Specimena Cement C-SF Silica fume Water

OPC 2000 – – 500
SF 2000 – 10 500
C-SF0.15 2000 3 – 500
C-SF0.25 2000 5 – 500
C-SF0.5 2000 10 – 500

a The following denotations were used to identify samples: ‘OPC’, ‘SF’ and ‘C-SF’ denote the sole use of ordinary Portland cement, incorporation of silica fume, and
incorporation of covalently synthesized CNT and silica fume, respectively, while the numbers following C-SF denote their mass ratio (%) by the weight of cement.

Fig. 1. XRD patterns of pristine CNT and covalently synthesized CNT and silica
fume.
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sonication for 6 h by using bath-sonicator (200W, 40 kHz). After
sonication, the acidic mixture containing the CNT was centrifuged
at 12,000 RPM for 10 min and washed with water. This step was
Fig. 2. Raman spectrum results of CNT and co

Fig. 3. FT-IR spectra of (a) pristine and acid-treated CNT
repeated until the supernatant of the centrifugedmixture was neu-
tralized. The obtained CNT was dried at 75 �C under a vacuum
overnight. Then, the CNT was dispersed in 50 mL of anhydrous N,
N-dimethylformamide (DMF) by sonication for 15 min with con-
tinuous nitrogen purging. Then, 450 mL of thionylchloride was
quickly added to the DMF mixture including CNT. The temperature
of the mixture 95 �C for 24 h while being stirred with continuous
nitrogen purging. After the reaction, the excess thionylchloride
was removed by rotary evaporation.

To covalently synthesize CNT and SF, 1 g of carbonyl chloride
activated CNT was dispersed in 1 L of DMF by bath-sonication for
30 min and 3 g of aminated SF was added to the mixture. The mix-
ture was further sonicated for 1.5 h and stirred for 24 h at 95 �C
with continuous nitrogen purging. After the reaction, the mixture
was centrifuged at 8000 rpm and washed three times with DMF
and ethanol. The obtained C-SF was dried at 75 �C under a vacuum
overnight.
valently synthesized CNT and silica fume.

and (b) covalently synthesized CNT and silica fume.



Fig. 4. SEM images of aminated SF (a), acid-treated CNT (b) and covalently synthesized CNT and silica fume (c, d) under different magnification levels.

Fig. 5. Synthetic schemes of carbonyl chloride-functionalized CNT, aminated SF and their hybrid structures (covalently synthesized CNT and silica fume).
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4. Characterization of C-SF

The measured zeta potential value of SF was �26.7 ± 0.4 eV, and
this value increased to 19.5 ± 0.3 eV by APTES treatment. The pos-
itive charge of SF suggested that primary amine groups were suc-
cessfully introduced onto the surface of the SF. For the CNT, the
pristine CNT was not dispersible in water; thus its zeta potential
could not be measured. In contrast, the acid-treated CNT was dis-
persed in water and its zeta potential was �30.4 ± 0.4 eV. This neg-
ative charge implied that the surface of the CNT was oxidized by
the bath-sonication process in the acid mixture. As expected, the
zeta potential of C-SF was measured to be �10.8 ± 1.5 eV; this
value was close to the sum of the surface charges of the
aminated-SF and acid-treated CNT and suggested that they formed
a complexed structure.

XRD patterns of the pristine CNT and C-SF samples are shown in
Fig. 1. The (0 0 2) peak at 25.4� in the pattern of the pristine CNT
sample corresponds to the space between the graphitic layers in
the carbonaceous materials. In the previous study, the 2h peak
involved in the hexagonal carbon nanotube was 26.3�; this implies
that the CNT used in the present study contained impurities [19].
The (0 0 2) peak in the pattern of the C-SF sample was broadened



Fig. 6. Sedimentation test results of aqueous solutions with covalently synthesized
CNT and silica fume and pristine CNT: (a) 0 min, (b) 3 min and (c) 2 h.

Fig. 7. Compressive strength test results of cementitious composites incorporating
covalently synthesized CNT and silica fume at 28 days.
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compared to that in the pattern of the pristine CNT. This type of
broadening is commonly caused by the functionalization process,
during which the strain between the graphitic layers increased
and the number of the layers is reduced [21]. The (1 0 0) peak at
43.6� represents the presence of curved graphene sheets consisting
of CNT structures, and the peak intensity is determined by diffrac-
tion from the in-plane regularity [21]. The (1 0 0) peak was clearly
observed in the pattern of the pristine CNT sample, while the peak
was not observed in the pattern of the C-SF sample. The disappear-
ance of the (1 0 0) peak in the C-SF sample is caused by the func-
tionalization process used in the present study. Meanwhile, it is
well known that the amorphous hump at 15–30� in the 2h direc-
tion represents SF [1].

Fig. 2 shows the Raman spectra of pristine CNT and the C-SF
samples. The spectrum of CNT contained two characteristic peaks
(the D and G bands). The D band (�1,342 cm�1) is generated by
the presence of disorder in sp2 hybridized carbon systems, while
the G band (�1,575 cm�1) is caused by the stretching of the CAC
bonds [24]. That is, the intensity of the D (ID) band increases as
the defect density increases. Thus, the crystalline quality of CNT
can be evaluated with the ID/IG ratio. The corresponding ID/IG ratios
of CNT and C-SF were 0.84 and 0.97, as shown in Fig. 2. The
increase in the ID/IG ratio of C-SF was caused by the functionaliza-
tion of CNT.

The functionalization of CNT and the formation of C-SF were
further confirmed by FT-IR analyses. The FT-IR spectrum of pristine
CNT showed a featureless signal, which indicated the absence of a
functional group on the pristine CNT (Fig. 3a). After an acid-
treatment, there were typical signals of oxygen containing func-
tional groups which had formed on the surface of the CNT at
1172 cm�1 from the CAO stretching of the epoxy group, at
1712 cm�1 from C@O stretching of the carboxylic acid group, and
at 3440 cm�1 from the OAH vibration of the hydroxyl group
(Fig. 3a). The appearance of these functional groups verified the
successful functionalization of CNT in good agreement with the
surface charges of the CNT. The FT-IR spectrum of C-SF showed
strong signals at 809 and 1112 cm�1 from the SiAOASi stretching
of silica and newly appeared peaks at 1569 and 1586 cm�1 from
the O@CANAH stretching of the amide group with the weakened
C@O stretching of the carboxylic acid group (Fig. 3b). The differ-
ence in the FT-IR spectrum of the acid-treated CNT and the C-SF
clearly revealed that the CNT was covalently bonded to the surface
of the aminated SF.

A SEM analysis of the SF and acid-treated CNT showed the
spherical shape of SF with a size ranging from 50 to 250 nm
(Fig. 4a), along with the tubular shape of CNT which was signifi-
cantly shorter from 10 lm to several hundreds of nm (Fig. 4b).
The SEM images of C-SF exhibited closely-incorporated structures
of the acid-treated CNT onto the surface of the aminated SF
(Fig. 4c and d). SEM characterization also confirmed that both
the functionalized CNT and the SF were tightly bonded together
through covalent bonds. It is worth to note that the connected
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structure of C-SF was stable even after repeated and prolonged
sonication for dispersion. Fig. 5 shows the synthetic scheme of
the carbonyl chloride-functionalized CNT, the aminated SF and
their hybrid structures.

Meanwhile, Fig. 6 shows the sedimentation test results of the
solutions including C-SF and pristine CNT. The test results showed
that the dispersion of C-SF was significantly improved compared to
that of the pristine CNT. The sedimentation of C-SF particles in the
aqueous solution was mostly complete after 2 h, while that of the
pristine CNT particles in the aqueous solution was observed to
occur rapidly within 3 min.
5. Compressive strength of cementitious composites
incorporating C-SF

Fig. 7 shows the compressive strength test results of the cemen-
titious composites incorporating C-SF at 28 days. The compressive
strength of the OPC specimen was similar to that of the specimen
incorporating SF. It has been reported in previous studies that a
proper amount of SF added to cementitious materials to improve
the compressive strength was from 2 to 25% by the weight of
cement [8,37]. The content of SF particles added to cementitious
composites in the present study was less than 0.5 wt%. That is,
the content of SF particles added to the SF specimen was too low
to improve the compressive strength. Meanwhile, the compressive
strength of the specimens incorporating C-SF was significantly
Fig. 8. SEM images of cementitious composites incorporating covalently syn
improved compared to that of the OPC specimen. The fractional
increases in the compressive strength of the C-SF 0.15, C-SF 0.25
and C-SF0.5 specimens compared to that of the OPC specimen were
104.7%, 128.9% and 107.6%, respectively. It has also been reported
in previous studies that the fractional increases in the compressive
strength of cementitious materials with a SF content less than
0.5 wt% compared to OPC specimens ranged from 5 to 20%
[8,37,31]. That is, the improvement of the compressive strength
induced by the addition of the C-SF was greater than that induced
by the addition of SF particles.
6. Effect of C-SF on the characteristics of hydrates

Fig. 8 shows SEM images of the cementitious composites incor-
porating C-SF. It was observed in Fig. 8(a) that the C-SF particles
were well distributed in the composite and that the SF synthesized
with CNT was not dissolved. That is, the SF particles maintained
their spherical shapes. It has been reported in previous studies that
the SF added to the cementitious materials dissolved after 7 days
[20]. Meanwhile, the SF synthesized with CNT was not observed
in Fig. 8(b). Instead, it was observed that some parts of the CNT
particles were embedded into the hydrates. It can be inferred from
the results that the SF particles were dissolved and anchored
between the CNT and the hydrates through a pozzolanic reaction.

Fig. 9 shows the nanoindentation test results of the cementi-
tious composites incorporating C-SF. It should be noted that a
thesized CNT and silica fume at (a) 3 days of and (b) 28 days of curing.



Fig. 9. Nanoindentation test results: probability plots of Young’s modulus of cementitious composites incorporating covalently synthesized CNT and silica fume.
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proper amount of SF and CNT added to cementitious materials to
improve the compressive strength were from 2 to 25 wt% and
lower than 0.2% by the weight of cement, respectively [8,37,11].
In addition, the improvement of compressive strength induced by
the incorporation of SF and CNT was from 10 to 30% compared to
cementitious materials without SF or CNT. However, the content
of SF used here was lower than 0.5 wt% and the compressive
strength of the composites incorporating SF was not improved
compared to that of the composites without SF or CNT. Meanwhile,
it was difficult to experimentally quantify the content of pristine
CNT from C-SF in the present study and the improvement of com-
pressive strength of cementitious composites incorporating pris-
tine CNT in previous studies was clearly lower than that of
cementitious composites incorporating C-SF. Therefore, the
nanoindentation tests in the present study were conducted with
OPC and C-SF0.25 samples. However, a further study is needed to
quantify the content of pristine CNT from C-SF. The Young’s mod-
ulus obtained from the nanoindentation test results represents the
porous phase (0–10 GPa), low stiffness calcium silicate hydrate (C-
S-H) phases (10–20 GPa), high stiffness C-S-H phases (20–30 GPa),
portlandite (30–40 GPa) and unhydrated particles (100–170 GPa)
[35,40,39,5,6,22]. The major binding hydrates in a cementitious
composite are C-S-H phases which mainly affect the mechanical
properties of cementitious materials [14]. The test results indicate
that the addition of C-SF led to an increase in the high stiffness C-S-
H in the cementitious composites, while low stiffness C-S-H mainly
composed the hydrates in the OPC specimen. Overall, the SF syn-
thesized with CNT acted as an anchor to improve the bond strength
between the CNT and the hydrates, thereby improving the C-S-H
stiffness. Consequently, the compressive strength of the compos-
ites with C-SF was clearly improved.
7. Concluding remarks

In the present study, aminated SF and carbonyl chloride func-
tionalized CNT were covalently bonded by the formation of amide
bridges. C-SF was added to cementitious composites and the
mechanical characteristics of the composites incorporating the C-
SF were thoroughly investigated. The relevant mechanism of the
mechanical properties of the composites was discussed with
nanoindentation and SEM analyses. The findings from the present
study can be summarized as follows.
(1) The covalently bonded CNT and SF were well dispersed in
the aqueous solution compared to pristine CNT particles.

(2) The compressive strength of cementitious composites incor-
porating C-SF was clearly improved compared to that of the
OPC specimen, while the flexural strength of cementitious
composites incorporating C-SF was similar to that of the
OPC specimen.

(3) It was observed in SEM tests that C-SF was well distributed
in the cementitious composites and that CNT on the surface
of SF was anchored in the hydrates of the composites at
28 days of curing.

(4) Nanoindentation tests showed that the C-SF added to the
cementitious composites improved the stiffness of the C-S-
H phase in the composites.

It can be concluded that the addition of the C-SF contributed to
a significant improvement of the nanomechanical properties of
hydrates, thereby increasing the compressive strength of cementi-
tious composites. Accordingly, the potential usage of cementitious
composites incorporating C-SF may include weight-lightening of
structural units due to the fact that the composites exhibit rela-
tively high compressive strength with the enhanced dispersion of
C-SF.
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