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In order to create strong composite materials, a good dispersion of carbon nanotubes (CNTs) and nanofibers (CNFs) in a matrix
material must be obtained. We proposed a simple method of growing the desirable carbon nanomaterial directly on the surface of
matrix particles. CNTs and CNFs were synthesised on the surface of model object, silica fume particles impregnated by iron salt,
and directly on pristine cement particles, naturally containing iron oxide. Acetylene was successfully utilised as a carbon source
in the temperature range from 550 to 750◦C. 5–10 walled CNTs with diameters of 10–15 nm at 600◦C and 12–20 nm at 750◦C
were synthesised on silica particles. In case of cement particles, mainly CNFs with a diameter of around 30 nm were grown. It was
shown that high temperatures caused chemical and physical transformation of cement particles.

Copyright © 2009 Prasantha R. Mudimela et al. This is an open access article distributed under the Creative Commons Attribution
License, which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly
cited.

Carbon nanotubes (CNTs) and nanofibers (CNFs) have
recently achieved significant scientific attention owing to
their extraordinary and useful properties, such as exceptional
tensile strength, elastic modulus and electrical and thermal
conductivity [1, 2]. Therefore, small additives of CNTs
and CNFs to different materials can considerably improve
their mechanical and electrical properties [3–5]. CNT/CNF
reinforced cement composites are able to provide electro-
magnetic interference shielding [6] and also these composites
capable of nondestructive flaw detection [7]. Utilization of
CNTs/CNFs has been already occasionally investigated for
applications in construction industry [8, 9] although the
expected improvement has not been achieved, yet [10–12].
The biggest problem in the potential use of the carbon

nanomaterials for making strong concrete arises when CNTs
or CNFs are being introduced in the matrix material. Due
to their high agglomeration/bundling addiction, the carbon
nanomaterials cannot be easily and homogenously dispersed
in a cement matrix by simple mixing procedure [12]. Usually
multistep time consuming processes are required. Bulk
amount of CNT/CNFs needs to be purified, functionalized,
and only afterwards mixed with matrices. However, even
this procedure does not lead to significant enhancement of
the concrete mechanical properties due to poor bonding
between the CNT/CNF and cement [12].

In this letter, we report a simple method to solve
the problem of creating a good dispersion of CNTs and
CNFs in a matrix. A desirable carbon nanomaterial can be
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simply grown on the surface of matrix particles. This also
provides good bonding between the carbon nanomaterials
and matrix. As a matrix material, we selected silica fume and
cement particles. Silica particles with the size from 100 nm
to 2 μm were chosen as a model object for the comparative
growth of CNTs/CNFs. In addition, silica is known to be
used in construction industry to increase the strengths of
concrete as a microfiller and a reactant in pozzolanic reaction
during cement hydration [13]. Moreover, silica particles
covered by CNTs/CNFs can be used to uniformly introduce
the carbon nanostructures into concrete. As for another
matrix, we selected cement, one of the most important
construction materials. Cement consists of around 1–20 μm
sized particles with broad size distribution and, importantly,
naturally contains iron oxide. Thereby, it could be directly
used as a catalyst and a support for the carbon nanomaterial
synthesis. For this study, sulphate-resistant Portland type
cement (CEM I 42.5 N) with 3.4 % (weight) Fe2O3 produced
by Finnsementti Oy was used. Some of the other main
cement components are SiO2, MgO, and Al2O3, which are
known to be good supporting materials for the CNT growth
[14–16].

The growth of CNTs and CNFs was carried out by a
conventional CVD method at atmospheric pressure. Acety-
lene and methane were examined as carbon sources. Cement
particles were utilised without any additional pretreatment if
not otherwise specified. For SiO2 impregnation by catalyst,
2 g of silica particles were mixed with 150 mL water based
iron nitrate (3.8 × 10−3 M) solution. Then, the solution was
stirred for 1 hour and dried in an oven at 90◦C. In prior
to use, the obtained powder was ground. For the CNT/CNF
synthesis, either cement or impregnated silica powder were
placed in a crucible boat, introduced into the quartz CVD
tube (inner diameter of 12 mm) reactor, and heated to
the synthesis temperature in an argon atmosphere at the
flow rate of 280 cm3/min. In order to reduce iron oxide, a
280 cm3/min flow of hydrogen was introduced in the reactor
for 5 minutes. After that, either acetylene or methane with
the flow rate of 28 cm3/min were passed through the reactor
for 20 minutes. Subsequently, after the synthesis stage, the
carbon source and H2 were switched off and the reactor
was cooled down to room temperature in the Ar flowing
conditions.

Both silica and cement particles were completely covered
by carbon nanomaterials when acetylene was used as the
carbon source. On the surface of silica particles, mainly
CNFs with the diameters varied from 30 to 50 nm were
observed at 550◦C. Increasing temperature resulted in the
growth of multiwalled CNTs with 5 to 10 walls as shown
in Figure 1. The outer diameter of multiwalled CNTs varied
from 10 to 15 nm at 600◦C and from 12 nm to 20 nm at
750◦C. The maximum length of the CNTs was found to
be 15 μm. In case of cement particles, mainly CNFs with
the diameter of about 30 nm and average length of 3 μm
were grown at the same conditions applied for CNT growth
on silica particles (Figure 2). The difference between the
products synthesized on silica and cement particles gave us
ground for a suggestion that the amount of catalyst was
not sufficient in the cement particles. In order to examine

this hypothesis, we impregnated cement particles with iron
salt. For the impregnation, 0.4 g of cement was added to
56 mL ethanol-based iron nitrate (3.8 × 10−3 M) solution.
The solution was stirred for 1.5 hours and dried at ambient
conditions. However, utilization of the impregnated cement
particles slightly increased the yield of CNFs, but did not lead
to the formation of CNTs. Most likely formation of different
products on silica and cement particles is determined by
different interaction of catalyst with substrate particles.
Catalyst particles were found at the end of the CNTs, while
the CNFs did not contain any catalyst at their tips. This
gives us a base for a suggestion of tip mechanism of the
CNT growth and root mechanism of the CNF formation. In
this case, CNFs are likely attached to the cement substrate
via the catalyst, which is apparently a part of the cement
particles.

As cement was treated at high temperatures, it might
undergo chemical alterations, which could make impossible
to use this material for constructive purposes. In order to
examine the possible changes, the cement particles were
characterized by means of X-ray powder diffraction (XRD)
analysis. The XRD data were collected on a Philips PW
1820 diffractometer by using CuKα radiation. No major
changes were found in the cement particles up to 700◦C,
but new peaks corresponding to graphitized carbon appeared
in the diffraction pattern (Figure 3). Also, gypsum phase
vanished after the treatment at high temperatures. This can
be explained by dehydration of gypsum CaSO4·2H2O phase
and formation of its anhydrate form [17]. Heat treatment of
cement particles at 900◦C led to the formation of free lime
phase, CaO, likely due to the decomposition of Ca3SiO5 to
Ca2SiO4 [18]. Thus, from the XRD data it can be concluded
that the conditions of CNF and CNT synthesis did not
significantly change the composition of cement particles.
Therefore, the produced carbon nanomaterials would be
easily homogenously dispersed in the concrete and mortar
and could be intermingled with the products during cement
hydration process [19].

Gypsum is usually added and mixed with clinker at
the final stage of cement production and used mainly as
an inhibitor for cement hydration process. For industrial
applications, instead of cement, clinker particles should be
used. This will firstly make the process of CNT/CNF-cement
composite manufacturing cheaper, and secondly it will avoid
chemical changes in the cement material. In order to confirm
the possibility of using clinker as a catalyst and a support,
we have carried out similar investigations with acetylene. We
could not find a significant difference in products synthesized
on cement and clinker.

It is worth noting that the described procedure for
the synthesis of carbon nanomaterials did not allow us to
produce CNTs and CNFs on cement particles using CH4

as a carbon source. This can be explained by the need
of high temperatures (850–950◦C) for CH4 decomposition.
At these temperatures cement particles change their crystal
structure as was found by XRD investigations (Figure 3).
On-line Fourier-Transform Infrared (FT-IR) measurements
of the outlet gas phase composition revealed relatively
high emission of CO2 and H2O in inert Ar atmosphere
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Figure 1: SEM images of (a) pristine silica particles and (b) silica particles treated at 600◦C at the synthesis conditions, (c) TEM image of
CNTs grown at 600◦C on the surface of silica particles.
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Figure 2: SEM images of (a) pristine cement particles and (b) cement treated at 650◦C at the synthesis conditions, (c) TEM image of CNTs
and CNFs grown at 650◦C on the surface of cement particles.
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Figure 3: XRD patterns of pristine cement particles, the product
after the synthesis at 550◦C on the cement surface, and cement after
the heat treatment at 900◦C in Ar atmosphere.

during heating of the cement particles. These two gaseous
compounds are known to behave as etching agents [20] and

could completely suppress the growth of CNTs and CNFs on
the surface of cement particles.

In conclusion, CNTs and CNFs were grown on the
surface of model object, silica fume particles impregnated
by iron salt, and directly on pristine cement particles
using acetylene as a carbon source. The produced carbon
nanomaterials are homogenously dispersed in the matrix
materials, which solves the biggest problem of creating a
good dispersion of CNTs and CNFs in a matrix and also
provides good bonding between carbon and matrix mate-
rials. The experiments were carried out at the temperature
range from 550 to 750◦C and characterized by means of
TEM, SEM, XRD, and FT-IR. It was found that at higher
temperatures, cement particles underwent chemical and
physical changes. These restrict the utilization of methane as
a carbon source for the growth of carbon nanomaterials on
the surface of cement particles.
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