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Abstract

In this study, the inclusion of multi-walled carbon nanotubes as the second phase in the hydroxyapatite matrix, in order to improve the
mechanical strength, has been performed via the sol-gel process. The stability of carbon nanotube sol with the changes of pH and dispersant values
(sodium dodecyl sulfate) was evaluated by zeta potential analysis. The results indicated that synthesis of hydroxyapatite particles in the presence of
the carbon nanotubes had the best result in homogenization of the carbon nanotube dispersion and faster crystallization of hydroxyapatite. The
crystallization of hydroxyapatite phase was investigated with differential scanning calorimetry (DSC) and X-ray diffraction and the microstructure

of the obtained composite powder was studied by electron microscopy.

© 2009 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

Carbon nanotubes (CNTs) have been widely used as
reinforcing additive fibers in polymers and metals [1-8] and
several recent experiments on the preparation and mechanical
characterization of CNT-reinforced ceramic composites have
also been reported [9-15]. Some recent studies have even
suggested that there may be a bioactive potential for utilization
of these composites [16—18]. Therefore, there is an interest for
developing CNT-hydroxyapatite composite to combine super-
ior mechanical and biological properties [19].

One of the major and recurring problems encountered in
developing CNT-reinforced composites is the tendency of
CNTs to aggregate in large bundles and ropes which leads to
inhomogeneous dispersion of CNTs in these composite [20].
Obtaining a stable dispersion of CNTs in water indeed is a
significant problem and it is also a prerequisite for its
application as additives for reinforcement of composite
materials [23]. In general there are three principles for
dispersing fine particles in water [23]: (I) the repulsion
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between the particles characterized by with their zeta potential,
(II) the steric hindrance of the adsorption layer, and (III) the
reduction of hydrophobic linkages among dispersed particles.
Sol-gel process has been previously used to disperse CNTs
homogeneously in ceramic matrices by entrapping dispersed
CNTs in the gel network [21]. Since many applications of
CNTs require their dispersion in a variety of organic or aqueous
solvents, there have been many investigations on improving
CNT solubility [22]. The effective parameters in sol-gel
process determine the dispersion and the interfacial bonding
states of CNTs in composite.

In this study the inclusion of CNTs in the hydroxyapatite
(HA) matrix via the sol-gel process has been investigated and
different aspects of the system have been discussed.

2. Experimental procedure

Three methods for the inclusion of 5 wt% multi-walled
carbon nanotubes (MWCNTs) in HA via sol-gel process
have been studied. In the first method, the HA sol was
prepared from nitrate and phosphate solution [24], then
CNTs and sodium dodecyl sulfate (SDS), as a dispersant,
were added to HA sol by mixing (Fig. 1a). In the second
method, HA sol was prepared similar to the first route, and a
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Fig. 1. Different methods of preparation of composite sol: (a) first method, (b) second method, and (c) third method.

sol containing CNTs and SDS which had been prepared
before, was added to the HA sol (Fig. 1b). In the third
method, HA particles were being produced in the CNT sol
which had been prepared in advance (Fig. 1c). The starting
materials for sol-gel process were Ca(NO3),-4H,0 (Merck,
99% pure), (NH4),HPO, (Merck, 99% pure), carbon
nanotube (Research Center of Petroleum, Iran) and sodium
dodecyl sulfate (SDS) as dispersant.

Stability of the CNT sol was evaluated by zeta potential
analysis as it has been described previously [23] and was
measured as a function of pH and different values of SDS.
The gels obtained from the sols were dried at 80 °C and then
heat treated at 400 °C for 30 min in order to obtain the HA—
CNT composite powder [24]. The formed phases and relative
crystallization percentage were characterized with XRD. The
thermal behavior was evaluated by differential scanning
calorimetry (DSC) analysis. The microstructures of samples
were also evaluated by electron microscopy (SEM and
TEM).

3. Results and discussion
3.1. Zeta potential analysis

It has been known for a long time that zeta potential is the
main factor in sol stability [23]. Based on this fact, the increase
in zeta potential would guarantee the sol stability. The analysis
of zeta potential is illustrated in Fig. 2 for the CNT sol. As one
can see, absolute value of zeta potential has increased with the
increase of pH. It seems that a rise in pH value, will result in a
higher concentration of [OH] ™ which can increase the repulsive
forces higher than van der Waals attraction [23]. The change of
zeta potential as a function of the SDS/CNT ratio is also
presented in Fig. 2, indicating that the increase in SDS/CNT
ratio up to 4 leads to a rise in the absolute value of zeta potential
and after this ratio, there is decline in absolute zeta potential
value. It seems that an increase in dispersant concentration up to
a certain amount is convenient when reacting with CNT, while
SDS/CNT ratios higher than 4 result in the formation of SDS
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Fig. 2. Zeta potential of CNT sol as a function of pH and dispersant percentage.

agglomerates and the consequent formation of micelles and a
logical lowering of sol stability [25].

3.2. DSC analysis

Fig. 3 shows DSC analysis for three sorts of CNT inclusion.
As previously known, the HA crystallization temperature is
250 °C which is similar to the previous data [26]. The DSC
curves for three different methods have been shown in Fig. 3. In
all cases there is an endothermic peak for the moisture removal.
But there is also an exothermic peak for HA crystallization.

As shown in Fig. 3a the exothermic peak has appeared at
248 °C for the first method which it is the same as the
crystallization temperature of pure HA. But the exothermic
peak temperature has decreased to 220 °C and 180 °C for the
second and third methods, respectively. The presence of CNT in
HA matrix can accelerate crystallization with two possible
mechanisms. It is known that the crystallization is highly
dependant on diffusion, so the presence of CNTs with high
specific surface may be the first reason for the lower
crystallization temperature. The presence of CNT can also
change the crystallization from homogeneous to heterogeneous
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Fig. 3. DSC analysis of samples: (a) first method, (b) second method, and (c)
third method.
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Fig. 4. XRD patterns of samples: (a) first method, (b) second method, and (c)
third method.

transformation as the second possible mechanism for reducing
the crystallization temperature. Regarding to these two possible
mechanisms, presence of carbon nanotubes can enhance the
crystallization process. Also better dispersion of CNTs mean
higher nucleation sites and diffusion paths and consequently, it
can lead to a lower crystallization temperature. Considering the
DSC results shown in Fig. 3, it is obvious that in the third
method of CNT inclusion, crystallization begins at lower
temperature as a result of more harmonized distribution of
CNTs in the matrix.

3.3. XRD analysis

XRD patterns of the powders prepared by three different
methods have been shown in Fig. 4. The third method has the
sharpest peaks among all methods. It is interesting that the
peaks at 260 =26° in Fig. 4 are diverted to two branches,
confirming the presence of CNT. The relative crystallization
percentage was measured by a method developed by Pang and
Bao [27]. This method compares the intensity of the HA peak at
(3 0 0) surface (I3 o) and the intensity of valley between peaks
of (300) and (1 12) surfaces (V| | 213 00) [27]:

\%
X.=1_ ( 112/300)
L300

The progress of crystallization was monitored and obtained
for each method was 74%, 81% and 100%, for the three
methods, respectively. It should be noted that the better
dispersion of CNTs by third method and resulting higher rate of
crystallization, can be considered the reason for the larger
crystallized fraction.

3.4. Electron microscopy analysis

SEM images for the powders obtained by three different
methods have been shown in Fig. 5. SEM images confirmed the
results of DSC and XRD. As shown in Fig. 5, the third method
of inclusion (c) has smaller particle size than other methods as
well as the second method (b) than first method (a). Fig. Se
shows the TEM images of the resulting powders, which can be
concluded from that the average particle size of the synthesized
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Fig. 5. SEM images for the powders obtained by (a) first method, (b) second method, (c) third method, and (d) third method in higher magnification. (¢) TEM image

of powder obtained from third method.

HA powders is about 20 nm. It seems, CNT acts as a preferable
site for nucleation of HA (Fig. 5d) so if the dispersion of CNTs
was more harmonized in matrix then crystallization would
begin in a wider scale and particles size would be far smaller
than the other two methods. The increased surface area in third
method implies higher number of atoms and higher surface
defects at the delocalized surfaces fully suitable for human
osteoblast cell growth and cell adhesion. Increased surface area
is a critical factor for achieving stable scaffold structure for a
successful body implant performance.

4. Conclusions

Three methods for the inclusion of 5 wt% MWCNTs in HA
were investigated. Results showed that the synthesis of HA
particles in the CNT sol which was prepared in advance, leads
to an excellent dispersion of CNTs in HA matrix. The presence
of CNT in composite of HA-CNT has caused the faster
crystallization at lower temperatures compared to pure HA due
to heterogeneous nucleation and creation of more diffusion
paths.
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