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Synthesis of carbon nanotubes/hydroxyapatite composites using
catalytic methane cracking

Bruna Régo De Vasconcelos, Ngoc Dung Tran, Doan Pham Minh*, Ange Nzihou and
Patrick Sharrock

Centre RAPSODEE, Université de Toulouse, Mines Albi, CNRSUMR 5302, Albi, France

Carbon nanotubes/hydroxyapatite composites (CNTs/Ca-HA) have been synthesized
using catalytic methane cracking. This composite combines the advantageous
properties of carbon nanotubes and hydroxyapatite. Carbon nanotubes (CNTs) have
attracted increasing attention, thanks to their exceptional physical and chemical
properties such as high tensile strength, small density and large length to diameter
ratio, good chemical stability and high thermal and electrical conductivities. These
properties render them attractive for applications such as reinforcements in various
materials. Hydroxyapatite (Ca;q(PO4)s(OH),, Ca-HA) is a versatile material which
can be used in several applications: biomaterials, sorbents for heavy metal fixation
from contaminated water, air and soil, catalyst supports. Catalytic methane cracking
was carried out in a fixed-bed reactor wherein CH, gas passed through a heated
nickel-loaded Ca-HA bed (Ni content: 5 wt.%). The reaction significantly took place
at 700 °C leading to the formation of CNTs. Reaction parameters such as tempera-
ture, methane flow rate and reaction time were investigated. The results presented
propose a new approach for CNT/Ca-HA composite synthesis, in regard to the state
of the art.

Keywords: composites; inorganic compounds; structured materials; surface growth;
chemical synthesis; thermogravimetric analysis

1. Introduction

Carbon nanotubes (CNTs) have attracted increasing attention due to their exceptional
physical and chemical properties, such as high tensile strength, small density and large
length to diameter ratio, good chemical stability and high thermal and electrical
conductivities.[1,2] Recent work has shown that CNTs are promising candidates for
catalyst support in several reactions due to low diffusion resistance issues.[3] They
showed improved catalytic activity in reactions such as hydrogenation of olefins,
nitrobenzene into aniline, selective hydrogenation of C=C bond in an o,B-unsaturated
aldehyde and selective catalytic oxidation of trace amounts of H,S into elemental sul-
phur.[3,4] They also have been used for a wide range of applications such as alternative
forms of energy production, energy storage and drug delivery.[5] Jiang et al. showed
that CNTs can be used to make flexible devices for energy storage, which is important
for applications in modern systems that demand components with adaptable shapes.[6]
Li et al. proved that the presence of multi-walled carbon nanotubes (MWCNTs) in a
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nanocomposite made of stearic acid and MWCNTs improves the thermal conductivity
of the stearic acid, which makes it a promising candidate for enhancing the heat
transfer performance of energy storage systems.[7]

Hydroxyapatite [Ca;o(PO4)s(OH),, Ca-HA] can be used in several applications,
such as medicine.[8,9] Due to its biocompatibility, it has many dental and orthopaedic
applications including development of implants with better integration.[10] It also can
be used for the removal of heavy metals from contaminated soils, wastewater and fly
ashes, thanks to its low water solubility, high thermal stability, possible high specific
surface area and high sensibility to heavy metals.[11-13] Furthermore, with the surface
acid-basicity as a function of Ca/P molar ratio, it may be applied as catalyst support in
reactions such as dry reforming of methane, ethanol electrooxidation and selective
oxidation of alcohols.[14,15] However, because of the brittle nature of Ca-HA cera-
mics, composites starting from Ca-HA and another material such as CNTs are devel-
oped in order to enhance the physico-chemical and mechanical properties of Ca-HA
and create beneficial synergy effects of these two individual initial materials. Research
focused on CNT/Ca-HA composites continuously increases as shown previously.[16]
Different methods have been developed for the synthesis of CNT/Ca-HA composites,
including mechanical mixing, spray drying and chemical reaction.[16—19] This last one
is usually based on either the growth of Ca-HA particles or layers on CNT surface, or
the growth of CNTs on Ca-HA surfaces. Liao et al. studied the growth of Ca-HA on
CNTs by coprecipitation of calcium phosphates in an aqueous suspension of CNTs.[20]
Self-assembled Ca-HA on CNT surface was obtained. Xiao et al. investigated the
in situ deposition of Ca-HA on CNT surface using the biomineralization method.[21]
Firstly, CNT surface was treated by a phosphorylation step in order to promote the
Ca-HA deposition. Then, these modified CNTs were immersed in a simulated body
fluid (SBF) for the growth of Ca-HA on CNT surface. Mineral contents (Ca-HA)
increased apparently with the contact time of CNTs in SBF and reached 65 wt.% after
8 h. The Ca-HA-functionalized CNT was found to have excellent biocompatibility and
dispersion ability in aqueous system.[21] Using chemical reaction way, several results
dedicated to the growth of Ca-HA on CNT surface were reported in the litera-
ture.[16,19,22-26] On the other hand, work devoted to the formation of CNTs on the
surface of Ca-HA is rare. Lu et al. elaborated Ca-HA-based matrix containing iron and
magnesium nanoparticles which catalysed the growth of CNTs from acetylene as
carbon source. MWCNTs with a mean diameter of 40-60 or 60—100 nm have been
produced, using Ca-HA and Ca-HA foam, which were previously sintered at
1200 °C.[27,28]

In this article, we investigated the growth of CNTs on the surface of a synthesized
Ca-HA to generate CNT/Ca-HA composites, which are expected to have interesting
properties for various applications in heterogeneous catalysis and energy fields. For the
first time, methane was used as carbon source for the growth of CNTs.

2. Materials and methods

The chemicals used in this work had high purity (analytical grade). Ca-HA powder was
synthesized from Ca(OH), suspension and orthophosphoric acid (H;POy4, 75 wt.%) by
classical precipitation method. A mixture of Ca(OH), suspension and orthophosphoric
acid having the theoretical molar Ca/P ratio of 1.67 was kept under stirring (600 rpm)
at room temperature for 1 h. The pH of the reaction mixture was adjusted around 10
using NH,OH solution. Then, the white precipitate was filtered and rinsed with water



before drying overnight at 105 °C. This resulted to the formation of the powder
Ca-HA, which had the specific surface area (Spzr) and the mean diameter ds) of
7m? g ! and 18.5 pum, respectively.

For the growth of CNTs, the synthesized Ca-HA was firstly functionalized by the
deposition of well-dispersed nickel particles on its surface using the standard incipient
wetness impregnation method.[29,30] An aqueous solution of Ni(NO3), was added
dropwise to the Ca-HA powder in order to get a consistent mixture. The concentration
of Ni(NOs), solution was calculated in order to reach the desired nickel content in the
final solid product (5 wt.%). After the impregnation step, the mixture was dried at
105 °C and then fired in air at 500 °C for 2 h to convert nickel precursor into nickel
oxides. Well-dispersed nickel particles are well known for accelerating the thermal
decomposition of a hydrocarbon such as methane, being the carbon source for the
formation of CNTs.

The growth of CNTs on the surface of nickel-doped Ca-HA was carried out using
methane (CH4) cracking reaction at high temperature. This reaction was carried out in
a U-shaped fixed-bed quartz reactor (i.d. of 8 mm). After filling the fixed-bed reactor
with Ca-HA-based solid (400 mg), the reactor was heated by a vertical cylindrical oven
up to the desired temperature under nitrogen atmosphere. When the reactor reached the
desired temperature, the cracking of methane started by feeding the reactor with
10 vol.% of CH, diluted in argon gas. Gas products were analysed by micro-GC
(A3000, Agilent). Parameters such as reaction temperature, reaction time and feeding
flow rate were varied in order to evaluate their influence on the CNT production. The
reaction temperature was varied between 400 and 700 °C, the reaction time between 2
and 5 h and flow rate between 20 and 70 mL/min.

The determination of methane conversion was calculated as follows:

(CHy),, — (CH)
(CH4)in

CHy4 conversion (%) = out % 100 (1)
Thermogravimetric analysis (TG) was carried out on a SDTQ600 analyzer (TA
Instruments). The morphological and textural surface of the solid products was
observed by scanning electron microscope (SEM) using a Philips XL30 ESEM
apparatus (FEI Company). X-ray diffraction (XRD) data were collected using a Phillips
Panalytical X’pert Pro MPD diffractometer with a Cu K, (1.543 A) radiation source.
Fourier transform infrared (FTIR) spectra were recorded on a Shimadzu FTIR 8400S
spectrometer on ground solid powders.

3. Results and discussion
3.1. Methane cracking over nickel-doped Ca-HA

Figure 1 presents XRD and FTIR results of the initial Ca-HA powder. Ca-HA was
found to be the main calcium phosphate obtained under the synthesis conditions used.
In Figure 1(A), most of diffraction peaks could be attributed to calcium hydroxyapatite
(JCPDS standard No. 01-072-1243).[31] In Figure 1(B), characteristic FTIR peaks of
calcium hydroxyapatite could be found, in particular the peaks of phosphate group at
1076, 1018, 960, 603, 559 cm™', and the peak of hydroxyl group at 633 cm™ '.[31]
Figures 2(A) and (B) report the conversion of CH4 over Ca-HA and nickel-doped
Ca-HA, respectively, at different temperatures, at a total flow rate equal to 70 mL/min,
and after 4 h of time on stream. In the presence of the initial Ca-HA, methane cracking
could slightly take place at 400 °C, as previously observed.[32] The increase of the
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Figure 1. XRD pattern (A), and FTIR spectrum (B), of the initial Ca-HA obtained from Ca
(OH), and H;PO, under the synthesis conditions used. *: Diffraction peaks of calcium
hydroxyapatite (JCPDS Standard No. 01-072-1243).

temperature did not have significant effects on the cracking of methane and the
methane conversion reached only 4% at 700 °C. On the other hand, nickel-doped
Ca-HA showed higher performance for the decomposition of methane compared to
pure Ca-HA. At 700 °C, a methane conversion of 40% was obtained. The high activity
of nickel-doped Ca-HA at 700 °C can be explained by the in situ reduction of nickel
oxides under the experimental conditions used. In fact, the nickel-loaded Ca-HA used
in this work was pretreated by air calcination. This step must lead to the formation of
nickel oxides, which could not be active for the methane cracking reaction. The reduc-
tion of nickel oxides by gaseous hydrogen, which was formed from the thermal
methane cracking, took place at high temperature to form nickel metal particles.[33,34]
These catalyse better the methane cracking reaction, compared to nickel oxides. Under
the present experimental conditions, hydrogen was the only gas product formed in sig-
nificant quantity. A better methane conversion implies a higher production of CNTs.
So, the temperature of 700 °C was then chosen for the next sections.

3.2. Influence of the total feeding flow rate

The influence of the feeding flow rates (Q) on the methane cracking was investigated
in the range of 2070 mL min~', keeping the same quantity of nickel-doped Ca-HA.
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Figure 2. Methane conversion over (A), Ca-HA and (B), nickel-loaded Ca-HA; other
conditions: atmospheric pressure, time on stream of 4 h.

At the feeding flow rate of 20 mL/min, the methane cracking increased for the first
three hours of reaction and then it decreased. As explained above, nickel oxides
reduction probably took place at the beginning of the reaction to form metallic nickel
particles. So, the methane cracking rate increased with the increase of metal fraction,
which explains the increase of methane cracking rate for the first three hours of reac-
tion. Then, methane cracking rate decreased because of the deposition of CNTs on the
surface of Ca-HA which prevents the contact of methane with active nickel sites. When
the total feeding flow rate increased to 50—70 mL min ', methane cracking rate
decreased between 1 and 5 h of time on stream explained also by CNT deposition. It is
possible that the reduction of nickel oxides has ended within the first hour of time on
stream at 50—70 mL min~' (Figure 3).
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Figure 3. Methane conversion as a function of reaction time for the total feeding flow rate of
20-70 mL min™'; other conditions: 700 °C and atmospheric pressure.

3.3. TG analysis

In order to quantify the carbon deposition on Ca-HA-based solids, TG analysis was
performed under air atmosphere within 30 and 1000 °C. Figure 4 presents TG curves
of the synthesized CNT/Ca-HA composites. All three composites had similar thermal
behaviour to each other. They had a strong weight loss between 450 and 650 °C, which
corresponds to the combustion of CNTs.[35] This combustion was total and could be
expressed by the following equation:

CNTs + x0, — xCO, )

Thus, the carbon deposited on Ca-HA matrix could be quantified from TG curves,
which was around 8.3 wt.%.
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Figure 4. TG analysis of the powder after the methane cracking reaction at different flow rates;
other conditions: 700 °C, atmospheric pressure, 5 h of time on stream.
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Figure 5. G analysis of the solids recovered after different times on stream; reaction conditions:
700 °C, 70 mL min~', 400 mg of Ni-doped Ca-HA, atmospheric pressure.

A slight weight loss was also observed between 740 and 1000 °C which can be
attributed to the decarbonation of carbonated hydroxyapatite (CAP).[35] CAP is formed
at low content when the synthesis reaction of Ca-HA from limestone and orthophos-
phoric acid is carried out under air atmosphere.[35]

Figure 5 illustrates TG analysis of the solids recovered after different methane
cracking reaction times. As expected, the weight loss due to the combustion of CNTs,
which ranged from 450 to 650 °C, increased with the increase of methane cracking

Figure 6. SEM images of the initial Ca-HA support (a, b) and the nickel-doped Ca-HA (c, d).



reaction time. This weight loss reached 5.7, 8.3 and 8.9% after 2, 5 and 10 h of time
on stream. So the cracking reaction seemed to strongly slow down after 10 h of time

on stream, probably due to the decrease of nickel particles available on the surface of
Ca-HA.

3.4. SEM characterization

SEM analysis was performed in order to highlight the formation of nickel particles on
Ca-HA surface and the growth of CNTs on nickel-doped Ca-HA. All samples were
directly observed without any metallization step.

AccV Spot Magn Det WD
8.00KV 50 6400x GSE 6.1 AUX 0.5 Torr

-~
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Figure 7. SEM images of CNTs/Ca-HA composite obtained after 5 h of reaction at 700 °C,
20 mL min~", 400 mg of Ni-doped Ca-HA, atmospheric pressure; (a) image obtained with a
detector for secondary electrons (GSE); (b) image obtained with a detector for BSE.



Figure 6 shows SEM images of the initial Ca-HA support and nickel-doped Ca-HA
particles before methane cracking reaction. The initial Ca-HA support was composed of
agglomerates of micrometric and nanometric particles (Figure 6(a) and (b)). Incipient
wetness impregnation allowed the deposition of nanometric nickel particles on the
surface of the Ca-HA support. The size of nickel particles, which were visible in SEM
analysis, was estimated at around 20-70 nm. These particles were well distributed on
the surface of the Ca-HA support.

Figure 7 shows SEM images of CNT/Ca-HA composite obtained after 5h of
reaction at 700 °C with the feeding flow rate of 20 mL min~'. Using a detector for
gaseous secondary electrons (GSE), images of high tomography quality were obtained
as illustrated on Figure 7(a). CNTs could be easily observed on the surface of nickel-
doped Ca-HA but this observation mode did not allow highlighting the presence of

AccV Spot Magn Det WD —— 1um
800KV 50 25600x GSE 6.1 AUX 05 Torr

AccV Spot Magn Det WD - 500 nm
100kV 30 51200x SE 95

Figure 8. Illustration of CNT size, obtained at 700 °C under atmospheric pressure.



nickel particles. Using a detector for back-scattered electrons (BSE), image of high
chemical contrast was obtained which evidenced nickel particles, which had the highest
chemical contrast compared to other elements present in CNT/Ca-HA composite. So,
these two observation modes allowed distinguishing both CNTs and nickel particles.
We can see that the growth of CNTs was not ordered and its formation was strongly
linked with the presence of nickel particles. Nickel particles, which catalysed the
growth of CNTs, conditioned the external diameter of CNTs, as illustrated on Figure 8.
It varied from about 30 to 100 nm.

Figures 9—11 are SEM images of CNT/Ca-HA composites obtained at different
reaction times at 700 °C under atmospheric pressure. According to TG analysis
(Figure 5), CNT content increased with the increase of the reaction time. In all cases,

o
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Figure 9. SEM images of CNTs/Ca-HA composite obtained after 2 h of reaction at 700 °C,
70 mL min~', 400 mg of Ni-doped Ca-HA, atmospheric pressure.
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Figure 10. SEM images of CNTs/Ca-HA composite obtained after 5 h of reaction at 700 °C,
70 mL min~", 400 mg of Ni-doped Ca-HA, atmospheric pressure.

GSE and BSE images highlighted the formation of CNTs and the presence of nickel
particles on the surface of Ca-HA.

3.5. Specific surface area

Specific surface area of CNT/Ca-HA products was measured by BET method. Despite
the various CNT content (5-9 wt.%), the value of BET surface was almost similar to
each other (about 7-9 m? g '). In fact, CNTs may have various specific surface areas
as a function of its internal and external diameter.[36] The theoretical specific surface
area of CNTs having the external diameter of 828 nm is between 400 and
70 m* g~ '.[36] For higher external diameter as observed for our composites, the
specific surface area of these CNTs must be lower than 70 m* g~'. So, the presence of
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Figure 11. SEM images of CNTs/Ca-HA composite obtained after 10 h of reaction at 700 °C,
70 mL min~"', 400 mg of Ni-doped Ca-HA, atmospheric pressure.

5-9 wt.% of such CNTs in the composites must not change strongly their specific
surface area, which explained the results obtained for our CNT/Ca-HA products.

3.6. Discussion

As mentioned in Section 1, most of research focused on the deposition of Ca-HA on
the surface of CNTs. Only a few works was devoted to the growth of CNTs on Ca-HA
surface. Regarding the results obtained by Lu et al. wherein nano-FeMg-Ca-HA crystals
catalysed the formation of CNTs from the decomposition of C,H,, CNTs with a mean
diameter of 40—60 nm.[27] The content of CNTs could reach up to around 18 wt.%.
When Ca-HA-based foam, which incorporated also iron and magnesium in its structure,



was sintered at 1200 °C before CNTs growth, the content of CNTs formed was only
less than 3 wt.% with a mean diameter of 60—100 nm.[28] Using microwave plasma
enhanced chemical vapour deposition (MPECVD), El-Shazly et al. were successful in
the growth of CNTs with a mean diameter of 30—70 nm on the surface of nickel-doped
Ca-HA.[37] No communication on the content of nickel and CNTs was reported in this
work.[37] The results obtained in the present work allowed confirming the feasibility
for growing CNTs on Ca-HA surface, catalysed by Ni nanoparticles.

The localization of active metals particles (Ni, Fe, Mg) in as-synthesized CNT/
Ca-HA composites seems to be important. In fact, CNT/Ca-HA composites obtained
from the present work contained up to 5 wt.% of nickel particles. It is possible that
nickel particles were still located on the surface of Ca-HA and covered by carbona-
ceous species. It is also possible that they were detached from Ca-HA surface. For
instant, any effort was done on this task. Understanding the fate of nickel particles in
final CNT/Ca-HA composites is necessary for its efficient use.

4. Conclusions

CNT/Ca-HA composites were successfully synthesized by the methane cracking
reaction over nickel-doped Ca-HA (5 wt.%). The temperature of 700 °C seemed to be
crucial for the efficient decomposition of methane. This thermal catalytic decomposition
led to the formation of hydrogen as the only main gas product and the growth of CNTs
on the surface of nickel-doped Ca-HA. After 10 h of reaction, the CNT content reached
8.9 wt.% and the methane cracking reaction still took place. The results obtained in this
work represent a promising contribution to the research field related to the growth of
CNTs on Ca-HA surface.

Ongoing research will focus on the structural characterization such as HRTEM and
the use of CNT/Ca-HA composites in catalytic reactions for energy carrier products.
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