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In this article, we report on the mass production of carbon
nanotubes using a continuous production system based on a
rotary tube furnace. At first, we have optimized the composi-
tion of the metallic nanoparticles. Bimetallic Fe,Ni and Fe,Co
alloys exhibit higher catalytic activity than pure Fe, Co or Ni.
Then, catalyst production process has been modified for the
preparation of large quantity of catalyst with low aggregation
suitable for large scale synthesis of CNTs. A production rate

1 Introduction Since their discovery [1], carbon nano-
tubes (CNTs) have been at the forefront of nanotechnology
because of their remarkable electrical, optical, thermal and
mechanical properties in combination with their extraordi-
nary chemical stability. Developing applications for carbon
nanotubes requires the production of pure materials in
commercial quantities at affordable prices. Chemical Va-
pour Deposition (CVD) is considered by the industrialist to
be the most suitable process to produce CNTs at low cost.
Presently, the market price of pure carbon nanotubes is
higher than $10 per gram for a production capacity of few
hundreds metric tonnes per year. They remain expensive
compared to carbon black, with a price being of the order
of $1 per metric tonne. It is expected that the price of
CNTs will fall as the demand increases and as the process
improves in terms of production yield. However, it is im-
portant that the supply of carbon nanotubes remains of
high quality.

In this paper, we demonstrate that with our continuous
production system based on a rotary tube furnace a produc-
tion rate of more than 1 kg/day can be achieved with a cost
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of about 1.2 kg per day has been achieved. This is yielding to
a cost production of less than $1 per gram. Finally, we show
that the CNTs growth can also be obtained on naturally oc-
curring calcite support for further cost reduction of the syn-
thesis. Quality of the CNTs produced has been established by
measuring their mechanical properties using AFM. Young’s
modulus of the CNTs can be as high as the ideal value of 1
TPa.
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of less than $1 per gram. 75% of the nanotubes produced
have a diameter smaller than 10 nm and a young modulus
close to the ideal 1 TPa.

2 Experimental

2.1 Optimisation of the metal catalyst MWCNTs
were synthesized by CVD of acetylene and carbon dioxide
over supported Fe, Co, Ni catalysts alloys. In a typical
catalyst preparation, a stoichiometric amount of metal salts
(cobalt (II) nitrate hexahydrate-Sigma Aldrich 60832
>99%; and/or iron (III) nitrate nonahydrate-Sigma Aldrich
254223 >99.99% and/or nikel(Il) nitrate hexahydrate-
Sigma Aldrich 72252 >98.5%) are dissolved in distilled
water. Support (CaCO;- Fluka C4830 >99%) is subse-
quently dispersed into the solution. The resulting mixture
(with Fe;M/CaCOj; = 5%; M= Ni or Co) was dried on a hot
plate under continuous stirring. Large batches of as-
prepared catalyst were produced as well and kept in boxes
without special care. The syntheses of CNTs were carried
out in a horizontally mounted quartz tube furnace (station-
ary conditions) in the temperature range of 350 and 850 °C.
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For the CNTs synthesis, the as-prepared catalyst was
placed on a quartz boat and was rapidly introduced into the
reaction chamber. The furnace was flushed with Ar for 10
min and finally exposed to a mixture of C;H, and CO, with
a flux of 1 L/h. After 15 min growth time, the furnace was
flushed again with Ar for 10 min.

2.2 Large scale synthesis of CNTs using the ro-
tary tube furnace We claborated a continuous produc-
tion method based on a rotary tube furnace (Fig. 1) to
overcome the limited capacity and scalability of the fixed
bed reactor [2, 3]. The oven has an 80 mm diameter rotat-
ing quartz tube. The catalyst was continuously introduced
into the reaction tube with an endless screw place at the
end of the catalyst container. Acetylene and argon were
fluxed at 10 L/h and 80 L/h respectively. After collecting,
the material is purified. The catalyst and support are dis-
solved in a 1.5 M hydrochloric acid during the purification
process. MWCNTs are subsequently filtered, washed with
distilled water and dried at 120 °C overnight.

Figure 1 View of the rotary tube furnace used for large-scale
synthesis of CVD. A: Catalyst stock continuously driven inside
the 3 inch quartz tube. Raw materials (CNTs + Catalyst) are col-
lected in B

2.2 CNTs preparation for mechanical properties
characterisation Atomic Force Microscopy (AFM)
samples are prepared by dispersing the CVD grown CNTs
in ethanol and suspended by 10 minutes sonication using
an ultrasonic finger. One droplet of CNT suspension is de-
posited on the micro-fabricated Si;N, membrane. After one
minute, the solution was dried off with a nitrogen flux. In-
dividual CNTs were found to bridge holes of the Si;Ny
membrane, with their entire length in contact with the
membrane surface. AFM images are taken with contact
mode and varying loads on each image. Bending modulus
of the CNTs is extracted by measuring the vertical deflec-
tion at the middle of the suspended part of the nanotube.

3 Results and discussion

3.1 Optimisation of the catalyst composition The
Chemical Vapor Deposition developped is based on the
equimolar reaction between acetylene and CO, at the sur-
face of a supported metal catalyst [4]. We have already
shown that best supports for the growth of CNTs are alka-
line earth carbonate [5]. Here we have focused our study

WWW.pss-c.com

on the composition of the metallic nanoparticles of the ca-
talyst. Beside pure Fe, Ni and Co metals, bimetallic alloys
with Fe;M (M= Ni and Co) composition have been tested.
We have shown that when catalyst is introduced inside the
CVD reactor, an intermediate oxide (spinel with Fe,NiOy,
Fe,CoO,4 composition) of metal transition is formed prior
to the reduction into metal nanoparticles, proceeding when
acetylene and CO, gases are introduced. This oxide is sin-
gle phase when Fe,M stoichiometry is applied (as well as
for pure Fe, Ni and Co metals). Any deviation from this
composition (Fe/M=2) induce the presence of a second
phase with lower catalytic activity [5]. We clearly see in
Table 1 that the mass of CNTs bimetallic alloys exhibits
higher catalytic activity compared to pure Fe, Co, and Ni
transition metals. The reaction yield, calculated as the ratio
between the mass of nanotubes produced and the mass of
carbon introduced (as acetylene) is dramatically enhanced
by a factor of more than 4 for Fe,Ni and Fe,Co compared
to Ni and Co respectively.

Catalyst composi-  mg of CNTs Reaction
tion produced yield (%)
per g of cata-
lyst

Co 250 9

Fe 350 13

Ni 370 14

Fe,Co 1310 49

Fe,Ni 1670 62

Table 1 Maximum mass of CNTs produced for different sup-
ported metallic nanoparticles. Growth was performed at 650-
700 °C.

Element Content
(Wt%)
Co 0.15+0.02
Fe 0.47 £0.03
Ca 0.21+£0.02
Total 0.83 +0.03

Table 2 Impurities content within the purified CNTs as a result
of the ICP MS analysis.

3.2 Large scale production of CNTs For the mass
production of CNTs, larger quantities of catalyst should be
produced. Compared to previous report [5, 6], we devel-
oped a new process based on the co-precipitation of the
transition metals on the surface of CaCO; by the addition
of a weak base. In a typical catalyst preparation, CaCOs is
dispersed in water by a strong stirring. Transition metal ni-
trates are added to the slurry. Triethylamine, ammoniac, or
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urea is added while the pH raises 10. This induces the
deposition of Fe, Co or Ni mixed hydroxides. The slurry
(solid/liquid ratio is about 1/3) of CaCO; coated with me-
tallic nanoparticles is consequently frozen by dropping in
liquid nitrogen and dried afterwards by sublimation. With
our equipment, about 3 kg of ice can be collected in 24
hours. It has been found that freeze drying process (also
known as lyophilisation) produces less aggregated powder.
Therefore, almost all catalytic particles are exposed [7].
This is suitable for mass production and for increasing the
production yield compared to those reported in the Table 1.
It has to be noticed that despite being widely used in food
industry, lyophilisation remains
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Figure 2 Diameter distribution of CNTs produced in the rotary
tube furnace. Diameters of 1000 CNTs have been measured from
TEM micrographs.

relatively expensive. Other drying processes like spay dry-
ing or roller drying processes, widely used in powder in-
dustry, can be used as well and are probably more suitable
for large scale production of catalyst at low cost.

To evaluate the yield of the synthesis, we have introduced
2.1 g of catalyst in the quartz tube of our rotary tube fur-
nace. The growth was performed in conditions described in
the experimental part of the paper but in stationary condi-
tions (quartz tube not rotating). The mass of CNTs pro-
duced is 13.1 g. This corresponds to about 4300mg of
CNTs per gram of catalyst and a reaction yield of about
85%. In contrast to the values reported in Table 1, no no-
ticeable difference has been observed between Fe,Co and
Fe,Ni transition metal alloys. However, the reaction yield
is enhanced and the mass of CNTs produced per gram of
catalyst dramatically increased.

Large quantities of catalyst have been produced and the
furnace was run for couple of hours. Catalyst is introduced
in the rotating quartz tube at a rate of about 10 g per hour.
A production rate of about 1200 g of CNTs per day has
been achieved.
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Figure 3 SEM micrographs of carbon nanotubes grown on a sea
urchin shell. The growth was performed at 500°C to preserve the
porous structure of the shell. Mass production experiments with
the rotary tube furnace are performed at 640 °C.

The diameter distribution, Fig. 2, shows that CNTs have a
mean diameter of about 11 nm. 75% of CNTs have a di-
ameter below 15 nm (Fig. 2). After purification with HCI,
most of the supported catalyst has been removed such as
the C content is higher than 99 % (Table 2).

We calculated the cost of the CNTs production using our
rotary tube furnace over one year. The cost of the chemi-
cals (for catalyst preparation (support, precursor salts...)
and CNTs purification (distilled water, acids...)) is esti-
mated from the price of the products provided by Sigma
Aldrich. Acetylene and argon are purchased from Air lig-
uid. The price of the furnace as well as the salary for one
technician for one year is included in the calculations. The
electricity required to run the rotary tube furnace is ac-
counted as well. This leads to a production cost of $0.5 per
gram of purified CNTs. This represents a drastic cost re-
duction since only 1.2 kg per day can be produced in our
reactor, as compared to a price of $10 per gram achieved
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for few hundreds metric tons production capacity of indus-
trial reactors.

Beside the possibility of increasing the size of the reactor
of our rotary tube furnace to process more catalyst simul-
taneously, production cost could be further reduced by us-
ing less expensive chemicals as compared to high grade
materials used for the mass production of CNTs, previ-
ously reported in this paper. Hence, CaCO; is a sedimen-
tary rock being the third most common constituent of the
earth’s crust. We have performed the growth of CNTs us-
ing the shell, made in calcite, of a sea urchin as support
(Fig. 3). The sea urchin shell was collected in Bodrum
(Mediterranean Sea, Turkey) and did not experience any
surface treatment before or after the Fe film deposition.
After exposing the Fe coated shell to acetylene at 600°C,
the shell surface is entirely covered with CNTs while the
production yield is preserved as compared to CNTs growth
process performed over catalyst produced from high grade
material. It shows that CNTs can be grown on naturally
occurring minerals. This paves the way towards further
cost reduction for CNTs production. On the other hand, pu-
rification of CNTs produced from natural calcite will be
achieved with oxidizing acids (HNO;, H,SO,...) and/or
basic solutions (NH;, NaOH...) to ensure a complete dis-
solution of impurities present in natural calcite support.
However, further study of the influence of the impurities
on the CNTs quality will have to be carried out.

3.3 Mechanical properties of CNTs The mechanical
properties of CNTs have been measured by the “swiss
cheese” method [8, 9]. CNTs can be easily dispersed in a
solvent. Once deposited on the alumina porous membrane,
part of the CNTs can lie over a hole. The adhesion of a
CNT on the flat parts of the substrate is usually much
stronger than the normal force applicable by the AFM can-
tilever, so that we modelled the suspended nanotube as a
doubly clamped beam (see Fig. 4). We also assumed

nm
100

] o0
Figure 4 Typical AFM image of CNT bridging the hole of
a SizN,; membrane.
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Figure 5 F-5 curve obtained for a CNTs of a diameter of 10(+ 1)
nm and of a suspended length of 500(+ 10) nm. The calculated
Young’s modulus of the CNT is 1013 (+ 354) GPa.

that the beam has a uniform and circular cross section. The
midpoint of a doubly clamped beam deflects by & when
loaded with a force F, and the bending modulus E, can be
derived from the F-0 graph using the equation

L' |(dF
E, = — 1
* 11921 (déj M

where L is the suspended length and I is the second mo-
ment of area of the beam, which for a filled cylinder is
3D/64. D is the outer diameter of the nanotube. We con-
sider shear to be negligible for the suspended CNTs, as in
the case of long thin beams, and take the bending modulus
to be the Young’s modulus.

To measure the stiffness of a suspended nanotube, we ap-
plied a force at its midpoint with an AFM cantilever, ac-
quiring force-displacement data. The F-3 curves were then
obtained by subtracting a reference force-displacement
curve taken on a flat substrate. Young’s moduli are ob-
tained by fitting lines through these curves (see Fig. 5).
CNTs are known to exhibit exceptional mechanical proper-
ties. Very high Young’s moduli of about 1TPa have been
obtained for CNTs produced by high temperature process
like arc discharge or laser ablation [8, 9]. On the other
hand, the graphitic structure of CNTs produced by CVD,
usually below 1000 °C, contains a large defect density.
Therefore, CVD grown CNTs are regarded as materials
with very poor mechanical properties. However, we have
recently shown that the Young’s modulus of CNTs with
diameter below 20nm exhibit clear diameter dependence
[10, 11]. CNTs with smaller diameter have better structure
quality and consequently mechanical properties similar to
high temperature grown CNTs.

In this study, we measured the mechanical properties of
CNTs produced in the rotary tube furnace at 640 °C. They
exhibit exceptional mechanical properties. When CNTs di-
ameter is lower than 10 nm, the Young’s modulus can be
as high as 1 TPa (Fig. 5). In the materials produced in mass,
53% of CNTs have a diameter lower than 10 nm and 75%
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of CNTs have a diameter lower than 15 nm (Fig. 2) for
which the Young’s modulus is higher than 100 GPa [11].

4 Conclusion In this work, we have reported the mass
production of high quality CNTs at low cost by Chemical
Vapour Deposition Process. As a result of catalyst compo-
sition optimisation, we have shown that bimetallic alloys
with Fe;M (M=Ni or Co) exhibits higher catalytic activity
than pure Fe, Co or Ni. Using our rotary tube furnace, we
have produce CNTs at a rate of 1.2 kg per day. 85% of
acetylene is transformed into CNTs. They exhibit a mean
diameter of XX nm and have good mechanical properties
with Young’s modulus close to 1 TPa. The cost for the
production of such CNTs is about $0.5 per gram. This can
be further reduced by using natural calcite.
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