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Abstract: Carbon nanotubes are the finest example of the crystallized form of carbon. They are basically the rolls of graphite sheet which
are electrically and thermally more conductive, mechanically more stronger and biologically and chemically more active. The purpose of
CNTs production could be different. It could be application based or research based and sometimes could be commercial based. These
purposes could be best served with catalytic chemical vapor deposition technique assembled with suitable reactor. Recent advancement in
direction of CNTSs production have shown the experimentation with the apparatus which are designed to follow the most popular technique
of CCVD. Variation in designs of reactors serves different needs which could be controlling the product morphology, optimizing the
productivity or scaling up the process. This letter discusses a general overview on the suitability of apparatus for conducting CCVD and the
focus will be on the most popular and basic designs of the reactors for the production of CNTSs.
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1. Introduction

Carbon nanotubes (“CNTs”) shows impressive physical
properties. They are roughly eighty times stronger, six times
stiffer (i.e., Young’s Modulus), and exhibit one-sixth of the
density of high carbon steel[1-2]. Carbon nanotubes have a
diameter usually of the order of 0.5 nanometers to 100
nanometers and are having a length of up to about 1
centimeter. The elongated nanotubes have carbon hexagons
arrangement in a concentric manner and both ends of the tubes
are normally capped with a pentagon-containing fullerene like
structures. Carbon nanotubes shows a single wall or multiwall
structure. They can be a metal or semiconductor depending on
the diameter of the nanotubes and the helicity of the
arrangement of rings in the walls of rolled graphene[3-5].
Dissimilar carbon nanotubes can be joined together to allow
the formation of molecular wires which leads to interesting
electrical, magnetic, thermal, optical and mechanical
properties.[6-8].These unusual properties have mark the
potential applications of carbon nanotubes in field of material
science and nanotechnology. Carbon nanotubes is the new
material proposed for electron field emitters in panel displays,
logic devices, memories, single molecular transistors and other
nanoelectronic devices such as scanning probe microscope
tips. CNTs also find applications in gas and electrochemical
energy storage. They act as catalyst and are proteins/DNA
supporter and are excellent energy absorbing materials[9-15].

Carbon nanotubes are synthesized by diverse methods such as
arc discharge, laser ablation and CCVD. However, CCVD has
been widely followed, as it is more promising for bulk
production of CNTs, and hence more suitable for
commercialization. The purpose and development of CCVD
for production of CNTSs by the scientific community are based
on the following facts: lower reaction temperature, higher
purity, better alignement and higher yield of the products,
which directly cuts the cost of the production and supports the

large-scale production[18]. Remarkable efforts have been
made to study the key parameters affecting the CNTs
production and morphology in CCVD process. In CCVD
method CNTs are processed in a reaction furnace where
gaseous carbon feedstock is flushed in the presence of catalyst.
There are mainly two processing system configurations
proposed for CCVD of CNTs. First and the most popular is
horizontal configuration and second is vertical configuration.

2. Key Parameters

1) Catalyst

Catalysts plays an important role in the CCVD synthesis of
CNTs. By improving the characteristics of catalyst will
automatically enhance the CNTs quality and the process yield.
Materials having the capability of decomposing hydrocarbon
and hence lead to the formation of CNTs are employed as
catalyst in CCVD processes[19-21]. Transition metals as
nanoparticles are found to be the most effective catalysts. The
ability of transition metals to support CNT growth are related
to these factors: (a) decomposition of volatile carbon
compounds by catalytic activity , (b) ability to form
metastable carbides, and (c) carbon diffusion through and
over the metallic particles[22-25]. The careful selection of the
catalyst and support significantly improves the process yield.
Chemical or physical Interactions between support and
catalyst nanoparticles are important for the catalytic properties
of the nanoparticles. Weak interactions leads to tip-growth
mode whereas strong interactions yield to base-growth[23]. A
Strong metal-support interactions improves the dispersion,
controls the narrow size distribution, and reduce sintering as
well as agglomeration of active metal particles. Growing
CNTs on different supports with same catalyst shows that
substrates with larger surface areas, such as alumina and silica,
will support CNT nucleation and growth[26-30]. The carbon
source atoms diffuses readily on a high surface area to the
catalyst particles. It is known that transition metals like Iron
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(Fe), cobalt (Co), and nickel (Ni) can act as nanoparticles to
produce CNTs and the diameter of nanotubes is directly
related to the catalyst particle size. Large particles as
compared to fine and well-dispersed particles are found to be
inactive for CNTs formation. Optimization of the catalyst
particles and their dispersion on support decides the number of
active points for hydrocarbon decomposition[31-32]. The
scientific and technological challenges related with catalyst
system is to find the synthesis methods that can fulfill the
requirements in terms of their composition and structure.

2) Temperature

Every stage of CNT growth is thermally activated and a
characteristic threshold temperature required for each step[22].
The starting temperature of CCVD for CNT synthesis have
been reported higher than 500 -C .Earlier, it was believed that
a very high temperature (e.g.,1000-2000 °C) is favorable for
the formation of SWCNTs over MWCNTSs[33] ,but with the
new CVD methods, especially FBCVD, it becomes possible to
lower growth temperature of SWOCNT[34-36]. CNTs
morphology is found to be dependent on the temperature.
Muataz et al. analysed the role of reaction temperature in
CNTs synthesis by examining the floating catalyst method, by
using benzene and ferrocene as carbon feedstock and catalyst,
respectively[37]. It was found out that MWCNTSs synthesis
occurs at temperatures higher than 500-C and maximum
numbers of walls with lesser impurity is obtained at 850-C. At
higher reaction temperature non-tubular carbon like nanofibers
are obtained. A correlation between the average diameter and
the length of CNTs and temperature was observed. Therefore
it was proposed that temperature is a dominating factor for
CNT diameter control. Similar conclusions have been reported
by other researchers [38-41]. Increasing the reaction
temperature increases the metal particle size during the CVD
growth of CNTs and the nanotube diameter. But there are
some inconsistencies about the exact effect of the temperature
on CNTs growth mechanism. It was observed that raising the
temperature has increased the length as well as the
crystallinity of the nanotubes. Son et al.[42] observed that the
CNT diameters produced from methane in a fluidized bed
reactor decreases with the increase of reaction temperature
.The effect of temperature was evident on the growth rate,
purity and the crystallinity of CNTSs in all the above mentioned
studies.

3) Carrier Gas

In CNT synthesis process, for reducing the formation of
amorphous carbon and to decrease the contact time between
carbon feedstock and catalysts, the carbon feedstock has to be
diluted with the help of a carrier gas[22,66]. Carrier gas also
keeps the chamber free of oxygen to avoid carbon oxidation.
The carrier gas should be nonreactive. Argon, hydrogen and
nitrogen are mostly used as carrier gases because they can
easily form an inert atmosphere. Other gases like helium[67]
or NH3[66] are also used. Carrier gases are found to affect the
growth, structure and properties of CNTs. Qingwen et al.[68]
investigated the effect of carrier gas on the CVD process.
When argon was used, MWNTs are produced and when
hydrogen was used, some SWNTs were formed. In presence

of NH3 bamboo-like structures with larger diameters are
obtained using ferrocene as catalyst and acetylene as a carbon
source as compared to CNTs obtained in nitrogen[69]. Nature
of gaseous environment has a direct influence on the strength
of the metal-support interaction.

4) Time and Space Velocity

In the CCVD process, there is time limit beyond which
nucleation becomes difficult and leads to deactivation of the
catalytic nanoparticles. Different optimum time are proposed
for CCVD with respect to processing parameters and type of
catalyst as well as carbon source[39,65,68-70]. For CNT
nucleation, accumulated carbon atoms have to reach a critical
concentration inside the catalyst particles, which depends on
the deposition rate. Kouravelou and Sotirchos[71] proved that
the rate of deposition depends on carbon precursor nature , the
catalyst composition and on temperature. It has been reported
that CNTs shows different morphologies for different reaction
times. Lamouroux[72] observed that short reaction time is
good for SWCNT growth. Kim et al.[73] reported that CNTs
diameter is decided by duration time of tubes in the heating
zone of reactor. Roman and Somenath[74] reported about the
mean diameter of MWCNTSs that increases with the CVD
durations, probably due to sintering and agglomeration of
particles. CNTs length can also be controlled by the length of
the deposition time. Qian et al.[70] reported CNTs sampled at
different periods have different thermal stability.

As the residence time increases, the concentrations of active
radicals and intermediates in the gas phase increases and they
start to recombine and active radicals consume the available
carbon that would have otherwise formed CNTs. The space
velocity is the volume flow rate relative to the catalyst mass
and is an important parameter for many comparative
measurements in catalytic process [75,76]. The space velocity
in fluidized bed reactors is relatively high as compared to
fixed bed; therefore synthesis of desired CNTs like single or
doublewall is highly favored[77,78]. High space velocity can
be obtained by using high gas flow rate. A disadvantage of
high flow rates is that it cools down the bed zone and hence
effect the deposition quality [79]. Also, high gas velocity
influences the stablility of fluidization of catalyst and produces
CNTs of low bulk density [77,80].

5) Horizontal Furnace

The horizontal furnace is the well known configuration for the
production of carbon nanotubes. In general in its simplest
form, it requires a heated quartz tube in which reactant gases
are flowed over the substrate/catalyst that sits in a removable
ceramic boat/holder which is placed in the centre of the quartz
tube as shown in Fig 1. The horizontal furnace has an
advantage that there is no(or small) temperature gradient in the
heating zone[31,81-83]. In many cases, the length of
nanotubes are controlled simply by the length of the
deposition time. The typical horizontal system, can be used in
the floating and fixed-bed catalyst technique.

Volume 7 Issue 1, January 2018

WWW.ijsr.net
Licensed Under Creative Commons Attribution CC BY

Paper ID: ART20179360

DOI: 10.21275/ART20179360 543


www.ijsr.net
http://creativecommons.org/licenses/by/4.0/

International Journal of Science and Research (1JSR)
ISSN (Online): 2319-7064
Index Copernicus Value (2016): 79.57 | Impact Factor (2015): 6.391

3. Floating Catayst Technique

Floating catalyst technique[18,81,84-89] is followed by the
introduction of mixture of catalyst and reactants in gas phase
to the reactor that is maintained at an elevated growth
temperature where the CCVD reaction is going to take place
as shown in Fig 2. In the reactor the gas phase catalyst simply
transforms into nano-sized solid phase active catalyst particles.
The major difficulty of this method is in preventing the
coalescence of particles. At first the solid nano-catalysts have
to adhere to the reactor surfaces and only then they get the
sufficient residence time to grow CNTSs. If the nanocatalysts
are unable to adhere to the reactor walls at sufficiently high
temperatures then they are simply swept away with the unused
reactants and unreacted gas phase catalysts and carrier gases
thus thereby reducing the efficiency of process.

Ravindra et al.[90]. reported the synthesis of aligned carbon
nanotubes (CNTSs) by floating catalyst method using ferrocene
as catalyst precursor and acetylene as carbon precursor.The
reaction was carried out at 850°C in double stage horizontal
chemical vapor deposition (CVD) apparatus. The obtained
aligned CNTs were purified by air oxidation and acid
treatment method. This process not only produces aligned
CNTs but also avoids the step of preparation of metal catalyst.
The advantage of this method is its simplicity and use of cheap
precursors to produce high purity aligned CNTs. The
apparatus as shown in Fig. 4 consists of two stage horizontal
furnace fitted with quartz tube. Argon gas was used as carrier
gas. Ferrocene was taken in a quartz boat, placed inside the
first heating furnace. Ferrocene was vaporised at 230°C and
carried by argon flow (600sccm) to the second heating furnace
where the temperature has reached to 850°C. Acetylene gas
flow (15 sccm) was allowed to reside in the reactor for 10 min.
A black film was deposited onto the walls of quartz tube,
which was collected after the reactor is cooled down to room
temperature. The advantage above method is that there was no
need for the catalyst preparation step and it was a continuous
process.

Xianfeng Zhang et al.[91] synthesized vertically aligned and
highly dense carbon nanotube (CNT) arrays on quartz
substrates by catalytic decomposition of a ferrocene—xylene
mixture at 850°C in a quartz tube horizontal reactor.
Ferrocene- xylene solution was fed continuously into a two-
stage tubular horizontal quartz reactor by a flux pump.
Ferrocene acts as a producer for Fe catalyst particles and
xylene was selected as carbon source. The temperatures at
preheating stage were maintained at 300°C and at
decomposition stage of the reactor at 850°C. After the reactor
was cooled to room temperature in Argon ambient, the
nanotube films were easily peeled off from the quartz
substrates. It was suggested that CNTs are formed by tip
growth mechanism. As CNTs grows, the Fe catalyst particles
detach itself from quartz substrate, and rise at the tips of the
growing nanotubes and are encircled by carbon layers, and
kept in the cavities of CNTs. CNTs does not stop growing
even with the stop of Fe catalyst particles. With the continuous
feeding of Fe catalyst and carbon source, CNTs grow into a
length of few millimeter. This might be due to the higher

temperature at preheating stage, the higher feed rate of
solution ,and the continuous feeding method of solution by a
flux pump and an injector. The higher temperature is favorable
for the decomposition of ferrocene to Fe catalyst particles and
the higher feed rate provides abundant Fe catalyst particles
and carbon source in continuous manner and leads to growth
of aligned and long CNTs.

4. Fixed Bed Catalyst Technique

Alternatively, in the fixed-bed process, the solid phase catalyst
is put in holders which are placed inside the reactor and the
gas phase reactant is flowed over when sufficient growth
temperature is attained as shown in Fig.3. The efficiency of
growth of CNTs by this process is also limited due to
inhomogeneous gas—solid contact. In a horizontal fixed-bed
reactor, catalyst particles becomes less effective and less
reactive as more number of nanotubes grows up they will
cover the surface and hence limit the diffusion of the carbon
source gas through the catalyst particles.

Direct growth of carbon nanotubes on silicon substrate can be
potentially exploitated in the semiconductor industry. This is
investigated by the chemical vapor deposition of CNTs on Si
substrates from ethylene precursor using iron as a
catalyst[92]. Clean Si substrates with a native oxide layer was
dipped in a 2-propanol suspension of Fe(NO3)3-9H20 for
few seconds and then heated in a horizontal tube furnace
under argon until the growth temperature was reached. Then
Hydrogen was introduced for 15 min (pre growth time) after
which ethylene was allowed to flow for a further 6
min(growth time) and after that the furnace was allowed to
cool down under argon flow. It was observed that CNTs are
produced in a temperature range between 830°C and 980°C
and CNT vyield first increases with temperature as it reach to
900°C indicates a minimum energy required to activate the
catalyst particles and then declines which show a loss of
catalyst  either due to subsurface diffusion of iron
nanoparticles or due to evaporation of iron particles at
elevated temperature

Maoshuai He [93] reported a well-designed Fe-Ti-O solid
solution catalyst for SWNT growth. The Fe-Ti-O catalyst was
prepared by depositing Ti layer onto premade Fe nanoparticles
with high-temperature air calcinations , which are supported
by porous Si3N4 grid. The Si3N4 supported Fe-Ti-O catalyst
was then loaded into a horizontal CVD reactor with a quartz
tube. The reactor was heated to 800°C in the presence of
helium flow. After stablization, the helium was replaced by
carbon feedstock in form of CO  for SWNT growth. The
reactor was then cooled to room temperature. The results
identifies Fe-Ti-O catalyst get reduced to the form the TiOx-
supported small Fe nanoparticles for SWNT growth. The
strong metal-support interactions provided by partial
reduction of TiOx enhances the wettability of Fe nanoparticle
and leads to the preferential growth of large-chiral-angled
SWNTSs. This work provides the base for selective chiral angle
growth of SWNT.
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5. Vertical Furnace

The vertical furnace configuration provides the continuous
production of carbon nanotubes and carbon nanofibers[81,94-
97]. The carbon source and catalyst mixture is injected from
the top end of the furnace and carbon filaments are formed
during the flight and are collected at the bottom end. The
vertical furnace is advantageous in the sense that it is
employed for the mass production of carbon nanotubes and
nanofibers and the high purity of obtained product eliminates
the need for purification or removal from the substrate. The
vertical furnace configuration have been commercialized to
produce multiwall nanotubes in amounts of tons per year. This
geometry of reactor can be used with two methods namely
floating reactant method and fluidized-bed method as shown
in Fig. 5 and 6 respectively.

A. Floating Reactant Method

To meet the huge demand for carbon nanotube in the market, a
continuous growth process of carbon nanotube production has
been developed, since the horizontal method described above
was a non-continuous method, and was not suitable for
industry-scale production. Endo developed the continuous
method called the floating reactant method[98]. This method
includes a vertical furnace, in which the metal catalyst, carbon
source, and gases are fed from the top end of the furnace. The
catalyst particals float and fall inside the furnace and leads to
growth of carbon nanotubes which are collected at the bottom
end of the furnace. The method is applicable for the volume
production of carbon nanotubes, and the quality of the product
was highly pure as well. The production system using vertical
reactor is now widely used in a Japanese company and they
are producing carbon nanotubes which are available in the
market.

Carbon single-walled nanotubes (SWCNTSs) are known to
have unique mechanical, thermal and electric properties.
SWCNTs therefore have a high potential to be used various
applications and for that it is important to realize their large-
scale production. The best approach proposed was the
continual injection of a pre-prepared colloidal solution of the
metal catalyst particles into a modified vertical floating reactor
[99]. In the case of SWCNTSs, the catalyst particles diameter
plays a crucial role of in the synthesis. It is required to have
adequate diameter, with narrow distribution, of the catalyst
particles and to avoid the conditions of their agglomeration.
This requisite restricts the organometallics concentration and
synthesis parameters, which limits the synthesis rate and
yield. The continuous synthesis of SWCNTSs has been reported
with a high production vyield up to 6 g/h (after
purification),using above mentioned approach. The advantage
of this method is the use of an injector that introduces the pre-
synthesized catalyst, consisting of metal particles having
diameters that are suitable for the growth of SWCNTs and
prevent agglomeration during synthesis and achieves high
efficiency of the synthesis. By using a powder support, the
formation of undesired carbon forms has been avoided.

Ranadeep Bhowmicka [100] analysed parametric details of the
production of single-wall carbon nanotubes (SWCNTSs) by the
floating catalyst method in a vertical furnace using an alcohol
precursor. Alcohol precursors has been used instead of
traditional hydrocarbon sources as they resulted in a better
yield of the SWCNT because of the role played by
decomposed OH radicals. The reaction of OH radical with
solid carbon leads to the reduction in the formation of soot and
thereby restricts the production of amorphous carbon in the
SWCNT product[101]. Zhu et al.[102], was the first to one to
report the synthesis of long arrays of single-walled carbon
nanotubes with a floating catalyst method in a vertical furnace.
n-Hexane with ferrocene and thiophene was introduced into
the reactor after heating the reactor to the pyrolysis
temperature. SWCNTs formed in abundance during this
continuous process. In this work ethanol and ferrocene is used
as the carbon and catalyst precursor, respectively, H2 as the
carrier gas and thiophene as a yield promoter[103]. Gaseous
mixture get pyrolysed in the first zone or the bottom of the
furnace with nucleation and growth of the SWCNTSs in the
other zones. As the SWCNT are light in weight they align
themselves along the direction of gas flow and form bundles
by adhering to other tubes by the Van der Waals forces. This
formation of well-aligned SWCNT bundles is characteristic of
the floating catalyst method [104]. It was found that increasing
the residence time and with higher concentrations of metal
catalyst in the precursor solution (i.e. ferrocene in ethanol) the
diameter of the tubes produced increases. With the increase of
growth temperature both larger and small diameter SWCNTs
were formed, in contrast to previous reports of increasing
diameter with temperature. Varying the size distribution of the
SWCNTSs by controlling these parameters can meet the needs
of specific applications.

Mass production of carbon nanotubes in different forms has
been developed and studied widely using various methods.
The floating catalyst CVD method was known to be employed
by various research groups for the mass production of carbon
nanotubes[105]. Lee et al.[106] fabricated the vapor phase
growth of aligned carbon nanotubes by heating the flowing
mixtures of acetylene and iron pentacarbonyl in a horizontal
quartz tube reactor. Satish Kumar et al.[84] synthesized
singlewalled carbon nanotubes from acetylene with
organometallic mixtures in a two-stage furnace. Nikolaev et
al.[107] studied the gas-phase synthesis of singlewalled
carbon nanotubes from carbon monoxide with iron
pentacarbonyl in a horizontal quartz tube reactor under a high-
pressure and elevated-temperature. Zhu et al.[108] employed
mixtures of n-hexane or benzene with ferrocene and thiophene
in a vertical furnace for the production of double-walled
carbon nanotubes. Ci et al.[109] investigated the fabrication
of carbon nanofibers through a floating catalyst method using
mixtures of benzene, thiophene and ferrocene in a vertical
furnace. All the above experimental studies clearly leads to the
possibility of mass production for CNTs and parameters of
fabrication, such as composition of mixtures, pressure, and
temperature, were found to significantly influence the yield
and quality of carbon nanotubes[110]. But the yield of carbon
nanotubes obtained from all the above methods was limited
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(from milligrams to a few grams). Therefore, more reliable
and economic techniques were developed where multiwalled
carbon nanotubes (MWNTS) were synthesized using a
chemical vapor deposition floating catalyst method in a
vertical reactor. Methane as the carbon source (in comparison
with acetylene, benzene, and thiophene) and nitrogen as the
carrier gas (in place of hydrogen) were used in this method. A
vertical reactor was employed to carry out the continuous
fabrication process in the absence of any substrate, which is
beneficial to the mass production of MWNTSs. In addition,
preparation variables such as the compositions of mixture
gases for the CVD reaction, operational temperature, and
pressure were systematically studied to find an optimal
condition for the growth of MWNTSs.

B. Fluidized Bed Reactor

The fluidized bed CVD (FBCVD) consists of a vertical
furnace in which supported-catalyst particles are placed in
centre of furnace and are suspended by an upward flow of gas.
Fluidization is a process of transformation of solid particles
which are suspended in a gas into a fluid like state. FBCVD
process uses the advantages of both the floating and fixed-bed
catalyst systems[111]. It provides great heat and mass transfer
like in the floating catalyst system and the catalyst
nanoparticles adhere to a support surface and are large in size
and massive enough that to be not swept away along with the
reactant gas or carrier gas stream. This system provides a large
contact area between the reactants and catalyst particles, and
leads to a highly effective chemical reactions and better heat
transfer. The CNT formation rate is known to be directly
associated with the availability of the active catalyst sites so
FBCVD is more efficient for production of large quantities of
CNTs as compared to the other types of CCVD. Fluidized bed
reactors are widely used for different industrial purposes, such
as fluid catalytic cracking, fluidized bed combustion, or
fluidized bed bio-filter[79]. Fluidized bed reactors provides
excellent gas—solid contact and controls the highly exothermal
reactions. Now a days, fluidized bed reactors with supported
nano-metal catalysts are very much effective for mass
production of CNTs[77,79,112-124]. It consists of a vertical
reactor enclosed by an electrical furnace .In the mass
production of CNTs, FBCVD technique as compared to fixed
beds and floating catalyst technology is highly robust, flexible
and highly productive[125-127]. Also, the FBCVD can be
easily scaled-up and operated continuously which makes this
technique cost-effective for large-scale production of CNTSs.

The fluidization process provides a high space velocity that
facilitate an efficient gas—solid contact, and therefore high
mass and heat transfer. In result a high process yield, product
homogeneity and purity are attained. FBCVD is a flexible
process in terms of operating conditions. The operation
parameters like gas mixture and temperature can be finely
tuned according to the desired product. Availablity of space
for growing CNTs and the residence time and hence the
activity of catalyst can be controlled which favors the
selective mass production of CNTs[125,126]. Xu and
Zhu[128] emphasizes the superiority of these kinds of

reactors for mass production of CNTs by developing fluidized
bed metal-organic chemical vapor deposition (MOCVD) as a
one-step preparation of highly dispersed metal-supported
catalysts. This method has some advantageous over the
conventional methods since it eliminates the drying and the
subsequent calcinations operations. Prepared supported-
catalyst particles activities were analysed for CNTs synthesis
through FBCVD using acetylene and it was observed that the
deposited metals were highly dispersed on the surface of the
support particles. FBCVD is proved to be a versatile method
to fulfill the priority of this method for large-scale production.

Parameters which influence the FBCVD, include intrinsic
properties of particles, reactor geometry, fluidizing velocity.
The intrinsic properties of particles, e.g., particle density,
particles size as well as their size distribution and surface
characteristics directly affect the fluidization. Nanoparticles
can be easily fluidized due to the formation of light
agglomerates. Fluidization quality is described by applied gas
flow velocity to the minimum fluidization velocity ratio
(U/Umf). Minimum fluidization velocity is the superficial
fluid velocity at which the upward drag force exerted by the
fluid is equal to the apparent weight of the particles in the bed.
Minimum fluidization velocity depends on particle size and
particle density and fluid properties as well. The value of Umf
is usually determined experimentally by measuring the
pressure drop as a function of gas velocity. It also may be
predicted by some empirical or semi-empirical correlations.
Venegonia et al.[112]in their parametric study for CNTSs
growth by FBCVD measured the Umf of SiO2 particles to
grow MWCNTSs. Carbon vyield tends to increase when the
(U/Umf) ratio decreases, because of the increase in residence
time of the gaseous precursors into the bed. Alternatively, Son
et al.[116] reported that at gas flow rates of 2Umf, the heat
and mass transfer are relatively low leading to lower carbon
yield. Microscopic observation showed that obtained product
of FBCVD are a 3D network structure formed from large
amounts of CNTs rather than a liner structure of individual
CNT. Wang et al.[129] observed CNTs in tangled and loose
agglomerates with wide size distribution. During the process
larger agglomerates and agglomerate morphology of
nanotubes provides good fluidization and results into high-
quality CNTs production on large-scale at low cost.

6. Conclusion

The major challenge is the mass production of CNTs which is
critical for their future applications. Significant advancement
during the last few years predicts the development of new
CVD methods for commercialization. Various process
parameters can be altered according to the desired
characteristics of CNT product. Whether it is the density of the
product , alignment of the tubes, their yield, type, chirality,
diameter, length, distribution, purity or cost cutting of the
process everything can be achieved by using the right type of
reactor. A fundamental key to further control the effective
parameter of the selective reactor for the desired CNT is the
understanding of different mechanisms of CNTs formation,
which helps in determining their structure and characteristics.
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However, every method discussed has certain ambiguities and
further research will improve the yield, purity and selectivity
of CNTs growth. It has been highly suggested that further
investigations, both theoretical and experimental, are required
to investigate the effective parameters involved in different

processes. This will improves

the design and operation of

horizontal and vertical reactors and facilitates the production
of CNTs which is best desirable.
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Figure 2: Floating technique using horizontal furnace
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Figure 3: Fixed-bed technique using horizontal furnace
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|

Figure 4: Two stage horizontal furnace ; 1. Carrier gas cylinder. 2.Hydrocarbon gas cylinder. 3. Quartz boat. 4. First heating furnace.
5. Second heating furnace. 6.Quartz tube.
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Figure 5: Vertical furnace using floating catalyst method
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Figure 6: Vertical furnace using fluidized bed method
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