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a b s t r a c t

Carbon nanotubes (CNTs) are pure carbon in nanostructures with unique physico-chemical properties.
They have brought significant breakthroughs in different fields such as materials, electronic devices,
energy storage, separation, sensors, etc. If the CNTs are ever to fulfill their promise as an engineering
material, commercial production will be required. Catalytic chemical vapor deposition (CCVD) technique
eywords:
arbon nanotube
hemical vapor deposition
luidized bed
ynthesis
atalytic

coupled with a suitable reactor is considered as a scalable and relatively low-cost process enabling to
produce high yield CNTs. Recent advances on CCVD of CNTs have shown that fluidized-bed reactors
have a great potential for commercial production of this valuable material. However, the dominating
process parameters which impact upon the CNT nucleation and growth need to be understood to control
product morphology, optimize process productivity and scale up the process. This paper discusses a
general overview of the key parameters in the CVD formation of CNT. The focus will be then shifted to

as an
the fluidized bed reactors

. Introduction

Carbon nanotubes consist of rolled graphene, a hexagonal sp2

arbon layer, which forms cylinders with diameters of nanometer
izes and length of up to several millimeters. Unusual properties
f CNTs derive from the curved sp2 graphene layers by impos-

ng additional quantum confinement and topological constraints
n the circumferential direction of the cylinders [1]. Carbon nan-
tubes form in three main categories, single walls, double walls
nd multiwalls. The structure of single wall CNTs (SWCNTs) can
e conceptualized by wrapping one-atom-thick layer of graphite

nto a seamless cylinder and multiwall CNTs (MWCNTs) are a
ollection of concentric SWCNTs (Fig. 1). Basically, SWCNTs prop-
rties are directly influenced by the way the graphene sheets are
rapped around. A SWCNT can be classified as either metallic or

emi-conducting based on its chiral vector [2,3]. However, SWC-
Ts exhibit more distinctive electrical and optical properties when

ompared to MWCNTs. On the other hand, MWCNTs show more

hemical resistance than SWCNTs [4]. This characteristic is of signif-
cant importance when functionalization is required which means
he surface structure of pristine CNTs is modified by chemical meth-
ds to meet the requirements of desired specific application.
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alternative for commercial production of CNTs.
© 2009 Elsevier B.V. All rights reserved.

Carbon nanotubes are produced by quite diverse methods such
as arc discharge, laser ablation and CCVD. However, CCVD has been
widely applied, as it offers a promising route for bulk production
of CNTs, which can lead to commercialization [3,5–7]. The attrac-
tion and development of CCVD for growing CNTs by the scientific
community can be attributed to the following facts: lower reaction
temperature so lower cost, high purity, possible aligned carbon nan-
otubes production, relatively high yield of products, and the good
potential for large-scale production [6–10]. Considerable efforts
have been made to study the key parameters on CNTs productiv-
ity and morphology in CCVD process. It is prudent to note that
CNTs are currently produced with a relatively high quality, as it is
depicted in Fig. 2 [11], but in limited quantities. In this review, the
findings of more than 100 published papers for the development
of engineering solutions for CNT manufacturing are presented and
discussed.

2. Carbon nanotube synthesis by catalytic chemical vapor
deposition (CCVD)

Carbon nanotubes growth by the CCVD method is accomplished
in a reaction furnace with flowing gaseous carbon feedstock in

the presence of catalyst. There are mainly two processing system
configurations for CCVD of CNTs, i.e., horizontal and vertical. The
illustration of a typical horizontal system, which is used in the
floating and fixed-bed catalyst technique, is depicted in Fig. 3. Float-
ing catalyst technique utilizes a mixture of catalyst and reactants

http://www.sciencedirect.com/science/journal/13858947
http://www.elsevier.com/locate/cej
mailto:fakhrul@eng.upm.edu.my
dx.doi.org/10.1016/j.cej.2009.07.052
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Fig. 1. (a) Synthesis of SWCNT from a graphitic sheet, (b) computer-generated image of multi-wall carbon nanotubes [1] (reproduced with authorization from publisher).
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Fig. 2. SEM image of produced carbon nanotubes bundle by floatin

hich are introduced in the gas phase to the reactor maintained
t an elevated temperature where the CCVD reaction takes place.
he gas phase catalyst undergoes transformation in the reactor
nd forms nano-sized solid phase active catalyst particles in situ.

ne of the drawbacks of this method is the difficulty in preventing
article coalescence. Only when these solid nano-catalysts adhere
o the reactor surfaces will they have sufficient residence time
o grow CNTs. Any unreacted gas phase catalyst and solid nano-
atalysts which have not been able to adhere to the reactor walls

ig. 3. (a) Fixed-bed technique: (1) furnace, (2) thermocouple, (3) carrier gas, (4)
arbon source, (5) catalyst, (6) outlet. (b) Floating technique: (1) furnace, (2) ther-
ocouple, (3) carrier gas, (4) catalyst dissolved in volatile carbon source, (5) empty

oat for CNT deposition, (6) outlet.
D technique [11] (reproduced with authorization from publisher).

at sufficiently high temperatures are swept away with the unused
reactants and carrier gases or reaction product gas (hydrogen) thus
thereby dramatically reducing the process efficiency.

In the fixed-bed process, the solid phase catalyst is placed
in boats inside the reactor and the gas phase reactant is intro-
duced when operational temperature is attained. The efficiency
of CNTs growth in this process is limited severely by inhomoge-
neous gas–solid contact and temperature gradients. In a horizontal
fixed-bed reactor, the diffusion of the carbon source gas to the cat-
alyst particles becomes rate limiting because as more and more
nanotubes are grown it will cover the surface thus reducing the
effectiveness of the catalyst particles on the surface. The fluidized
bed CVD (FBCVD) systems consist of a vertical furnace and reactor
in which supported-catalyst particles are suspended by an upward
flow of gas.

FBCVD process draws upon the advantages of both the float-
ing and fixed-bed catalyst systems. It has excellent heat and mass
transfer like the floating catalyst method and the catalyst nanopar-
ticles are already anchored to support surface and are large and
massive enough to be not swept away together with the reac-
tant/carrier/product gas stream. Such a system provides a larger
contact area among the reactants and catalyst powder, which leads
to a more effective chemical reactions and heat transfer. Conse-
quently, as the CNT formation rate is directly associated with the
availability of the active catalyst sites, FBCVD compared to the other
types of CCVD is more efficient for synthesis of large quantities of
CNTs [8].
On the microscopic scale, the CCVD CNTs growth mechanism
model consists of three relatively independent steps, which lead
to the formation of tubular carbon solid in a sp2 structure. These
three phenomena include dissociation of hydrocarbon molecules
by catalyst, saturation of carbon atoms in catalyst nanoparticle and
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recipitation of carbon from catalyst in form of CNT, respectively
1]. Produced CNTs features, including dimensions, wall number,
hirality and graphitization are determined by the growth mecha-
ism and process conditions. Therefore, parametric factors which
ffect the CCVD should be well considered in order to synthesize
he desired clean CNTs. According to the literatures, the key param-
ters which are discussed in following sections include catalyst,
emperature, carbon feedstock and time.

.1. Catalyst

Catalysts play a crucial role in the CCVD synthesis of CNTs
nd therefore improving the desired characteristics of catalyst will
nhance the obtained CNTs quality as well as the process yield.
aterials with capability of decomposing hydrocarbon and CNTs

ormation are employed as catalyst in CCVD processes. However, it
as been found that only the hydrocarbon molecules’ decompos-

ng ability of catalyst could not be accounted for CNT formation
9,12–14]. These results emphasize that careful selection of the cat-
lyst is a dominating factor in CCVD synthesis of CNTs. Transition
etals in the form of nanoparticles are considered as the most

ffective catalysts. The peculiar ability of transition metals to pro-
ote CNT growth is strongly related to these factors: (a) catalytic

ctivity for decomposition of volatile carbon compounds, (b) abil-
ty of metastable carbides formation, and (c) diffusion of carbon
hrough and over the metallic particles [7,15–19]. The CCVD pro-
ess for CNTs growth utilizes heterogeneous catalysts, which are
he catalytically active metal particles, typically with a diameter of
–10 nm, anchored on a high surface inert area.

CCVD CNTs synthesis is essentially a two-step process consisting
f an initial catalyst preparation step followed by the real reac-
ion for which presence of catalyst is vital. It is worth reiterating
hat careful selection of the catalyst and support improves the
rocess yield significantly. Interactions, either chemical or phys-

cal, between support and metal nanoparticles are significant for
he catalytic properties of the nanoparticles. Size limitation and
etermination of metal particles by support porosity is physi-
al interaction whereas chemical interaction affect the electronic
tructure of the nanoparticles thus their catalytic properties. Both
hysical and chemical interactions are contingent upon, not only,
oth support and catalyst materials but also on their crystallo-

raphic orientations, surface roughness and porosity of the support.
s a rule of thumb, weak interactions yield tip-growth mode
hereas strong interactions lead to base-growth, which are illus-

rated in Fig. 4 [15]. Stronger metal–support interactions will
mprove dispersion, narrow size distribution, and reduce sinter-

ig. 4. Schematic diagram of CNT growth mechanisms: (a) root growth and (b) tip
rowth [15] (reproduced with authorization from publisher).
ing Journal 155 (2009) 37–48 39

ing and agglomeration of active metal species. On the other hand,
stronger metal–support interactions will hinder the reduction of
the oxide precursors on the active catalytic metal species.

The results of CNTs growth with the same catalyst but on dif-
ferent types of supports suggest that substrates with larger surface
areas, such as alumina and silica, will promote CNT nucleation and
growth [20–34]. High surface area allows the carbon source atoms
to diffuse readily to the metal catalyst particles. However, maximiz-
ing the surface area is not the only reason for using nanoparticles
as heterogeneous catalysts. Basically the role of the supports can
be summarized as: (a) to disperse the active phase, (b) to prevent
sintering of catalyst, and (c) to improve mechanical strength.

The pore structure of the support, though important in heteroge-
nous catalysis in general, does not play an important role in CNTs
formation by CCVD. Fine pores are not active if they do not con-
tain active metal catalyst species. If an active catalyst metal species
is present within a fine pore, it will quickly form enough carbon
to fill up the pore and block the entrance of additional reactant
hydrocarbons.

There is a consensus in scientific literature that transition metals
in the form of nanoparticles can produce CNTs and the outer diame-
ter of formed nanotubes is directly correlated to the catalyst particle
size. Another factor that influences the supported-catalyst activity
is the level of nano-metals that are dispersed on the support. Large
particles and aggregates as compared to fine and well-dispersed
particles are inactive for nanotube formation. Optimization of the
nano-metal particles and their dispersion in support leads to a
maximum number of active points for hydrocarbon decomposition
[35–44]. Accordingly, one of the scientific and technological chal-
lenges associated with heterogeneous catalyst system is to find the
synthesis methods that fulfill the strong requirements in terms of
their composition and structure.

There are numerous strategies for synthesizing supported metal
catalyst; however the most common methods are sol–gel, impreg-
nation, co-precipitation, and CVD. The effectiveness of the method
mostly depends on the surface properties of the support through
interaction with the active metal phases [9,20,21,23,42]. The sol–gel
synthesis method has been reported to ensure a highly homoge-
neous distribution of transition metal in the matrix on which the
aligned nanotubes grow [44–47]. However; every single applied
condition affects the supported-catalyst activity, and it should be
controlled meticulously to make the method reproducible. Dis-
persion of metal particles on the support also depends on the
metal–support content ratio besides the preparation procedure.
There is an optimal metal content ratio between catalyst and sup-
port, which leads to the CNTs synthesis with the desired properties
at maximum yield. Increasing the metal percentage is fruitful only
if it enhances the available active sites for CNT growth, instead of
increasing the mean particle size of the metal [9,19,21,25,30]. At
first, by increasing catalyst metal amount on support, carbon depo-
sition rate and yield is ramped up since more active catalytic sites
are available for carbon deposition. After the optimum point, the
increased metal content makes the metal particles bigger resulting
in lower specific area.

Iron (Fe), cobalt (Co), and nickel (Ni) have been enumerated
as the most effective catalysts for CNTs growth. However, the
challenge is that which metal is more active and provide bet-
ter quality CNTs. Generally on the basis of the results in relevant
studies, iron produces lower quality CNTs compared to Co and Ni
[12–13,38,48–57]. An alloy of two transition metals with each other
or with other non-transition metals can dramatically improves the

catalyst performance in terms of CNT quality and lowering the
reaction temperature [33,58–61]. Although catalyst selection and
preparation is the most significant factor in CNTs synthesis, there
are a number of mechanisms that can lead to catalyst deactiva-
tion, and hence loss of reactor performance. These mechanisms are
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Table 1
Results from temperature study.

Carbon source Carrier gas Catalyst Temp. (◦C) Technique CNT diameter (nm) Wall Ref.

Ethanol Ar Co/alumina 550 Fixed bed 10–20 MW [19]
Benzen Ar/H2 Ferrocene 600 Floating technique 10–30 MW [68]

550 2–20
Methane Ar Fe–Mo/alumina 700, 750 Floating technique 2–45 SW [63]

600 0.8–1.2
Acetylene N2 Fe–Co/alumina 700 Fixed bed 31–41 MW [48]
Carbon monoxide He Co–Mo/SiO2 700 Fixed bed 1 SW [39]
Acetylene Ar Ferrocene 600–800 Fixed bed 10–20 MW [17]
Ethanol Ar Fe–Co 700–800 Fixed bed 1 SW [64]
Toluene Ar/H2 Ferrocene 800, 900 Floating technique 20–25 MW [18]
Ethanol He Fe/alumina 800 0.78–1.05 SW [30]
Methane H2 Fe–Mo/MgO 860 Fixed bed N.M. DW [69]
Acetylene N2 Fe–Co/alumina 700 Fixed bed 31–41 MW [48]
Methane Ar/H2 Fe–Mo/alumina 900 Fixed bed 0.9–2.7 SW [23]
Methane N2 Fe/alumina–silica 900 Fixed bed N.M. MW [41]
Acetylene Ar Ferrocene 900–1000 Floating technique N.M. SW [67]
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thanol Ar Ferrocene 1100
oluene H2 Ferrocene 1200

.M.: not mentioned.

oisoning, fouling and sintering of the catalyst due to elevated tem-
erature or long reaction time. Phase change in catalyst support also
ometimes occurs due to the high temperature and this can lead to a
urface area reduction, and therefore reducing the reaction rate on
ccount of impact on the access to active sites. Consequently other
rocess parameters effects on CNTs synthesis should be taken into
ccount, which are discussed in following sections.

.2. Temperature

Each stage of CNT growth, discussed in Section 2.1, is a ther-
ally activated process and therefore there must be a characteristic

hreshold temperature for each step [7]. The starting tempera-
ure of CCVD synthesis of CNTs has been mostly reported higher
han 500 ◦C but there is a conflicting result for maximum temper-
ture. Early on, it was believed that a very high temperature (e.g.,
000–2000 ◦C) favors the formation of SWCNTs over MWCNTs [5],
owever, with the advent of new CVD methods, especially FBCVD,
his opinion is changing as the SWCNT growth temperature keeps
etting lower [62–67]. Some investigated conditions for the CVD
rowth of CNTs are displayed in Table 1.

CNTs morphology dependence on the temperature is one of the

ost popular topics under investigation. Muataz et al. [68] stud-

ed the role of reaction temperature in CNTs synthesis by floating
atalyst method, in which benzene and ferrocene were utilized as
arbon precursor and catalyst, respectively. They pointed out that
WCNTs synthesis occurs at temperatures greater than 500 ◦C and

Fig. 5. TEM images of carbon nanotubes at (a) 550, (b) 650 and (c)
Floating technique 20–40 MW [72]
Floating technique 20–70 MW [66]

maximum wall numbers with less impurity is obtained at 850 ◦C
(see Fig. 5). The higher the reaction temperature the more pro-
nounced is the formation of non-tubular carbon like nanofibers.
They also revealed that there is a positive correlation between
the average diameter and the length of CNTs and temperature. As
a result, they proposed that temperature is a dominating factor
for CNT diameter control. The same conclusions have been also
reported by other researchers [9,10,25,69–71]. The main effects of
increasing the reaction temperature are to increase the metal par-
ticle size during the CVD growth of CNTs, and consequently the
nanotube diameter. However there are some inconsistencies about
the exact effect of the temperature on CNTs growth mechanism.
Kim et al. [71] failed to observe any significant effects of tempera-
ture on average diameter of MWCNTs but observed that elevating
the temperature had increased the length as well as the crystallinity
of the nanotubes. Son et al. [65] concluded that the CNT diameters
synthesized from methane in fluidized bed decreases as the reac-
tion temperature increases. Nevertheless, the effect of temperature
was evident on the growth rate, purity and the crystallinity of CNTs
in all mentioned studies.

There is a great paradox of CNTs synthesis where even though
the higher growth temperature is favored for less defective, well-

crystallized nanotube, including such parameters of interest such
as yield and purity, but a too high temperature is not suitable due
to some disadvantages like deformation of catalyst, sintering of the
supported catalysts, formation of alloy in bimetallic catalyst and
the formation of pyrolytic amorphous carbon [7,10,47]. Although

850 ◦C [68] (reproduced with authorization from publisher).
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n a few rare cases, CNTs were produced at temperatures higher
han 1000 ◦C [67,72], but most reported that the CVD products are
n non-tubular form of carbon at these temperatures [12,47,48,68].
t can be attributed to the fact that not only pyrolysis of carbon
ources is generally promoted around 1000 ◦C, but also pyrolysis of
he CNTs will begin. Other effects of the reaction temperature are
elated to the diameter distribution and chirality issue especially
n SWCNTs synthesis [29,73]. Indeed, it is likely that the size and
hape of the catalytic nanoparticles should be more stable at lower
emperatures, leading to better control of the size and chirality of
he nanotubes.

.3. Carbon feedstock

Besides catalyst and temperature, the carbon feed stocks also
lay an important role in the growth, characteristics and prop-
rties of CNTs, because of their own binding energy, type and
ole of reactive groups and thermodynamic properties. A com-
arison of produced CNT characterizations showed that there is
relationship between chemical structures of hydrocarbons and

he CNTs formation [5,7,17,49,62,64,74–77]. Hernadi et al. [49]
eclared that unsaturated hydrocarbons have much higher yield
nd deposition rate than saturated gases. In addition, saturated car-
on gases tend to produce highly graphitized filaments with fewer
alls compared to unsaturated gases. Consequently, they suggested

hat saturated hydrocarbons are favored for SWCNTs growth and
nsaturated hydrocarbons for MWCNTs. However, SWCNTs have
een obtained from a highly diluted unsaturated hydrocarbon
10,19,23,38,40,47,75,76,78,79]. Li et al. [80] demonstrated that the
hemical structure of hydrocarbons, i.e., straight-chained ring or
enzene-like structures, is significantly more influential than the
hermodynamic properties (e.g., enthalpy) of the carbon source
n the type of CNT formation. Besides configuration, functional
roups of hydrocarbons have a decisive influence on the qual-
ty of the produced material. The growth of clean SWCNTs was
bserved at relatively low temperatures using alcohols with various
atalysts [19,25,30,64,81–85]. The authors concluded that alcohols
re much better carbon sources for SWNTs than hydrocarbons
nd this is likely due to the ability attributed to OH– radicals
o etch away amorphous carbon deposits. However Hernadi et
l. [49] and Qian et al. [86] suggested that CNT morphology is
ndependent of the carbon feedstock when a specific catalyst is
sed.

A kinetically stable carbon feedstock that undergoes the
east pyrolytic decomposition at process temperature is desir-
ble for CNT synthesis. The most commonly used carbon
ources are ethylene [13,32,50,75,76], acetylene [16,33,47,58,70],
ethane [28,41,42,51,54,61,63], ethanol [19,30,64,80] and CO

21,46]. Recently, Yen et al. [84] reported that CNTs could be synthe-
is from solid-stated polymers—polycarbosilane and polyethylene
sing FBCVD. The experimental results indicated that the CNTs syn-
hesized from PE were of better quality and had a higher degree
f graphitization. Due to the low price and high availability of the
atural sources, their use was proposed for the development of a
igh-scale, low-cost production of CNT. This is promising as pure
arbon source are very expensive and have limited supply. More-
ver, most organic gases are toxic, dangerous and difficult to store or
ransport. Accordingly, coal, liquefied petroleum gas and natural gas
ave been used successfully for CNTs synthesis [85–89]. However,
here are some drawbacks due to the presence of impurities in natu-
al sources as they affect the reaction and process, and also damage

he equipment used for the production of CNTs. It is worth men-
ioning that more work is needed to improve the yield and quality
f the CNTs from natural sources. The clarification of the possible
ynergic effects of gaseous species in the coal gas and natural gas
s also required. To achieve commercial carbon nanotube synthesis
ing Journal 155 (2009) 37–48 41

carbon source with high conversion, low cost, stable supply, less
defect on product is desirable.

Carbon feeding rate obviously affects the reaction and hence
there is a critical flow rate for the process. Clearly at low flow rates,
there is not enough reactants to react with the catalyst, and the
carbon source concentration controls the rate of decomposition.
A higher flow rate will increase the decomposition rate, however,
after a critical point, increasing the flow does not significantly affect
the decomposition rate or CNT growth, as it is controlled by the
catalyst particles availability [21,25,37]. Single or multiwall carbon
nanotubes growth, in fact, could be achieved by carbon feeding rate
control and any excess of carbon will result in disordered structures
[82].

2.4. Carrier gas

In CNT synthesis process, a specific amount of carbon precur-
sor is continuously fed into the reactor in gaseous form. To reduce
the formation of amorphous carbon and decrease the contact time
between carbon feedstock and catalysts, the carbon feedstock is
diluted by a carrier gas [7,90]. The chamber is also kept free of oxy-
gen by using the carrier gas during the process to avoid carbon
oxidation. It is worthy to stress that; the carrier gas should be a non-
reactive gases. Argon, hydrogen and nitrogen are the most common
carrier gases because they easily form inert atmosphere, however
other kinds of gases like helium [38,39] or NH3 [90] has also been
used. It is generally considered that the carrier gases could affect
the growth of CNTs and hence the structure and properties of the
resulting assemblies [37,69,73,91–97].

Qingwen et al. [74] investigated the influences of carrier gas
on the CVD process of cyclohexane. When argon was used as a
carrier gas, MWNTs was produced whereas when hydrogen was
used, some SWNTs were formed. In a relevant study, Mi et al.
[91] compared the effects of NH3 and nitrogen as carrier gases on
the structure and morphology of CNTs. In the case of using fer-
rocene as catalyst and acetylene as a carbon source, the growth
of bamboo-like structures was observed in NH3 with larger diame-
ters compared to CNTs obtained in nitrogen. The above findings are
in fair agreement with Kukovitsky et al. [37] results. Authors noted
that the nature of gaseous environment has a profound influence
on the mobility and sintering process of the catalyst particle and
therefore the strength of the metal–support interaction is altered.

Considering the CVD synthesis of CNTs, the sequence of events
taking place is: reactant gases enter the reactor by forced flow, gases
diffuse through the boundary layer, gases come into contact with
the surfaces of substrate, deposition reaction takes place on the
surfaces of substrate, and gaseous by-products of the reaction are
diffused away from the surface through the boundary layer. Various
transport phenomena, either diffusive or convective, and reaction
processes underlying CVD involve many intermolecular collisions.
These collisions transfer momentum and energy between the col-
lision partners, or lead to net transport of mass from one part of
the system to another. Transport properties of multi-component
gases, including viscosity and thermal conductivity as well as heat
and mass diffusion coefficients, are directly influenced by temper-
ature, pressure, and mixture composition. To make it more clear,
CNTs growth process occurs in a diffusive regime where hot gases
surrounding the catalyst force a viscous media and slow down the
CNTs growth [98]. Thus it can be inferred that, gaseous environ-
ment nature has an intense effects on all steps of the CVD synthesis
of CNTs.
It is worth mentioning that, H2 is mostly considered as a reac-
tive gas rather than carrier. It is believed that hydrogen provides
a reducing environment for the catalytic metals and hence pre-
vents poisoning of the catalytic surface by carbon deposition which
lessens undesirable carbon deposits formation [7,69,95,92,93].
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owever, Qian et al. [54] illustrated that there is no any obvi-
us difference in the morphology of CNTs using the unreduced
atalyst or reduced catalyst. They also reported that when the
nreduced catalysts were used, the conversion of methane as a
arbon feedstock was significantly increased. In accordance with
heir observations and based on representative results obtained by
ifferent groups, CNTs of good quality have been obtained by just
rgon [25,67,74,99–102] or nitrogen [84,103,104] as carrier gas.

Although the presence of H2 is counted essential for SWCNTs
roduction, the best results in Son et al. [102] in terms of lower
iameter and higher crystallinity were achieved in cases of no H2
ere utilized. Furthermore, a relative comprehensive study con-
ucted by Liu et al. [105] to examine the effects of H2 concentration
n CNTs morphology, clearly emphasize that increase in H2 concen-
ration leads to larger CNTs in terms of walls number and diameter.
igh concentration of hydrogen accelerates the sintering of the
etal particles and consequently, enlarges their diameters. Conclu-

ive evidence on the dependence of catalyst size on the formation of
NTs was reported earlier. These observations regarding the effects
f hydrogen concentration on the carbon layer structure are in
ccord with Xiong et al. [69]. Accordingly the synthesis of single
nd/or double wall CNTs with high selectivity was attributed to the
ffective control of the low concentration of H2. Besides that all, it is
ell known that the growth of nanofibers is enhanced in a hydrogen

tmosphere [7].
The results presented here indicate that the gas flow compound

trongly influence the CVD synthesis of the CNTs. It plays role in
VD reaction steps as well as catalyst stability and activity. Accord-

ngly carrier gas has impact on the morphological and structural
haracteristics of the as-grown CNTs and their uniformity. As the
rofound influences of the gaseous environment on the CCVD syn-
hesis of CNTs have been established, therefore a more meticulous
nd detailed investigation is strongly recommended.

.5. Time and space velocity

The best operation period determination with respect to product
uality and process yield is vital from the economic point of view
or any process. In the CCVD process, there is an optimum time that
eyond this, nucleation becomes more difficult and a progressive
eactivation of the catalytic nanoparticles starts to occur. However,
here is a great disparity in the proposed optimum time of CCVD
ith respect to process parameters and nature of catalyst as well

s carbon source [10,19,58,65,75,94,100,106]. To nucleate CNT, accu-
ulated carbon atoms must reach a critical concentration inside the

atalyst particles, which is related to the deposition rate. Kourav-
lou and Sotirchos [31] in a systematic study proved that the rate
f deposition depends on carbon precursor nature and the catalyst
omposition as well as temperature.

Meanwhile, it has been reported that CNTs possess differ-
nt morphologies for different reacting times. Lamouroux [107]
elieved that short reaction time is adapted to SWCNT growth. Kim
t al. [66] reported that CNTs diameter is determined by duration
ime of tubes in the hottest zone of reactor. In accordance with
heir statement, Roman and Somenath [108] showed that the mean
iameter of MWCNTs increase with the CVD durations, possibly
ue to sintering and agglomeration of particles. Furthermore, CNTs

ength is controlled by the length of the deposition time [7,47,109].
ian et al. [75] concluded that CNTs sampled at different periods
ave different thermal stability, i.e., the initially grown CNTs have
low thermal stability and serious defects as compared to the fully

rown tubes. In view of that, better understanding of the reaction
inetics is needed for a controllable CNTs synthesis.

Throughout the Roman and Somenath work [108], it has been
hown that residence time of the flow, the time spent by the fluid in
reactor, also plays an important role in CCVD of CNTs. According to
ing Journal 155 (2009) 37–48

their results obtained in a fixed-bed reactor, at very low residence
times only CNTs with practically no non-tubular form of carbon
were formed. As the residence time increased, the concentrations
of active radicals and intermediates in the gas phase increased,
therefore they began to recombine, and formed larger molecules.
Under these conditions, active radicals consumed the available C
that would have otherwise formed CNTs and other forms of carbon.

The available specific surface area for CCVD reaction and hence
its severity is mainly influenced by synthesis duration as well as
space velocity. The space velocity is the volume flow rate relative
to the catalyst mass. This parameter is important for any compara-
tive measurements in catalytic process such as catalyst screening,
determination of process parameters, optimization of catalyst pro-
duction conditions, and deactivation studies [83,110,111]. Basically,
space velocity eventually must be determined in a pilot plant [112].
It is worthwhile to note that as the space velocity in fluidized bed
reactors is relatively high compared to fixed bed; hence selective
synthesis of desired CNTs especially single or double wall is favored
[105,113]. High space velocity avoids external diffusional effects
in the catalyst particle and it can be obtained by using high gas
flow rate or not vary dense bed of catalyst. A constraint may arise
from high flow rates that it cools down the bed environment and
thereby affect the deposition quality [8]. Moreover, high gas veloc-
ity makes some difficulties in process scale up as it influences the
stable fluidization of catalyst and CNTs of low bulk density in the
reactor [63,105]. Liu et al. [105] demonstrated a practical method
to increase the space velocity for selective synthesis of DWCNTs. A
very high space velocity achieved by feeding fresh catalyst in small
amounts to the fluidized bed reactor. Nevertheless, this prominent
parameter has been almost systematically occulted in the major-
ity of studies regarding CCVD synthesis of CNTs in either fixed or
fluidized bed.

3. CCVD synthesis of CNT using fluidization technique

Fluidized bed reactors are widely applied for several industrial
purposes, such as different types of chemical reactors, fluid cat-
alytic cracking, fluidized bed combustion, fluidized bed bio-filter
or applying a coating on solid items [8]. Fluidized bed reactors
afford excellent gas–solid contacting and particle mixing, facili-
tate the control of highly exothermal reactions, and provide good
gas-to-particle and bed-to-wall. Recently, fluidized bed reactors
with supported nano-metal catalysts were found to be equally
effective for mass production of CNTs [8,96,105,114–138]. Typi-
cally a vertical reactor enclosed by an electrical furnace is used
for FBCVD. An upward flow of carbon source and carrier gas mix-
ture fluidizes the supported-catalyst particles in well-contact by the
reactant (Fig. 6). In the mass production of CNTs, FBCVD techniques
offer numerous advantages over fixed beds and floating catalyst
thanks to the technology robustness, flexibility and high productiv-
ity [127,130,133,136]. Moreover, the FBCVD is easily scaled-up and
can be operated continuously which is important for cost-effective
large-scale production of CNTs.

Basically, fluidization provides higher space velocity which leads
to efficient gas–solid contact, and hence high mass and heat
transfer. In accordance with that high process yield, product homo-
geneity, purity and selectivity are attained [8,84,127–130,132,133].
Moreover, FBCVD is a flexible process in terms of operating condi-
tions as parameters like gas mixture and temperature can be finely
tuned according to the definition of the desired product [131,133].

Furthermore, available space for growing CNTs and their resistance
times can be controlled accurately and the activity of the catalyst is
utilized sufficiently [130,133] which favors the selective mass pro-
duction of CNTs with uniform properties. Despite all mentioned
advantageous, improper design and/or operation of fluidized bed
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Fig. 6. General schematic of fluidized bed for CNT synthesis. (1) Reactor, (2) furnace,
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group of Geldart classification, both at 25 and 550 ◦C, and found
3) distributor, (4) thermocouple, (5) rotameter, (6) carbon source, (7) carrier gas,
8) outlet, (9) pressure sensor analytical instruments like gas chromatography also
an be used for outflow.

eactors can lead to conversions that fall well below the theoretical
ower limit of perfectly mixed flow.

Another facility provided by fluidized bed reactor was demon-
trated by Xu and Zhu [137] which emphasis the superiority of
hese kinds of reactors for mass production of CNTs. They devel-
ped a new technique of fluidized bed metal–organic chemical
apor deposition (MOCVD) as a one-step preparation of highly dis-
ersed metal-supported catalysts followed by FBCVD to synthesis
NTs. This method has some advantageous over the conventional
ethods (such as impregnation, ion exchange, co-precipitation and

o-crystallization) since it eliminates the drying and the subse-
uent calcinations/reduction operations, and hence minimizes the
ggregation or growth of crystalline size of the supported metal
articles caused by these operations. Prepared supported-catalyst
articles activities were tested for CNTs synthesis through FBCVD
sing acetylene. Results proved that for all the metal-supported cat-
lysts the deposited metals were highly dispersed on the surface
f the support particles. In a relevant attempt regarding devel-
pment of FBCVD toward the mass production of CNTs, See et al.
132] explored that the technical viability of using CaCO3 as a sol-
ble support material for the synthesis of CNTs via FBCVD. They
chieved MWCNTs of similar quality to those synthesized via tra-
itional CVD techniques. These models also showed the versatility
f FBCVD which fulfill the priority of this method for large-scale
roduction.

As far as FBCVD synthesis of CNTs is concerned all parameters,
hich influence the reaction and fluidization quality, should be

onsidered. The effective factors on CVD reaction efficiency have
een addressed in previous sections. The conversion in a fluidized
eactor depends on the basic features that together determine the
uidization quality. The term ‘fluidization quality’ is applied to
escribe the various fluid-dynamic conditions brought about by

he fluidization process itself. Quantities, which determine the flu-
dization mode and characteristics, include intrinsic properties of
articles, reactor geometry, superficial fluidizing velocity (U), and
inimum fluidization velocity (Umf).
ing Journal 155 (2009) 37–48 43

The CNTs synthesis conditions and related results of different
studies conducted in fluidized bed are summarized in Table 2.
Unfortunately, the scattering of data and the diversity of the exper-
imental equipments and procedures made a reliable comparison of
results difficult. Moreover, there is a dearth of process parameters
and large gaps exist between reported information, especially fac-
tors associated with fluidization criteria. See et al. [125] reported
the first investigation of some process parameters and their inter-
actions in FBCVD using fractional factorial design. However, FBCVD
is in its infancy and further in-depth understanding of the impact
of the operating parameters on product quality and quantity is
strongly required for commercial production of CNT. In this con-
tribution, the general study of fluidization principles is presented
as well as published researches on FBCVD.

Fluidization quality is closely related to the intrinsic proper-
ties of particles, e.g., particle density, particles size as well as their
size distribution and surface characteristics. Geldart [139] classified
powders into four groups according to their fluidization behav-
iors at ambient conditions. Type A particles with sizes of about
20–100 �m, form a slightly cohesive structure. Type B are dense
materials like glass and sand with diameters of around 150 �m.
Type C particles are even smaller and lighter than type A, usually
less than 20 �m in diameter. Type D particles are large, on the order
of one or more millimeters. Nano-sized particles, corresponding to
Geldart classification, fall in group C, but, their fluidization behav-
ior differs from conventional C particles because of extremely small
dimensions and bulk density [139,140]. The Geldart C particles are
difficult to fluidize due to the large cohesive forces which lead to
crack formations and channeling in the bed. Nanoparticles despite
the anticipated large surface charge can be easily fluidized due to
the formation of light agglomerates [140,141]. This type of fluidiza-
tion has been termed as agglomerate particulate fluidization.

Fluidization quality is basically depicted by applied gas flow
velocity to the minimum fluidization velocity ratio (U/Umf). Min-
imum fluidization velocity is the superficial fluid velocity at which
the upward drag force exerted by the fluid is equal to the appar-
ent weight of the particles in the bed; the pressure drop of the gas
across the bed becomes constant with increasing the gas velocity.
Minimum fluidization velocity depends on particle size and parti-
cle density, Geldart group, and fluid properties as well. The value of
Umf is usually determined experimentally by measuring the pres-
sure drop as a function of gas velocity. It also may be predicted
by some empirical or semi-empirical correlations [142–145]. How-
ever, the result from these kinds of equation is not accurate due to
different behaviors of particles in practice [129].

There is a prominent issue for FBCVD of CNTs related to its flu-
idization quality determination, because the bed characteristics
change on account of reaction and elevated temperature. Cata-
lyst particles initially provide fluidization, and their fluidization
behavior can be easily predicted at ambient condition according to
Geldart classification. However their fluidization characteristics at
process temperature, which is above 500 ◦C, appear different from
that which it occupies at ambient conditions. This is due to the effect
of gas properties on the grouping and may have serious implications
as far as the operation of the fluidized bed is concerned. Moreover,
Umf differs significantly from the size distribution in the fresh feed
due to elutriation of fines, attrition, agglomeration of particles, bed
solid characteristics change due to reaction, density and viscosity
of fluids alteration due to reaction and temperature.

Venegonia et al. [96] in their parametric study for CNTs growth
by FBCVD measured the Umf of SiO2 particles, belonging to B
that Umf = 517 cm min−1 decreases to 57 cm min−1, respectively. In
accord with this observation, Morancais et al. [116] pointed out
during the synthesis of CNTs, Umf is roughly divided by a factor
6 after 120 min of run, since the grain density sharply decreases;
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Table 2
Parametric studies of published paper on CNT synthesis by fluidized bed.

Condition Catalyst Reactor Fluidization parameters Results Ref

Carbon source Temp. (◦C) P (atm) Composition dp (�) Amount (g) ID (mm) Height (m) Total vol. flow
(1000 × sccm)

Umf (cm/s) Fixed bed
height (cm)

CNT dia. (nm) Wall

Propylene 1 Fe/alumina–silica 50 1 0.5–0.7 4.5 20–30 MW [119]
Acetylene 700 Fe/silica 6 22 1.2 0.605 8–25 MW [115]
Propylene Fe–Mo/alumina 28 2 1.7 [104]
Acetylene 700 N Fe/silica N 10 22 1.2 0.7 N N 8–16 NM [58]
Ethanol <600 – Fe–Mo/MgO 0.1 0.2 0.8–1.8 SW [99]
Ethylene 823 1 Fe/alumina MW [75]
Ethylene 650 1–1.3 Fe/alumina 110 50 53 1 2.29 1.8 10–20 MW [116]
Ethylene 550–1050 Fe/silica 28 MW [96]
Ethylene 650 0.004 Fe/alumina 100 53 1 1 0.14 3.5 MW [120]

1.455
Methane 760 1 Ni/silica 22 1 1.01 0.86–1.35 SW [101]

860 50–200 MW
Acetylene 600 Fe–Mo/alumina 114 30 50 1 3 10 15–20 MW [118]

2 50.4
3 15.4
4 16.9

Ethylene 500 Fe/Cu/SiO2 28.5 44 1 25–30 MW [53]
Propylene Fe/Cu 28.1 20–30
Ethylene Fe/Al 1.09 5–10
Methane 800 Fe–Mo/MgO 45–150 5 50 1 3 MW [65]
Methane 2.5 10.59
Acetylene 5 12.12
Acetylene 10 9.46
Acetylene 20 10.05
Polypropylene 450–850 110 15–40 MW [51]
Carbon monoxide 800 6 Co–Mo/MCM41 1 25.4 635 0.43 2 SW [129]
Ethylene/propylene 500–700 1 Fe/alumina – 250 1 83–182 0.6 10 MW [126]
Acetylene 600 Fe–Mo/alumina 150 30 53 1 3 MW [123]

1.998 MW
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tions, both theoretical and experimental, are required to study
F. Danafar et al. / Chemical Eng

nd as a consequence, the fluidization ratio increases. Accordingly,
hey proved that at U/Umf = 0.87 for a 5.3 cm diameter reactor, opti-

um conditions of run in terms of fluidization quality and MWCNTs
ormation is obtained. They also noted that carbon yield tends to
ncrease when the U/Umf ratio decreases for a similar amount of
arbon introduced, because of the increase in residence time of the
aseous precursors into the bed. In contrast, Son et al. [118] reported
hat at gas flow rates corresponding to about 2Umf, the heat and

ass transfer are relatively low leading to lower carbon yield and
igger CNTs diameter than about 4Umf. In accordance with them
ee et al. [125], Corrias et al. [120] and Venegonia et al. [96] applied
uidization ratio higher than one. Recently Philippe et al. [127] in a
omprehensive kinetic modeling study of CNTs by FBCVD indicated
hat Umf decreases with run duration till 30 min and then regu-
arly increases, in agreement with the Ergun relation for which Umf
epends on dp3 (�p − �g).

In FBCVD synthesis of CNTs, the initial amount of catalyst cor-
esponding to the static bed height, Hs, provides the operability
haracteristics of fluidized beds. Therefore, the challenge associated
ith the catalyst mass placed in the reactor is not only its effects

n CNTs formation but also on fluidization condition. First, the het-
rogeneous catalyst should carefully be prepared with respects to
ts activity for CNTs formation. Then appropriate catalyst amount
hould be chosen to obtain required fluidization properties. How-
ver, the utilized initial amount of catalyst, as it is clear from
able 2, is rather different. Son et al. [118] comment that if static
ed height (Hs) is smaller than the inside diameter of the reactor,
i.e., a shallow bed), fluidization quality is poor. Adding 114.3 �m
lumina powders as inert particles, in their study, improved CNTs
roduction and the mean CNTs diameter and agglomerate size of
ynthesized CNTs decreased as a result of attrition of the inert par-
icles. In accordance with their comment, See and Harris [132] also
pplied 40 g pure CaCO3 in addition to the 70 g catalyst (Fe–Co sup-
orted) on CaCo3. In contrast, some researchers insist on a small

nitial bed heights are sufficient for effective synthesis of CNTs in
BCVD because of the significant decrease in bed density and rapid
ed expansion [65,131,132]. Moreover, large amount of catalyst
emands a very high flow rate of gas for organization of homo-
eneous condition in the reactor and for its transportation into the
eactor. Recall that very high gas velocity leads to the complexity
n the process scaling-up [63,105]. Accordingly, such peculiari-
ies require appropriate reactor design and finely tuned operating
onditions.

Considering the CNTs structure, it possesses both nano-metric
related to its radius) and microscopic (related to its typical length)
imensions. The apparent feature of CNTs as an end product of
BCVD is a black spongy powder with low bulk density. Further
icroscopic observation showed that produced particles are a 3D

etwork structure from large amounts of CNTs rather liner structure
f individual CNT (Fig. 7). Wang et al. [126] found CNTs in tan-
led and loose agglomerates with broad size distribution, which
elongs to Geldart-A classification. Further observation made by
ao et al. [104] revealed that during the process larger agglom-
rates break into smaller one; therefore the average agglomerate
iameter in the reactor remains nearly constant. Correspondingly
hey deduced that agglomerate morphology of nanotubes provides
ood fluidization during the growth process and cause high-quality
NTs production in large-scale at low cost. Morancais et al. [116] also
bserved MWCNTs in the form of 3D randomly oriented chunks of
10–225 �m size. Contrary to the former observation, they anno-
ated that if agglomeration phenomenon occurs, carbon conversion

nd MWCNTs growth rate decreases and agglomeration happens in
ow fluidization quality condition, which less mixing of powders
ue to low gas flow exists.

As mentioned earlier, FBCVD does not allow the production of
ligned CNTs that might be considered as an obstacle for this pro-
Fig. 7. Three-dimensional structures of CNTs produced in FBCVD.

cess [8]. However the comparisons of CNTs grown on a same catalyst
in a fixed bed and fluidized bed showed that CNTs produced by
FBCVD has a higher specific surface area [105] and better thermal
stability [134]. Moreover, due to effective mass and heat trans-
fer, longer CNTs with smaller diameter and fewer lattic defects is
formed in an FBCVD compared to fixed bed [130,134]. It is worth
mentioning that, the smaller the mean diameter and the higher the
crystallinity of the CNTs, which are achieved in FBCVD, the better
the field emission properties [102].

Considering the presented results, it seems reasonable to declare
that, the prominent features of FBCVD for CNTs production are
blurred. The hydrodynamic and thermodynamic behaviors of CNT
growth in fluidization have not been understood yet. This review
presents achievement toward there are especially some distinc-
tive topics to be solved before large-scale production of CNTs using
FBCVD can be implemented.

(1) optimization of fluidization characteristics for CNTs production,
namely supported-catalyst diameter, static bed height and total
flow rate;

(2) investigation of heat, mass and momentum properties of CNTs;
(3) investigation of parametric factors interactions;
(4) investigation of end products particles morphology and their

effects on the process, especially agglomeration; and
(5) designing a continuous process.

4. Conclusion

Mass production of CNTs is the major challenge and criti-
cal for their future applications. Significant advances during the
last few years include the development of new CVD methods
for commercial production. This has been significantly boosted
through the use of fluidized bed reactors. A fundamental key to
further control of FBCVD is the understanding of different mech-
anisms of CNTs formation, which can determine their structure
and characteristics. However, the FBCVD is in its infancy and fur-
ther research will improve the yield, purity and selectivity of
CNTs growth. Many of the challenges and ambiguity associated
with CVD and FBCVD synthesis of CNTs have been highlighted
in this paper. It has been demonstrated that further investiga-
the effective parameters on FBCVD process. This will contribute
to the design and operation of commercial production facilities
of CNTs. Currently it is still too much of an art requiring practical
experience particularly during scaling-up where the cost factor is
crucial.
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