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Multiwalled carbon nanotubes (MWNTs) were synthesized on Al2O3 supported Ni
catalysts from C2H2 and C2H4 feedstocks in a fluidized bed. The influence of the ratio
of superficial gas velocity to the minimum fluidization velocity (U/Umf), feedstock type,
the ratio of carbon in the total quantity of gas fed to the reactor, reaction temperature,
the ratio of hydrogen to carbon in the feed gas, and nickel loading were all investi-
gated. Significantly, the pressure drop across the fluidized-bed increased as the reac-
tion time increased for all experiments, due to the deposition of MWNTs on the cata-
lyst particles. This resulted in substantial changes to the depth and structure of the flu-
idized bed as the reaction proceeded, significantly altering the bed hydrodynamics.
TEM images of the bed materials showed that MWNTs, metal catalysts, and alumina
supports were predominant in the product mixture, with some coiled carbon nanotubes
as a by-product. VVC 2009 American Institute of Chemical Engineers AIChE J, 56: 102–113,

2010
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Introduction

Carbon nanotubes (CNTs) are allotropes of carbon with
extraordinary electrical, mechanical and chemical properties,
making them valuable in applications as diverse as advanced
materials,1 field emission devices,2 biosensors,3 molecular
electronic devices4 and conceivably many others. Of the
three common techniques for CNT synthesis, laser ablation,5

arc discharge6 and chemical vapor deposition (CVD),7,8 the
CVD process shows most promise for economically viable
and large-scale synthesis.

Two of the commonly used CVD reactor types for CNT
synthesis are the fixed and fluidized-bed. The fixed-bed CVD
process, where CNTs grow from metal catalysts dispersed on
a suitable support in a gaseous hydrocarbon environment, is
typically carried out in a horizontal furnace.7,8 This results

in inhomogeneous gas–solid mixing and heat transfer,
restricting the capacity of the technique for commercial
applications. The fluidized-bed CVD process, where the
reaction occurs within a bed of fluidized catalyst particles, is
typically performed in a vertical furnace,9,10 and in many
ways is analogous to existing large-scale catalytic cracking
techniques for hydrocarbons (e.g., fluidized catalytic crack-
ing), i.e., the fluidized bed technique provides homogenous
mixing and heat transfer between gas and solid and is there-
fore viable for the large-scale manufacture of CNTs. We
have previously defined ‘‘large-scale’’ as being at least
1,0000 tonnes of CNTs per plant per year.11

In the literature, the most common metal catalyst for CNT
synthesis in fluidized-beds is iron, typically supported on
alumina or silica substrates.12 Studies with nickel and cobalt
catalysts are less common. Weidenkaff et al.13 investigated
the synthesis of multiwalled carbon nanotubes (MWNTs) on
Fe/Al2O3 catalysts in a fluidized-bed but undertook only two
experiments using Ni/Al2O3 and Ni-doped composite cata-
lysts and one experiment using Co/Al2O3 catalysts for
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comparison. Corrias et al.14 studied the synthesis of MWNTs
in fluidized-beds using Fe/Al2O3 catalysts and Venegoni
et al.9 performed a parametric study on MWNT synthesis
using Fe/SiO2 catalysts. More recently, Morancais et al.15

performed a parametric study on MWNT synthesis using Fe/
Al2O3 catalysts with a focus on the unpacked bed density by
measuring the bed height and weight before and after syn-
thesis. Fe-based fluidized-bed CVD systems for CNT synthe-
sis have also been studied by Wang et al., 10,16 Hao et al.,17

Hernadi et al.,18 Qian et al.,19 Perez-Cabero et al.,20 Ago
et al.,21 and Mauron et al.22 However, when the results of
these studies are collectively analyzed, no obvious relation-
ship between CNT product properties and synthesis condi-
tions are observed.11

For Ni catalysts only Ago et al.21 and Li et al.23 have
reported the synthesis of SWNTs on MgO and SiO2-gel sub-
strates, respectively, from methane (CH4) and Ermakova
et al.24 and Philippe et al.,12 the synthesis of carbon nanofib-
ers on both Ni/SiO2 and Ni/Al2O3. In addition, Qian et al.25

reported the synthesis of MWNTs on NiACu/Al2O3 from
CH4 in a two-stage fluidized-bed. Individually, these studies
have investigated the effects of temperature, carbon source
and catalyst type on the yield and/or selectivity of CNTs.
However, no single study investigated all of these variables
systematically nor attempted to rationalize the results
reported in the literature. In this work, our aim was to sys-
tematically study all of the major influential variables for the
synthesis of MWNTs on Ni/Al2O3 catalysts in a fluidized-
bed.

We further note that the majority of CNT reports in the
literature on the use of fluidized-beds do not give informa-
tion on the fluidization regime during synthesis; this infor-
mation is critical to ensure timely and cost-effective scale-
up. For example, while Morancais et al.15 report the use of a
pressure sensor to monitor the fluidization behavior during
synthesis, they do not report any of this data in their article.
Similarly, Corrias et al.14 report only a single pressure drop
profile. Indeed, a review of the literature shows that a sys-
tematic pressure drop study during CNT synthesis in fluid-
ized beds has not been reported. Hence, we present pressure
drop data for each experiment undertaken for this article, in
part to address this deficiency.

Experimental

Nickel/alumina (Ni/Al2O3) catalysts were prepared by wet

impregnation.26 This entails dissolving nickel nitrate hexahy-
drate [Ni(NO3)2�6H2O] in deionized water and then mixing

with calcined Al2O3 powders (d32 ¼ 69.2 lm). This mixture

was dried at 60�C for 12 h and then calcined in a muffle fur-
nace at 500�C for 5 h. The resulting powder was free flow-

ing with the same particle size distribution as the alumina

substrate.
For CNT synthesis, 100 g of catalyst was loaded into a

fluidized-bed reactor constructed from Inconel 601 stainless

steel, 52 mm inner diameter and 1000 mm in length, with a
316 stainless steel gas distributor (with a free surface area of

0.3%) located 250 mm from the base.11 A vertically aligned,

three phase electrical furnace was used to maintain the
required temperature during synthesis. During each experi-

ment, the catalyst was first heated to 600�C under N2 (6 L/

min) and then reduced under a H2/N2 atmosphere (H2:N2 ¼
20:80) at a total flow rate of 6 L/min and a temperature of

600�C for 1 h, before the introduction of carbon source gas.

The reactor was then heated to the desired temperature under
N2 at 10�C/min. CNT synthesis was performed under a gas

mixture comprising C2H2/H2/N2 or C2H4/H2/N2 for 30 min.

The gas flow to the reactor was controlled by a series of

mass flow controllers and the system pressure drop was
measured using pressure sensors at an acquisition frequency

of 10 Hz. Following the completion of an experiment, the

system was cooled to room temperature under N2.
Table 1 gives a summary of the experiments undertaken.

In experiments R1–R4, the influence of the U/Umf ratio was

studied (1.5, 3, 4.5, or 6, respectively), in R4 and R5, the

carbon source gas was changed from C2H2 to C2H4, whereas

in R6, R7, R4, and R8, the C2H2 ratio in the total gas feed

was studied (at 5, 10, 20, or 30%, respectively). In R9, R4,

R10, and R11, the reaction temperature (650, 700, 750, or

800�C, respectively), in R12, R13, R4, and R14, the H2/

C2H2 ratio (0, 0.5, 1, or 2, respectively), and in R4, R15,

R16, and R17 the Ni loading (5, 10, 20 or 40%, respec-

tively).
The reaction products were characterized by SEM (Philips

XL 30 CP), laser particle size analysis (Malvern Mastersizer

Table 1. Summary of the Experimental Conditions for CNT Synthesis

Run Catalyst Reaction Temperature (�C) U/Umf Feed Gas Composition (vol %) Reaction Time (min)

R1 5% Ni/Al2O3 700 1.5 C2H2:H2:N2 ¼ 20:20:60 30
R2 5% Ni/Al2O3 700 3 C2H2:H2:N2 ¼ 20:20:60 30
R3 5% Ni/Al2O3 700 4.5 C2H2:H2:N2 ¼ 20:20:60 30
R4 5% Ni/Al2O3 700 6 C2H2:H2:N2 ¼ 20:20:60 30
R5 5% Ni/Al2O3 700 6 C2H4:H2:N2 ¼ 20:20:60 30
R6 5% Ni/Al2O3 700 6 C2H2:H2:N2 ¼ 5:20:75 30
R7 5% Ni/Al2O3 700 6 C2H2:H2:N2 ¼ 10:20:70 30
R8 5% Ni/Al2O3 700 6 C2H2:H2:N2 ¼ 30:20:50 30
R9 5% Ni/Al2O3 650 6 C2H2:H2:N2 ¼ 20:20:60 30
R10 5% Ni/Al2O3 750 6 C2H2:H2:N2 ¼ 20:20:60 30
R11 5% Ni/Al2O3 800 6 C2H2:H2:N2 ¼ 20:20:60 30
R12 5% Ni/Al2O3 700 6 C2H2:N2 ¼ 20:80 30
R13 5% Ni/Al2O3 700 6 C2H2:H2:N2 ¼ 20:10:70 30
R14 5% Ni/Al2O3 700 6 C2H2:H2:N2 ¼ 20:40:40 30
R15 10% Ni/Al2O3 700 6 C2H2:H2:N2 ¼ 20:20:60 30
R16 20% Ni/Al2O3 700 6 C2H2:H2:N2 ¼ 20:20:60 30
R17 40% Ni/Al2O3 700 6 C2H2:H2:N2 ¼ 20:20:60 30
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X), thermogravimetric analysis (TGA) (TA SDT Q600),
Raman spectroscopy (Renishaw Raman using an Arþ ion
laser at 514.5 nm), and TEM (Philips CM120 operated at
120 kV).

Results and Discussion

Assessment of the changing fluidization behavior during
CNT synthesis

The pressure drop across the gas distributor was first
measured in a blank experiment and then subtracted from
the measured pressure drop during the synthesis experiments
to give the bed pressure drop. Figure 1 is a typical fluidiza-
tion profile showing pressure drop vs. increasing and
decreasing superficial gas velocity, measured using 100 g of
calcined Al2O3 fluidized with N2 at 700�C. In Figure 1, the
bed pressure drop increases linearly as the superficial gas ve-
locity increases, but when the superficial gas velocity
exceeds 0.009 m/s (the minimum fluidization velocity, Umf,
corresponding to a gas flowrate of 1.0 L/min in our reactor),
the bed pressure drop remains relatively constant; this profile
is typical for a bubbling fluidized bed of Group A powders.
In practice, it is usual to set the actual gas velocity, U, at
somewhere between four and six times Umf to ensure vigor-
ous fluidization.27,28 Hence, a total gas flow rate of 6.0 L/
min was used for all experiments, with the exception of
those designed to study the influence of this parameter on
the solid carbon yield.

Figures 2a–f shows bed pressure drop profiles during CNT
synthesis as a function of time at different U/Umf ratios, car-
bon source gases, C2H2 ratios in the total gas feed, reaction
temperatures, H2/C2H2 ratios, and Ni loadings, respectively.
Typically, in all experiments, the bed pressure drop
increased as reaction time increased; consistent with the
observations of Fe-based fluidized-bed systems reported by

Corrias et al.14 and Morancais et al.15 The increase in bed
pressure drop is likely due to two related factors (i) the
enlargement of catalyst particles as CNTs grow on their sur-
face and (ii) blockage of the stainless steel distributor caused
by local carbon deposition. Figure 3a shows an SEM image
of the CNT product (R11), in which separate alumina par-
ticles, between 50 and 140 lm in size, are observed. There
is little or no agglomeration of the micron-sized alumina par-
ticles in the synthesis products. At higher resolution (Figure
3b), entangled CNTs are observed on the surface of the alu-
mina particles. The growth of CNTs on the surface of the
catalysts particles is the primary cause of the increase in bed
pressure drop during CNT synthesis.

During some experiments, we observed partial blockage
of the gas distributor with amorphous carbon deposited dur-
ing the synthesis reaction, caused by the catalytic decompo-
sition of carbon in the feed gas during contact with the 316
stainless steel distributor. This was despite the very high
local gas velocities within the distributor jets. The 316 stain-
less steel is a Ni/Fe alloy, which has been reported to cata-
lyze the reaction of hydrocarbon gases to amorphous car-
bon.29,30 To minimize this phenomena, after each experiment
the fluidized bed was unloaded and the holes of the gas dis-
tributor physically cleaned. Figure 2 shows that at the start-
ing point of each experiment the measured pressure drop
varied between 0 and 2.0 kPa, indicating that this cleaning
step was reasonably successful. A review of the literature
suggests that stainless steel is most commonly used to con-
struct fluidized-bed reactors for CNT synthesis.12,14,15,17,31–33

However, our results suggest that for large-scale systems an
alternative will likely be required.

Effect of synthesis variables on the bed pressure drop
and CNT products

The reaction products were examined using laser particle
size analysis to study the catalyst particle enlargement and
its influence on the bed pressure drop at different synthesis
conditions. Figures 4a–f shows the increase in bed pressure
drop during synthesis and the mean particle size (d32) of the
reaction products as a function of the U/Umf ratio, carbon
source gas type, the C2H2 ratio in the total gas feed, reaction
temperature, H2/C2H2 ratio and Ni loading, respectively. As
expected there is a strong correlation between the primary
particle size and the bed pressure drop for all experiments.

TGA was used to determine both the quantity of carbon
and its composition in the as-synthesized products (Figure
5). The total weight loss and the temperature at which the
rate of weight loss is a maximum during the oxidation of
carbon is an indicator of the respective quantities of CNTs
and amorphous carbon in the product mix. A review of the
literature suggests that weight loss between 300 and 500�C
typically corresponds to the oxidation of amorphous carbon
(a by-product of the CVD process), whereas the oxidation of
MWNTs occurs in the temperature range 500–700�C.34,35

Therefore, the weight loss region between 400 and 700�C
shown in the differential weight loss profiles (Figures 5b, d,
f, h, j, l) is suggestive of the oxidation of a mixture of amor-
phous carbon and MWNTs.

To further differentiate the respective quantities of CNTs
and amorphous carbon in the overlapping peaks, a reference

Figure 1. Increasing and decreasing gas velocity vs. pres-
sure drop across a packed bed containing 100 g
of calcined Al2O3 contacted with N2 at 700

�C.
The dashed line is the trendline for the pressure drop vs.
increasing superficial gas velocity. The minimum fluidiza-
tion velocity is experimentally determined to be 0.009 m/s.
[Color figure can be viewed in the online issue, which is
available at www.interscience.wiley.com.]
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experiment was performed using Al2O3 powders without
metal catalysts using a gas mixture of C2H2:H2:N2 (volume
ratio of 20:20:60) at 700�C. This resulted in only amorphous
carbon being synthesized on the surface of the Al2O3. The
oxidization temperature range of this material measured
using TGA was between 300 and 500�C. This result was
subsequently used to differentiate any overlapping oxidation
peaks as follows: weight loss below 500�C was assigned to
the oxidation of amorphous carbon, and weight loss above
500�C to the oxidation of CNTs.

Data from the literature further suggests that formation of
amorphous carbon as a by-product during fixed-bed CNT
synthesis is dependent on several independent variables, e.g.,
catalyst activity,36 carbon source flow rate,37 and the addi-
tion of O2 in the low-temperature CO/Ar plasma technique.38

Amorphous carbon has also been reported to form on Fe-
based catalysts during fluidized-bed CVD synthesis.20,32,39,40

However, none of these studies reported the effect of synthe-
sis variables on the amorphous carbon yield. Therefore, an
additional objective of this work was to determine the quan-
tity of amorphous carbon in the reaction products using
TGA in combination of Raman and TEM imaging of the
reaction products.

Figures 6a–c show the Raman spectra of the reaction
products synthesized with different carbon source gases,
reaction temperatures and H2:C2H2 ratios, respectively. Two
peaks are clearly visible: (i) a disordered carbon band (D-
band) at �1380 cm�1 and (ii) a graphitized band (G-band)
at �1590 cm�1. The D-band typically corresponds to the
collective presence of amorphous carbon and defects in the

Figure 2. Bed pressure drop profiles for CNT synthesis at various conditions.

The effects of: (a) the ratio of superficial gas velocity to minimum fluidization velocity U/Umf (1.5, 3, 4.5, and 6), (b) carbon source type
(C2H2 and C2H4), (c) the C2H2 ratio in the total gas feed (5, 10, 20, and 30%), (d) reaction temperatures (650, 700, 750, and 800�C), (e)
H2/C2H2 ratio (0, 0.5, 1, and 2), and (f) Ni loading on Al2O3 (5, 10, 20, and 40%) on the bed pressure drop profiles during synthesis were
studied. [Color figure can be viewed in the online issue, which is available at www.interscience.wiley.com.]
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walls of the CNTs, whereas the G-band is characteristic of
CNTs (a form of sp2-bonded crystalline carbon).22,25,33 The
D- and G-band peaks observed in the spectra suggest the
presence of CNTs, possibly with some wall defects along
with amorphous carbon. Figures 7a–c shows the ratio of D-
to G-band intensity (ID/IG) calculated from the spectra in
Figure 6 as a function of carbon source gas, reaction temper-
ature, and H2:C2H2 ratio, respectively.

Effect of U/Umf

The data in Figure 4a show that the pressure drop across
the fluidized bed increased from 0.55 to 5.97 kPa as U/Umf

increased from 1.5 to 6. Despite U/Umf exceeding 1 for all
of these experiments, i.e., the bed of particles was com-
pletely fluidized, indicative of good particle–gas interaction,
we observed that higher U/Umf ratios led to much larger bed
pressure drops, caused by the increased deposition of carbon
on the catalyst particles. This was confirmed by the change
in the primary particle size of the reaction products as a
function of U/Umf (Figure 4a) and the TGA weight loss data
(Figure 5a), which show that both the carbon yield and the

temperature at which the maximum rate of weight loss
occurred increased as a function of U/Umf. This suggests
that there is a critical heat and mass transfer limit in this
system, below which the CNT synthesis reaction is subopti-
mal, despite the bed being fluidized in the traditional sense.

We note, however, that this result is the opposite of Mor-
ancais et al.15 who used a fluidized bed with very similar
dimensions to our own reactor, containing 50 g of 2.5 wt %
Fe/Al2O3 catalyst (dp ¼ 110 lm) and C2H4 as the carbon
source. The reaction products were treated with sulphuric
acid to dissolve the Fe and Al2O3 catalysts before characteri-
zation. The TGA results of Morancais et al. showed that the
carbon yield decreased from 75 to 51 wt % as the U/Umf ra-
tio increased from 0.78 to 1.1.

It is generally believed that CNT growth via CVD consists
of three basic steps: (a) nucleation of active catalyst sites on
the substrate surface, (b) extrusion of carbon from the active
catalyst site to form tubular structures, and (c) deactivation
of catalysts ending CNT growth.41 Among these, the rate
limiting step in the case of C2H2 decomposition catalyzed by
Ni is likely to be step (b) where the solubility of carbon in
Ni is largely dependent on temperature and carbon availabil-
ity.41–43 For a large-scale fluidized bed CVD process this
means that optimal heat and mass transfer are vital. In this
light, the contradiction between the results of Morancais
et al.15 and our own data suggest that the design of fluidized
beds for the CNT synthesis requires more detailed study on
the optimal heat and mass transfer conditions and the CNT
growth mechanism.

In Figure 5b, the differential weight loss profiles show
two overlapping peaks comprising a shoulder between 350
and 500�C and a main peak between 500 and 700�C for
U/Umf ¼ 1.5, suggesting MWNTs to be the major product
and amorphous carbon a by-product. However, at U/Umf ¼
3, the opposite result was observed; the major peak occurred
between 350 and 500�C with a shoulder between 500 and
700�C. This trend reversed again at higher U/Umf values,
where there was little amorphous carbon deposited. Thus,
the quantity of amorphous carbon increases as the U/Umf ra-
tio increases up to 3, likely caused by early catalyst deacti-
vation, in turn increasing the formation of amorphous car-
bon. In this case, suboptimal heat and mass transfer between
gas and catalyst is the likely cause. However, the quantity of
amorphous carbon decreases as the U/Umf ratio increases up
to 6, suggesting that heat and mass transfer limitations are
reduced at higher U/Umf ratios. Further study is required to
confirm these observations.

We also observed an increase in the respective heights of
the peaks for amorphous carbon and CNTs as the U/Umf ra-
tio increased from 1.5 to 6, suggesting that the overall quan-
tity of CNTs increased. This is likely due to increased avail-
ability of the carbon source as U/Umf increases.

Figures 8a–d shows TEM images of the CNT products
synthesized at different U/Umf ratios. These clearly show
CNTs interspersed with solid particles forming highly inter-
woven structures. The particles are most likely metal cata-
lysts and very small crystals of alumina support material. In
particular, coiled CNTs are observed in Figures 8a, b, d. In
this work, coiled refers to CNTs with a regular coiled struc-
ture. To date, no quantitative technique has been developed
to distinguish the yield of coiled CNTs from ‘straight’

Figure 3. SEM images of the CNT products synthe-
sized on 5% Ni/Al2O3 in C2H2:H2:N2 at the
ratio of 20:20:80 at 800�C (R11), (a) low mag-
nification of alumina powders and (b) high
magnification of a single particle showing the
surface covered with entangled CNTs.
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CNTs. However, we estimate the proportion of coiled CNTs
to be between 5 and 10% from studying 30 TEM images. It
can thus be concluded that coiled CNTs appear as a by-prod-
uct in the reaction products using Ni catalysts. The appear-
ance of coiled CNTs as a by-product was also reported by
Perez-Cabero et al.20 on Fe/Al2O3 in a fluidized-bed.

The TEM images in Figure 8 confirm the differential
weight loss results that the quantity of amorphous carbon
increases as the U/Umf ratio increases up to 3, and decreases
when the U/Umf ratio further increases to 6, but do not help
determine the oxidation behavior of coiled CNTs on which
there have been no results reported in the literature. At an
atomic level, straight CNTs are constructed by rolling up
hexagonal graphene layers seamlessly into cylinders.44,45 By
contrast, Dunlap46 proposed that the coiling of CNTs was
caused by pentagon-heptagon pairing with the carbon matrix.
Each C5–C7 pair is inserted into hexagonal carbon rings to
form a ‘knee’ that connects two straight CNT sections of the

same diameter. Therefore, coiled CNTs are an array of such
knees.47 It is uncertain whether the oxidation of coiled CNTs
comprising C5–C7 pairs lies in the amorphous carbon or
CNT peak range. More work is required on the oxidation
behavior of coiled CNTs.

Effect of carbon source gas type

The data in Figure 4b show that the bed pressure drop
increases by 1.93 and 5.97 kPa, respectively, using C2H4 and
C2H2 as the carbon source. The change in the primary parti-
cle size of the reaction products as a function of carbon
source (Figure 4b) and weight loss profiles of the reaction
products (Figure 5c) confirm that C2H2 leads to a greater
quantity of deposited CNTs on the catalyst particles, most
likely due to its greater thermodynamic reactivity (e.g., the
reactions of C2H2 and C2H4 individually with H2 are exo-
thermic with an enthalpy of �174.26 and �136.47 kJ). This

Figure 4. Bed pressure drop during CNT synthesis and Sauter mean particle diameter (d32) of CNT products as a
function of (a) the U/Umf ratio, (b) carbon source gas type, (c) the C2H2 ratio in the total gas feed, (d)
reaction temperature, (e) H2/C2H2 ratio, and (f) Ni loading.

The dash line represents the initial d32 of catalysts before synthesis. [Color figure can be viewed in the online issue, which is available at
www.interscience.wiley.com.]
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in turn causes a higher bed pressure drop than for C2H4.
This agrees with the results of Son et al.,33 using Fe-Mo/
MgO catalysts in a fluidized-bed CVD system and Hernadi
et al.,18 using Fe-based catalysts in a fixed-bed CVD system.
Furthermore, the choice of carbon source is reported to influ-
ence the CNT growth.42,48 Hernadi et al.48 reported that
C2H2 had higher reactivity and higher deposition rates on
Fe- and Co-based catalysts than C2H4 in a fixed-bed system,
in accordance with our results.

The differential weight loss profiles (Figure 5d) show that
the quantity of amorphous carbon formed from C2H2 is less
than that from C2H4, leading to a higher conversion of car-
bon into CNTs. This is confirmed by the Raman spectra
(Figure 6a) and the ID/IG ratio (Figure 7a), showing that the
CNT products synthesized by C2H2 are more highly graphi-
tized than those from C2H4. This is also consistent with the
work of Hernadi et al.18 and Son et al.33 using Fe-based
catalysts.

Figure 5. Thermogravimetric analysis of CNT products at various synthesis conditions: (a and b) weight loss and dif-
ferential weight loss profiles for the CNT products synthesized at the U/Umf of 1.5, 3, 4.5, and 6; (c and d)
weight loss and differential weight loss profiles for the CNT products synthesized by C2H2 and C2H4; (e and
f) weight loss and differential weight loss profiles for the CNT products synthesized in 5, 10, 20, and 30%
C2H2 in the total gas feed; (g and h) weight loss and differential weight loss profiles for the CNT products
synthesized at 650, 700, 750, and 800�C; (i and j) weight loss and differential weight loss profiles for the CNT
products synthesized at the H2/C2H2 ratio of 0, 0.5, 1, and 2; (k and l) weight loss and differential weight loss
profiles for the CNT products synthesized on 5, 10, 20, and 40% Ni loading on Al2O3.

The samples were heated in air between 25 and 1000�C at a ramp rate of 5�C/min. [Color figure can be viewed in the online issue, which
is available at www.interscience.wiley.com.]
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Effect of the quantity of carbon in the total gas feed

The data in Figure 4c show that the bed pressure drop
increases by 2.07, 2.62, 5.97, and 12.31 kPa, for synthesis
performed in 5, 10, 20, and 30% C2H2, respectively, in the
feed gas. The increase in pressure drop as a function of the
C2H2 ratio in the feed gas is most likely due to increased
carbon availability. This is confirmed by the change in the
primary particle size of the reaction products as a function
of C2H2 ratio in the feed gas (Figure 4c) and the weight
loss profiles (Figure 5e). This phenomenon was also
reported by Escobar et al.49 using Fe catalysts in a fixed
bed.

As discussed earlier, carbon diffuses into active catalyst
sites subsequently forming tubular structures, which cease
growing when the catalyst becomes encapsulated by solid
carbon.41 Therefore, the quantity of carbon in the system is
critical to the balance between the growth of CNTs and the

deactivation of catalysts. When the catalyst deactivates,

amorphous carbon preferentially grows from the hydrocarbon

feedstock. The differential weight loss profiles (Figure 5f)

show that the quantity of amorphous carbon increases as the

C2H2 ratio in the total gas feed increases up to 10%. How-

ever, it dramatically decreases when the C2H2 ratio in the

total gas feed exceeds 10%, suggesting that more carbon in

the total gas feed leads to a greater quantity of MWNTs.

This suggests that the growth rates of amorphous carbon and

CNTs are competitive and depend on carbon availability.

The formation of amorphous carbon is preferred as the C2H2

ratio in the total gas feed increases up to 10%, whereas the

opposite is observed as the C2H2 ratio in the total gas feed

exceeds 10%. This result is in contrast to Escobar et al.49

who determined that CNT deposition increased with an

increasing percentage of C2H2 in the gas feed between 2.5

and 10 vol % on Fe catalysts.

Figure 5. (Continued)
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Effect of reaction temperature

The data in Figure 4d show that the bed pressure drop
increased by 5.17, 5.97, 4.34, and 3.93 kPa for the synthesis

performed at 650, 700, 750, and 800�C, respectively. These
data suggest that the increase in pressure drop across the bed
is relatively independent of reaction temperature, most likely
caused by the constant activity of Ni catalysts at these tem-
peratures.12,50 This is confirmed once again by the change in
the primary particle size of the reaction products as a func-
tion of reaction temperature (Figure 4d) and weight loss

Figure 6. Raman spectra of the CNT products synthesized.

(a) by C2H2 and C2H4, (b) at 650, 700, 750, and 800�C, (c)
at the H2/C2H2 ratio of 0, 0.5, 1, and 2. [Color figure can
be viewed in the online issue, which is available at www.
interscience.wiley.com.]

Figure 7. Ratio of D-band intensity to G-band intensity
(ID/IG) calculated from the data in Figure 6 as a
function of (a) carbon source gas type, (b) reac-
tion temperature, and (c) the H2/C2H2 ratio.
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profiles (Figure 5g) and is consistent with the work of Phil-
ippe et al.,12 Villacampa et al.,50 and Chen et al.51 using Ni
catalysts.

In the differential weight loss profiles (Figure 5h), the
quantity of amorphous carbon is observed to increase as
reaction temperature increases, likely caused by faster cata-
lyst sintering and deactivation by carbon deposition at higher
temperatures.36 This is confirmed by the Raman spectra (Fig-
ure 6b) and the ID/IG ratio (Figure 7b) and agrees with
results reported by Veziri et al.36 and Cui et al.52 In addition,
in Figure 5h the mid-point of the oxidation peak appears at
500, 510, 580, and 585�C for each of the products synthe-
sized at 650, 700, 750, and 800�C, respectively. It has been
reported that increasing reaction temperatures leads to an
increase in the diameter of the resultant MWMTs due to the
formation of larger clusters of active metal catalysts at
higher temperatures.53,54 The peak centre appears at a higher
temperature when a higher synthesis reaction temperature is
used, most likely caused by the oxidization of larger diame-
ters of MWNTs at higher temperatures.

Effect of H2:C2H2 ratio

Figure 4e shows that a step change increase in the H2/
C2H2 ratio from 0 to 2 results in an increase in the bed pres-
sure drop from 1.24 to 9.72 kPa. Again, the increase in the
change in the primary particle size of the reaction products
as a function of H2/C2H2 ratio (Figure 4e) shows that a
larger H2/C2H2 ratio leads to a greater quantity of carbon de-
posited on the catalyst particles, in turn causing a higher bed
pressure drop. This is confirmed by the weight loss profiles
(Figure 5i) and the ID/IG ratio (Figure 7c) and is in agree-

ment with Venegoni et al.9 who showed that an increase in
carbon deposition was observed when the H2/C2H2 ratio was
increased up to 7 on Fe/SiO2 in a fluidized bed.

A review of the literature suggests that H2 is essential for
two aspects of the CVD synthesis of CNTs: (a) catalyst
reduction and (b) kinetic balance for carbon source decom-
position.43,50,55 In the CNT growth mechanism discussed ear-
lier, the nucleation of active sites, from which H2 desorbs
and carbon atoms dissolve into the Ni sites, forming nickel
carbide (NiC).43 However, H2, as one of the products of
C2H2 decomposition, has a thermodynamically reverse
impact on the carbon source decomposition during CNT syn-
thesis. Based on the impacts on both catalyst reduction and
carbon source decomposition reaction, the ratio of H2 to
C2H2 is one of the most influential variables investigated in
this study. The bed pressure drop (Figure 4e), the change in
the primary particle size of the reaction products as a func-
tion of H2:C2H2 ratio (Figure 4e) and the weight loss profiles
(Figure 5i) suggest that the increase in the H2:C2H2 ratio up
to 2 causes an increase in reduced, i.e., Ni(0) sites of active
catalyst, in turn leading to increased CNT formation. The in-
hibiting impact on carbon source decomposition is macro-
scopically negligible in this case.

In the differential weight loss profiles (Figure 5j), the ab-
sence of an amorphous carbon subpeak or shoulder between
300 and 500�C suggests that little amorphous carbon exists
in the reaction products. In addition, little difference is
observed in the differential weight loss profiles as the
H2:C2H2 ratio increases, suggesting that the H2/C2H2 ratio
has no impact on the ratio of amorphous carbon to CNTs in
the fluidized-bed CVD system. This is in contrast to Donato
et al.37 who suggested that increased [H2] decreases the
growth of amorphous carbon in the CNT products on Fe cat-
alyst using C2H6 as carbon source in a fixed-bed CVD
system.

Effect of Ni loading

Figure 4f shows that the increase in pressure drop across
the bed is comparatively insensitive to the nickel loading.
This is confirmed once again by the change in the primary
particle size of the reaction products as a function of nickel
loading (Figure 4f) and the weight loss profiles measured
using TGA (Figure 5k) which show that the total weight loss
for the CNT products synthesized on 5, 10, 20, and 40% Ni
loadings on Al2O3 is 19.3, 21.2, 21.5, and 22.8%, respec-
tively. This result appears inconsistent with the results
reported by Ermakova et al.24 who showed that an increase
in the Ni loading from 30 to 96 wt % led to an increase in
the carbon yield from 120 to 238 g carbon/g Ni, i.e., the
more Ni loading on catalyst supports lead to more carbon
deposited.

In the differential weight loss profiles (Figure 5l), the
peaks at 510, 500, 500, and 560�C are observed for the CNT
product synthesized on 5, 10, 20, and 40% Ni loadings,
respectively. Little difference in the peak as increasing Ni
loading up to 20% is most likely caused by the oxidization
of MWNTs of similar diameter. However, the peak shifts
50�C higher when Ni loading exceeds 20%, most likely due
to the oxidization of large-sized MWNTs.56 It has been
reported that CNT diameter depends largely upon the size of

Figure 8. TEM images of CNT products at different U/
Umf ratio: (a) 1.5, (b) 3, (c) 4.5, and (d) 6.

The CNT products are mainly straight CNTs with a few spi-
ral CNTs and amorphous carbon (solid black particles) as
by-products. In this article, spiral CNTs refers to CNTs with
a regular coiled structure.
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catalyst particles.57,58 The Ni loading beyond 20% most
likely leads to the formation of Ni active sites of large sur-
face area on the Al2O3 powders which activate the growth
of MWNTs in large diameter. This agrees with the results of
Ermakova et al.24 that more Ni loading results in the forma-
tion of large size of metal catalysts.

Table 2 shows the summary of carbon deposition, CNT
yield and CNT selectivity for the fluidized-bed products.
From Figure 5, carbon deposition and CNT yield were
inferred from the weight loss from 300 to 700�C and from
500 to 700�C, respectively. The CNT selectivity is deter-
mined by CNT yield divided by carbon deposition. The opti-
mized conditions were found to be R8 in which the MWNT
synthesis was performed in the mixture of C2H2:H2:N2 in
the volume ratio of 30:20:50 on 5% Ni/Al2O3 at 700�C for
30 min. Under such conditions, carbon deposition, CNT
yield and CNT selectivity reached the highest, i.e., 23.9,
21.3, and 89.1 wt %, respectively. However, it is worth men-
tioning that the reaction products are a mixture of MWNTs,
Ni, Al2O3 and by-products, e.g., amorphous carbon. Further
purification is required to obtain high-purity CNTs for end
use.

Conclusions

A systematic study of the synthesis of MWNTs on Ni/
Al2O3 catalysts from C2H2 and C2H4 feedstocks has been
undertaken. The effects of: (a) U/Umf, (b) carbon source gas
type, (c) C2H2 ratio in the total feed gas, (4) reaction tem-
perature, (5) H2/C2H2 ratio, and (6) Ni loading on Al2O3

have been studied. The pressure drop across the fluidized-
bed increases as reaction time increases, and as U/Umf and
the carbon ratio in the total feed gas increase, but is largely
independent of reaction temperature and Ni loading. The

particle size of the reaction products and TGA weight loss
results confirm the bed pressure drop measurements. The
deposition of MWNTs on catalyst particles results in sub-
stantial changes to the depth and structure of the fluidized
bed as the reaction proceeds, in turn significantly altering the
bed hydrodynamics. TEM images of the bed materials show
that MWNTs, metal catalysts and alumina supports were
predominant in the product mixture, with coiled CNTs as a
by-product.
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