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A parametric study investigating the impacts of loading amount of active phase, growth
temperature, H, reduction, space velocity, and apparent gas velocity on the intercalated
growth of vertically aligned carbon nanotube (CNT) arrays among lamellar catalyst was
performed. A series of Fe/Mo/vermiculite catalysts with Fe/vermiculite ratio of 0.0075-
0.300 were tested. Metal particles were dispersed among the layers of vermiculite after
H, reduction. Uniform catalyst particles, with a size of 10-20nm and a density of
8.5 x 10'* m~2, were formed among the vermiculite layers at 650 °C. CNTs with high density
synchronously grew into arrays among the vermiculites. With the increasing growth tem-
perature, the alignment of CNTs intercalated among vermiculites became worse. Moreover,
intercalated CNTs were synthesized among vermiculite layers in various flow regimes. The
as-grown particles were with a size of 1-2 mm when the fluidized bed reactor was operated
in particulate fluidization and bubbling fluidization, while the size of the as-grown prod-
ucts decreased obviously when they grown in the turbulent fluidized bed. Based on the
understanding of the various parameters investigated, 3.0 kg/h of CNT arrays were mass
produced in a pilot plant fluidized bed reactor.

© 2009 Elsevier Ltd. All rights reserved.

walled CNTs (SWCNTs), which is the first step for those fasci-
nating applications. Recently, vertically aligned CNT (VACNT)

1. Introduction

Carbon nanotubes (CNTs) have become one of the most fa-
mous nanocarbon. Various potential commercial applications
have been found, including engineering materials to enhance
the electrical and electrostatic properties or tenacity of poly-
mers, metals, cerement, and coatings [1,2]; catalyst for oxida-
tive dehydrogenation [3-6]; catalysis carriers for noble metals
in hydrogenation, Fischer-Tropsch synthesis, and others
[3,7,8]; energy conversion components of supercapacitors,
fuel cells or lithium ion secondary batteries [9-12]; field emis-
sion display [13,14]; buckypaper [15]; transparent conductive
film [16]; sensors, and electronics, devices [17], and so on.
Some applications have been achieved on the basis of the
mass production of multi-walled CNTs (MWCNTS) or single-
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arrays, with the advantages of good orientation, large aspect
ratio, and high purity, are attractive because of their wide po-
tential applications, i.e. in field emission devices, anisotropic
conductive materials, membrane filtration materials, the
super springs, filaments, super strong fibers, nano-brushes,
sensors, and so on [14,18-21]. However, based on the current
worldwide CNT market status, some obstacles appeared such
as high prices (10 $/g) and poor availability (around 1 kg/year).
Even in the literature, the best yields of MWCNT arrays were
just 1.0 g/h and 200 g/h for the synthesis on a flat quartz plate
as substrate [22] and on spherical substrates [23], respectively.
Compared with agglomerated CNTs, it is critical to develop a
method for the mass production of VACNT arrays.
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Chemical vapor deposition (CVD) is the most powerful way
for controllable growth of CNTs. One of the most popular
ways for the mass production of CNTs is fluidized bed cata-
lytic chemical vapor deposition (CVD) [24-26]. The fluidized
bed reactor has great advantages in terms of providing en-
ough space for CNT growth, excellent diffusion and heat
transfer, easy scaling up and continuous operation, and so
on. A pilot mass production of agglomerated multi-walled
CNTs (MWCNTs) with high yield (15 kg/h) was realized in a
fluidized bed reactor in 2002 [27]. Up to now, agglomerated
single/double/few-walled CNTs can also be mass produced
in a fluidized bed reactor. The researches on the production
of CNTs have been reported by many groups, including Wei
[26-29], Serp [24,30-32], Windle [33], See and Harris
[25,34,35], Hee [36], Xu and Zhu [37], Rakov [38], Yang [39], He-
ish [40,41], and others. The products of the fluidized bed pro-
cess mentioned above were agglomerated CNTs. While for
VACNT arrays, they were commonly synthesized on a flat sub-
strate using various CVD methods in a fixed bed [14,18-22].
However, the flat substrates always possess low specific sur-
face area (<0.5m?g), which limits the mass production of
VACNT arrays. Besides, it is difficult to suspend or move the
flat substrate by gas flow or other methods because of the
anisotropic morphology of a flat substrate, which results in
its poor mobility. Thus, the yield of VACNT arrays grown on
a flat substrate is very limited. Later, various particles with
larger surface area, such as spheres [23,42,43], fibers [44],
flakes [45], were used for the growth of VACNT arrays in large
quantities. Recently, a strategy for VACNT arrays grown
among lamellar catalyst was developed [46]. Compared with
flat substrate (about 4 cm?/g for wafer with a thickness of
0.1 mm) or spherical substrate (about 400 cm?/g for spheres
with a diameter of 0.7 mm) with limited surface area, the
lamellar catalysts were with much larger specific surface area
(higher than 30,000 cm?/g), providing enough surface area for
the growth of VACNT arrays. Meanwhile, the size of the lamel-
lar catalysts can be limited into A particles according to Gel-
dart particles classification to simplify the operation in the
fluidized bed. It shows a potential way for the mass produc-
tion of VACNT arrays in a fluidized bed reactor [47]. However,
the effects of various key parameters on the growth behavior
of CNT arrays intercalatedly grown on lamellar compounds
were still unclear.

Herein, a fluidized bed CVD process was comprehensively
developed for the mass production of VACNT arrays interca-
latedly grown among vermiculites. Various key parameters
were investigated, including the catalyst loading amount, cat-
alyst reduction time, growth temperature, space velocity, and
apparent gas velocity. Based on the parameter study, VACNT
arrays with a yield of 3.0 kg/h were produced under optimized
conditions in a pilot plant fluidized bed reactor.

2. Experimental

Vermiculite, a clay mineral which is a group of micaceous hy-
drated silicate minerals related to the chlorites and used in
heat-expanded form as insulation and as a planting medium,
was used as carrier of the catalyst. The vermiculite used in
our experiment was mined in Lingshou, Hebei Province of

China. In brief, vermiculite powder with a size of 100-
250 um (bulk density of about 160 kg/m?) was suspended in
distilled water to form a uniform suspension through strong
stirring at 80°C. Subsequently, a solution of iron nitrate
(Fe(NOs3)39H,0) and (NH4)sM070444H,0 was mixed with the
suspension quickly. The obtained mixture was kept at 80 °C
for 5 h. After filtration, the filtrated cake was dried at 110 °C
for 12 h and further calcined at 400 °C for 1 h. Then the lamel-
lar Fe/Mo/vermiculite catalyst for the production of VACNT ar-
rays was obtained.

The schematic diagram of the apparatus used in the exper-
iment is similar to the previous studies [47]. Here, the lamellar
Fe/Mo/vermiculite was used as catalyst. About 5.0 g catalyst
was fed into the reactor before reaction. The quartz fluidized
bed reactor was then heated to reaction temperature in argon
atmosphere. After reduction by H,, a mixture of carbon
source/H, was introduced into the fluidized bed and the reac-
tion occurred within the vermiculite particles. The catalysts
were smoothly fluidized in the reactor. After the reaction,
the fluidized bed reactor was cooled under argon atmosphere.
The carbon product was collected and characterized as
follows.

The morphology of the VACNT arrays was characterized
using scanning electron microscope (SEM, JSM 7401F). Trans-
mission electron microscopy (TEM) studies were performed
on a JEOL JEM 2100 TEM with an accelerating voltage of
120 kV. For TEM analysis, a dilute suspension of VACNT arrays
was prepared in ethanol using ultra-sonication technique and
then 0.5 ml solution was dropped onto a Lacey carbon coated
Cu grid. Raman experiments were also performed on a Reni-
shaw RM2000 Raman spectrophotometer, at room tempera-
ture, using a linearly polarized He-Ne laser (1=632.8 nm).
The diameter of the laser spot was 3-5 um and the resolution
of the spectrometer was about 1 cm ™. The purity of CNTs in
the as-grown product was obtained from thermogravimetry
analysis (TGA) by a TGA Q500. Samples were positioned in a
platinum pan in an atmosphere of air flowing at 20 mL/min
and analyzed with a heating rate of 20 °C/min up to 900 °C.
Tests of H,-TPR of the Fe/Mo/vermiculite catalyst were con-
ducted using a fixed-bed continuous-flow microreactor or
adsorption-desorption system. A KOH column and a 3A zeo-
lite molecular sieve column were installed in sequence at
the reactor exit to remove water vapor formed by the reduc-
tion of metallic oxide components of the catalyst sample.
The ramp rate of temperature was 10 °C/min. Change of H,
signal was monitored using on-line GC (Shimadzu GC-8A)
with a TC detector. 50 mg of Fe/Mo/vermiculite catalyst sam-
ple was first flushed by an Ar (of 99.999% purity, 20 sccm/min)
stream at 673K for 60 min to clean the surface, and then
cooled down to room temperature, followed by switching to
a Ny-carried 5.24 vol.% H, gaseous mixture (20 sccm/min) as
reducing gas to start the TPR observation.

3. Results and discussion

Natural vermiculites with a size of 100-250 um, were selected
as the substrate for CNT arrays. As reported in the previous
report [47], they are easily to be fluidized with a gas velocity
ranging from 7 to 24 cm/s. After the impregnation and drying,
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the active phase can be intercalated among the catalyst lay-
ers. The specific surface area of the vermiculite substrate
used is about 4.5 m?%/g. In order to evaluate the performance
of the lamellar Fe/Mo/vermiculite catalyst on the growth of
VACNT array, various key parameters including the loading
amount of active phase, growth temperature, reduction,
space velocity, and apparent gas velocity in the fluidized
bed, were investigated. The details can be found as follows.

3.1.  Effect of loading amount of active phase among
lamellar substrate

Through the ion exchange process, the metal catalysts
were intercalated among the vermiculites with the mass ratio
of Fe to vermiculite ranging from 0.0075 to 0.300, which were

named as catalyst A-F as shown in Table 1. After a 30-min
growth, the morphology of the as-grown products on catalyst
A-F is shown in Fig. 1. Unlike agglomerated CNTs grown on
powder catalyst [24-26,30-34,36-41], CNTs with good align-
ment were synchronously grown among the layers in this sit-
uation. The synthesized CNTs were vertically aligned on the
lamellar substrate and the length of the arrays was about sev-
eral micrometers. However, the fine structure of the arrays
grown on catalyst A-F was different. As shown in Fig. 1a,
the CNTs in array form grown on catalyst A were with uni-
form length of about 8.8 ym. When the loading amount in-
creased to 0.01875 (Catalyst B), the yield of CNT arrays
increased from 0.355 to 1.167 gcnt/geat (Table 1), which was
mainly attributed to the increasing density of active catalyst
particles. However, the length of CNT decreased to 3.8 um

Table 1 - The carbon yields and Ip/Ig value of Raman spectra for VACNT arrays intercalatedly grown at 650 °C for 30 min on Fe

Mo/vermiculite catalysts.

Catalyst Mre/Myermiculite” Mo/ Myermiculite” Carbon yield (gent/gear)” Ip/Ig ratio®
A 0.0075 0.0025 0.355 1.03
B 0.01875 0.0038 1.167 1.01
C 0.0375 0.0094 1.118 1.00
D 0.075 0.0125 0.845 0.88
E 0.150 0.030 0.628 1.35
F 0.300 0.060 0.224 1.20

a The amount of Fe and Mo was that intercalated among the vermiculite layers.

b The carbon yields were measured by TGA.
¢ The Ip/Ig ratio was obtained from the Raman spectra.

o

Fig. 1 - The morphology of the VACNT arrays among Fe/Mo/vermiculite catalyst layers with different loading amount at 650 °C
for 30 min. The mass ratios of Fe to vermiculite are (a) 0.0075, (b) 0.0188, (c) 0.0375, (d) 0.0750, () 0.150, and (f) 0.300.
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(Fig. 1b). With further increased loading amount, more active
sites formed among the layers of vermiculite, leading to the
formation of more CNTs among the vermiculite layers. How-
ever, the stress between vermiculite layers and CNT arrays in-
creased obviously due to the increasing mismatch among
CNTs and the vermiculite crushed into small pieces, accord-
ingly. The VACNT arrays intercalated among disordered ver-
miculite layers, with non-uniform length (Fig. 1c-f). While
under high Fe loading amount, some of the catalyst particles

decorated on the exterior surface of vermiculite, which
caused the formation of random CNTs on the exterior surface
of the lamellar substrate. It was noticed from Fig. 1b-f that
with higher Fe loading amount, both the lengths and the
yields of VACNT arrays among lamellar catalyst decreased
significantly (Table 1), which can be attributed to the strong
stress that limited the further growth of VACNT arrays. Mean-
while, the ratios of D peak to G peak were larger with higher
loading amount when the mass ratio of Fe ranged from 0.075

m/m,, =0.300

m,/m,,.=0.075
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w
[o)]

0o 6 12 18 24
Diameter (nm)

(f)

48

m_/m, =0.300

36
24

12

Percentage (%)

0 4 8 12 16
Wall number

Fig. 2 - TEM and high resolution TEM of VACNT arrays grown among vermiculite layers at 650 °C on (a) and (b) catalyst A and
(c) and (d) catalyst F, respectively. The diameter and wall number distributions of as-grown CNTs in the arrays grown on
catalyst A and catalyst F were illustrated in (e) and (f), respectively.
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Fig. 3 - The TPR pattern of the Fe/Mo/vermiculite catalyst C.

to 0.300 (as shown in Table 1), indicating the existence of
more defects. To characterize the diameter distribution of
CNTs intercalated among the lamellar catalyst, TEM images
were taken as shown in Fig. 2. It could be found that the main
products were CNTs (Fig. 2a-d), the inner diameter of which
was 3-7 nm, while the outer diameter was approximately 6-
20 nm (Fig. 2e). The ratio of wall thickness to the diameter
was about 50% and the wall number ranged mainly from 3
to 10 (Fig. 2f). The diameter slightly increased with higher
loading amount because of the formation of larger Fe parti-

cles, which was similar to many reports [48-51]. To get high
yield of VACNT arrays with high quality, catalyst C with opti-
mized loading amount (a mass ratio of Fe to vermiculite of
0.0375) was used for further parameter tests.

3.2 Effect of H, reduction

The first step for the intercalated growth of VACNT arrays on
lamellar catalyst was the reduction of Fe,O, into Fe particles
during CVD process. The H,-TPR spectra of catalysts C is
shown in Fig. 3. There is a main reduction peak starting from
500 °C, and ended at 800 °C, indicating that most Fe atoms ex-
ist in Fe/Mo alloy form [52-54]. It should be noticed that there
are another two reduction peaks at 330, 470 °C, which can be
assigned to the reduction of Fe,O; to Fe;O4, Fe;04 to FeO,
respectively [53,55]. The reduction of FeO to Fe occurs at about
600 °C, which is coincided with the reduction of Fe/Mo alloy. It
indicates that in Catalyst C, the initial Fe will mainly form Fe/
Mo alloy phase, while a small part of Fe will be in the form of
Fe,05. After the reduction with a temperature higher than
550 °C, Fe catalyst particles formed among the vermiculite
layers. Furthermore, the effect of initial H, reduction at
650 °C is tested with different amount of hydrogen introduced
into the reactor. When no H, was introduced into the reactor,
no VACNT arrays can be synthesized, as shown in Fig. 4a.
With longer reduction time, namely more introduced H,,
the length of the as-grown VACNT arrays increased (Fig. 4b-
d), indicating the increasing activity for VACNT array growth.

Fig. 4 - The morphology of the VACNT arrays grown among Fe/Mo/vermiculite layers at 650 °C for 30 min with reduction time

of (a) 0 min, (b) 1 min, (c) 10 min and (d) 30 min.
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The length of VACNT arrays reached 10 ym when the reduc-
tion time increased to 30min. Furthermore, the yield
(Fig. 5a) and the ratio of D peak to G peak (Fig. 5b) of VACNT
arrays changed from 1.35 to 0.77, respectively. With more H,
introduced to the reduction process, the density of reduced
Fe particles and activity of catalyst particles increased. Thus,
the CNTs grew synchronously and formed longer VACNT ar-
rays [56]. The yield of VACNT arrays became larger. Mean-
while, when the ratio of H, to Fe,O3 increased, the activity
of Fe catalyst increased. The CNTs grew continuously and

0.0 . . .
0 100 200 300

nhydrogen /niron oxide

the defect density decreased (Fig. 5b). Moreover, if the CNTs
were synthesized in H, atmosphere, the sintering of metal
catalyst on the surface of lamellar catalyst became serious
[29], leading to the formation of CNTs with larger diameter.

3.3.  Effect of growth temperature
After reduction, the growth of VACNT arrays was carried out

at various growth temperatures (Figs. 6-8). To determine a
good domain for the growth of VACNT arrays, the effect of

(b) 1.4

1.2

< 1.0
0.8 1
0.6 4 T T T
0 100 200 300
r]hydrogen/niron oxide

Fig. 5 - (a) The yield and (b) intensity ratio of D peak to G peak of VACNT arrays grown among Fe/Mo/vermiculite layers at

650 °C for 30 min with different reduction times.

Fig. 6 - The morphologies of the CNTs grown among Fe/Mo/vermiculite catalyst layers for 30 min at (a) 550 °C, (b) 650 °C, (c)
750 °C, (d) 850 °C, (e) 950 °C. (f) High magnification SEM image of CNTs grown at 650 °C.



1202

CARBON 48 (2010) 1196-1209

growth temperature was investigated. The catalyst was re-
duced at growth temperature for 30 min at first, and then
C,H, was introduced. The as-grown products were shown in
Fig. 6. At 550 °C, nearly no VACNT arrays were synthesized
due to the low density of active Fe catalyst particles and low
C,H, cracking rate (Fig. 6a). When the temperature increased
to 650°C, CNTs with good alignment intercalatedly grew
among vermiculites and the length of the VACNT arrays was
2-4 um (Fig. 6b and f). The alignment of CNTs became disor-
dered. Some CNTs entangled with each other when it grew
at 750 °C (Fig. 6¢). However, the main products were still short

VACNT arrays (Fig. 6c). If the growth temperature further in-
creased, the ratio of arrays in the as-grown products de-
creased. As demonstrated in Fig. 6d, few aligned CNT
bundles were observed, while most CNTs were randomly
agglomerated around the lamellar layers. Agglomerated CNTs
with high densities are shown in Fig. 6e (grown at 950 °C), and
few CNTs in array form could be found. The alignment of
CNTs intercalatedly grown among the lamellar catalysts be-
came worse with increasing growth temperature. Thus, the
growth temperature influenced the morphology of the CNTs
significantly.

40 5
650°C
X
=
c
Q
o
| .
(7]
o
15 750°C

Percent(%)

Percent(%)

Percent(%)

0
0 15 30 45 60
Diameter (nm)

Fig. 7 - The TEM images of the CNTs grown among Fe/Mo/vermiculite layers for 30 min at (a) and (b) 650 °C, (c) and (d) 750 °C,
(e) and (f) 850 °C, (g) and (h) 950 °G; (i) The diameter distributions of CNTs among Fe/Mo/vermiculite layers at different growth

temperature.
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Meanwhile, the diameter distributions of CNTs in the ar-
rays were further investigated by TEM. As illustrated in
Fig. 7, thin wall CNTs with diameter ranging from 4 to
10nm were obtained in the products grown at 650 °C
(Fig. 7a, b, i). The wall numbers were mainly 4-7. The ratio
of wall thickness to diameter was about 0.5. If the growth

950°C  0.822 _/ ™/)\

S
8
=
2
S |J| 850°C 0.243
=
750°C  0.825
650°C 1.023
400 800 1200 1600 2000

Raman Shift(cm™)

temperature increased to 750 °C, the diameter of as-obtained
CNTs increased obviously. The TEM images (Fig. 7c, d, i)
showed the thin wall CNTs with a diameter of 10 nm and
thick wall CNTs with a diameter of 30 nm. Besides, it can be
observed from the high resolution TEM images (as shown in
Fig. 7d) that the inner wall of the CNTs became discontinuous.

Fig. 8 - (a) The Raman spectra of as-grown CNTs among Fe/Mo/vermiculite layers at different growth temperature. (b) High
resolution TEM image of thin wall CNTs in the as-grown products of VACNT arrays grown at 850 °C.

Fig. 9 - TEM and high resolution TEM images of catalyst A reduced at (a) and (b) 650 °C and (c) and (d) 950 °C, respectively.
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The CNTs of large diameter were with more defects. If the
temperature further increased, the sintering among the cata-
lyst became more severe, leading to the formation of more
CNTs with larger diameter at the growth temperature of
850 °C (Fig. 7e, f, i). However, there were still some double-
walled CNTs (DWCNTSs) (Fig. 8), which will be mentioned later.
If the growth temperature increased to 950 °C, as illustrated in

Fig. 7g, h, i, the as-grown CNT products with higher defect
densities showed large diameter of around 45 nm. The Raman
spectra as shown in Fig. 8 were also employed to characterize
the quality of the as-obtained CNTs. Typical D peak and G
peak were shown for products grown at various reaction tem-
peratures (Fig. 8a). For the CNT products grown at 850 °C, a ra-
dial breathing mode peak at 191 cm™* was observed in Fig. 8a,

; i i i
015 030 045 060
Space velocity (min™)

Fig. 10 - The morphologies of VACNT arrays among vermiculite substrate with different space velocities: (a) 0.05 min?, (b)
0.15 min?, (c) 0.30 min?, (d) 0.45 min?, (e) 0.60 min . (f) The yields of VACNT arrays among vermiculite substrate at

different space velocities.

(a)
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Fig. 11 - (a) The Raman spectra and (b) Ip/Ig ratio of VACNT arrays among vermiculites layers under different space velocities

of C2H4.
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indicating the existence of few-walled CNTs with small diam-
eter. From the high resolution TEM image shown in Fig. 8b,
some DWCNTs were found in the as-grown product. It is com-
monly believed that MgO is one of the major compositions of
the vermiculite catalyst, and Fe/Mo/MgO is very active for the
growth of DWCNTSs at high temperature [28,57-60]. The exis-
tence of DWCNTs in the products caused the significant in-
crease of the Raman signals and the intensity of G band.
The dependence of the CNTs on growth temperature was
mainly related to the change on size distribution of catalyst
particles and their growth behavior. Under different reduc-
tion/growth temperature, the catalyst particles showed quite
different morphology, as indicated by Fig. 9. For example,
when the reduction/growth temperature was 650 °C, Fe parti-

cles were with a uniform size of 10-20 nm, and a density of
8.5x10* m~2 among the vermiculite layers (Fig. 9a and b).
Thus, CNTs grew at a similar rate in high density. They were
self-organized into the aligned morphology, and VACNT ar-
rays were intercalatedly grown among vermiculite catalysts
[56]. If the reduction/growth temperature increased to
950 °C, Fe catalyst particles were with a bimodal size distribu-
tion of 1-5, 40-60 nm, respectively (Fig. 9c). The small catalyst
particles were mainly reduced from the Fe/Mo alloy at high
temperature (Fig. 3), and they were efficient for the growth
of few-walled CNTs (Fig. 7i). While the large Fe catalyst parti-
cles were speculated to be the result of sintering from the pre-
reduced Fe catalyst at low temperatures (Fig. 3). They were of
good crystallization (Fig. 9d), and effective for the growth of

~
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Fig. 12 - The morphology of VACNT arrays among vermiculites with different superficial gas velocities: (a) 9.0 cm/s, (b)
15.0 cm/s, (c) 21.0 cm/s. (d) The size of as-grown intercalated VACNTSs with different superficial gas velocities. () The VACNT
yield and densities of products grown at different superficial gas velocities.
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CNTs with large diameter. However, it should be noticed that
the growth rate of few-walled CNTs was very fast, while the
growth rate of large diameter CNTs was relatively low
[20,21,29]. The few-walled CNTs were prone to grow among
porous catalyst, and the metal catalysts lose activity quickly
[61]. Furthermore, it should be noticed that the amount of al-
kali metal (naturally existed in vermiculites) assisted the sin-
tering of Fe catalyst particles and absorbed on their surface at
high temperature. The volume diffusion of carbon atoms
through catalyst particles was strongly affected by the alkali
metals. Because of the migration of alkali ions on the surface,
the precipitation of carbon atoms became unstable and the
CNT growth became discontinuous, leading to the slow
growth rate of CNTs and high defect density [62] (Fig. 8a),
especially the inner cone of CNTs with large diameter. The
large growth rate difference and fast deactivation of Fe cata-
lyst caused the random agglomeration growth behavior of
CNTs, and the formation of entangled CNTs consequently
(Fig. 6e) [63]. Those results indicated that both the structure
and agglomeration behavior of the as-grown CNTs were sen-
sitive to the growth temperature.

3.4.  Effect of space velocity

The space velocity is the mass ratio of introduced carbon
source to the catalyst in fluidized bed. It is widely accepted
to characterize the activity of catalyst in heterogeneous reac-
tion, which is also a key parameter for scaling up. Here, the
influence of different space velocities on the growth behavior
of CNTs was investigated. The as-grown products at different
space velocities were shown in Fig. 10. With increasing the
space velocity, more C,H, was introduced into the reactor,
and the concentration increased as well. The concentration
gradient between the main phase and lamellar substrate be-
came larger, indicating more C,H,4 can diffuse into the active
sites. Thus, the length of arrays intercalated among the verm-
iculites increased gradually (Fig. 10a-e). Furthermore, the
yields of the VACNT arrays also increased significantly with
the increasing space velocity (Fig. 10f). When the space veloc-
ity reached 0.60 min~?, the CNT density decreased which was
assumed to be caused by the fast deactivation of catalyst par-
ticles. Raman spectra of the as-grown products on catalyst C
are shown in Fig. 11a. The Ip/Ig ratio increased gradually with
the increment of the space velocity (Fig. 11b). Thus it is con-
cluded that CNTs grown at higher space velocity are with
more defects.

3.5. Effect of apparent gas velocity

The apparent gas velocity determines the fluidized state of
particles in the fluidized bed reactor. From the fluidization
curves shown in the previous studies [47], it can be seen that
if the gas velocity is in the scope of 9.0-21.0 cm/s, the cata-
lysts behave like a fluid. In this status, the catalysts tend to
establish a level and flows in response to pressure gradients,
which is mainly identified as particulate fluidization. With
the increasing gas velocity, the flow patterns or regimes turn
into bubbling fluidization, and turbulent fluidization. Here,
the collision among particles increased with the increasing
gas velocity, and the size of as-grown products reduced signif-

icantly. When the apparent gas velocity was 9.0 cm/s, the as-
grown products showed a worm-like structure with a length
of 2.4 mm (Fig. 12a). If the apparent gas velocity further in-
creased, the collisions among particles became more frequent
and violent in the bubbling fluidization and turbulent fluid-
ization. Thus, the particle size decreased and the products
showed spherical morphology (Fig. 12a-d). Meanwhile, the
carbon yields decreased and the densities of as-grown prod-
ucts increased (Fig. 12e). That was attributed to fewer CNTs
grown among vermiculites at high gas velocity and short res-
idue time.

3.6. Scale up of fluidized bed in a pilot plant fluidized bed
reactor

Generally, for a new chemical process, a pilot plant at the pro-
ductivity of 20-300 tons/year is necessary, although it is diffi-
cult for its large amount of research work and is
uneconomical due to its small productivity. Base on the above
understanding and optimization, a pilot plant fluidized bed
reactor with a diameter of 500 mm was used for mass produc-
tion of VACNT arrays (Fig. 13). The VACNT arrays can be suc-
cessful produced in the fluidized bed with a productivity of
3.0 kg/h (24 tons/year). This is equivalent to the productivity
of 10® spheres [23,42] or about 1.5 x 10° 1 in. wafers [14,18,19]
as substrate using C,H, as carbon source (assuming that the
density of the VACNT arrays on wafer is 40 g/L and the length
is 3.0 mm for 1h growth). This is the first mass production
route of simultaneously assemble thousands of CNT arrays
in a single block of natural compound [64], and a hierarchical,
three-dimensional compounds with alternate CNT array and
inorganic layers was available in kilogram scale.

Fig. 13 - The pilot plant facility for VACNT array production
at a rate of 3.0 kg/h.
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Furthermore, the as-obtained VACNT arrays can be easily
purified by impregnation in 1.0 mol/L HCI solution for 1.0 h,
and 1.0 mol/L HF solution subsequently. Various strategies
for CNT purification can be easily found [65]. The as-obtained
VACNT arrays can be sheared into fluffy CNTs and individual
CNTs for further application on composites, transparent con-
ductive film, supercapacitors, fuel cells, lithium ion second-
ary batteries, energy absorbing, and so on.

4, Conclusions

Lamellar Fe/Mo/vermiculites with a diameter of 100-250 um
were used as catalyst carriers for the scaled production of
VACNTSs. Various parameters, including catalyst loading
amount, catalyst reduction conditions, growth temperature,
space velocity, and apparent gas velocity were investigated
to develop the process for the mass production of VACNT ar-
rays. The main conclusions that can be drawn from the pres-
ent work are:

1. The temperature influences significantly the structure of
the CNTs as well as the agglomerated properties of the
CNTs. The effect of the other parameters on CNTs mor-
phology is less pronounced.

2. The reduction of catalyst is necessary and the space veloc-
ity should be kept at a medium value to attain high conver-
sion of carbon sources.

3. The as-grown products are in large size in particulate flu-
idization and bubbling fluidization, while the size of the
as-grown products decreased obviously in the turbulent
fluidization state due to the violent collisions.

Based on the understanding of these various parameters,
the output of 3.0 kg/h VACNT arrays were first demonstrated
in a pilot plant fluidized bed reactor in this work, which pro-
vided an access to obtain large amount of CNT arrays for fur-
ther applications in future.
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