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Carbon nanotubes (CNTs) prepared from ethylene decomposition over the Fe/Al,O,
catalyst are studied in a packed bed (PB) reactor and a nanoagglomerate fluidized bed
reactor (NABR), respectively. CNTs sampled at different reaction times are character-
ized by TEM, Raman spectroscopy, and particle size analysis. The bulk density and
agglomerate size of CNTs increase significantly with reaction time in a PB, while it
remains at a stable level in NABR. Also, CNTs with good morphology, narrow diameter
distribution, and fewer lattice defects are obtained in an NABR, rather than in a PB. In
contrast to the unavoidable jamming due to volume increase of CNTs observed in a
PB, a continuous CNT growth process is attained in an NABR, even though the amount
of CNTs in an NABR is 6—7 times that in a PB. The flow dynamics, available space
for growing, and mass and heat transfer can be controlled in an NABR, which favors
the large-scale production of CNTs with uniform properties.

Introduction

Since the discovery of carbon nanotubes (CNTs) in 1991
(Iijima, 1991), its preparation and application has been widely
studied. However, due to difficulties in the preparation of
single-walled nanotubes and in the scale-up production of
multiwalled nanotubes (Krijn and John, 2000), many of these
studies were based on small amounts of CNTs, and this has
to some degree influenced the progress of research and the
accuracy of experimental data giving rise to some contro-
versy, such as in the study of hydrogen adsorption (Tibbetts
et al., 2001). The large-scale preparation of CNTs is neces-
sary for further fundamental research and its ultimate appli-
cation, and the commercialization of CNTs. Catalytic chemi-
cal vapor deposition is a promising method for the large-scale
production of CNTs (Krijn and John, 2000). In most cases,
the process is conducted in a gas-solid system. The volume of
the solid phase increases during the process as carbon gradu-
ally deposits on the catalyst. The control of temperature,
pressure drop, and mass and heat transfer are important for
producing large amounts of CNTs of uniform quality. The
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packed-bed reactor was widely adopted in previous studies
(Zhang and Amiridis, 1998; Li et al., 2000) due to its simplic-
ity. The catalyst and CNTs remain fixed under a relatively
small superficial gas velocity in the packed-bed reactor. How-
ever, CNTs are solid products and the solid volume steadily
increase, which is different from the traditional packed-bed
reactor used in other catalytic processes. Limited space for
growth may lead to an uncontrollable jam of the reactor dur-
ing the reaction (Zhang and Amiridis, 1998; Krijn and John,
2000; Li et al., 2000), which can become serious in the large-
scale production of CNTs. Reactors in which the transport of
the solid materials can be carried out easily are proposed to
solve the problem. These include a reactor adopted in a
floating catalyst method (Ci et al., 1999; Ting et al., 1999) and
fluidized-bed reactors (Hernadi et al., 1996; Meier et al., 1998;
Qian et al., 2001). In the former reactors, the CNTs are pre-
pared in a very dilute solid phase, and the yield of CNTs is
relatively low when compared to the scale of the reactor. Also,
the CNTs pass through the reactor with very short residence
times that are insufficient for the full use of the activity of
the catalyst. In the latter fluidized-bed reactor, the residence
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Figure 1. Reaction system.

times of the CNTs can be controlled accurately and the activ-
ity of the catalyst is utilized sufficiently to achieve high yields
of CNTs, which is important for large-scale production since
the catalyst is expensive. Furthermore, heat and mass trans-
fer is good in a fluidized bed, which is important for the sta-
ble growth of CNTs. However, in previous studies (Hernadi
et al., 1996; Meier et al., 1998; Qian et al., 2001), the amount
of CNTs produced was too small for the understanding of the
collective behavior of CNTs in large quantities. In this contri-
bution, a 10 g catalyst is used to produce 30-150 g CNTs,
which is enough to evaluate the effect of the hydrodynamics
in a packed-bed reactor and a nanoagglomerate fluidized-bed
reactor (Wei et al., 2001) on the growth of CNTs. Changing
properties of the CNTs with reaction time including micro-
morphology, lattice defects, diameter distribution, bulk den-
sity, and particle-size distribution of its agglomerates are
studied in a packed-bed reactor and a nanoagglomerate flu-
idized-bed reactor, respectively, which is important for the
controlled production of CNTs in a large scale.

Experimental Studies

The Fe/Al,O; catalyst is prepared by a co-precipitation
method. Most of the iron crystallines on the catalyst are
smaller than 15 nm. The average size of the catalyst particle
agglomerates is about 50 um. The carbon source is ethylene.
2 mol hydrogen and heat of 52.26 KJ/mol in the exothermic
reaction are produced from the decomposition of 1 mol ethy-
lene. The reaction system is shown in Figure 1. The reactor is
made of stainless steel with an inner dia. of 40 mm and a
height of 1,000 mm. To make CNTs, 10 g catalyst is packed
into the reactor and is first reduced by hydrogen at 823 K for
2 h. A mixture of nitrogen and ethylene of 99.99% purity is
then fed into the reactor and decomposed at 823 K. The vol-
ume ratio of nitrogen to ethylene is 2:3. An online gas chro-
matography (HP4890D) is used to detect gas products. The
conversion of ethylene and the yield of CNTs at different
times are obtained from the gas analysis.
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In the operation of the packed-bed reactor, the gas velocity
is controlled at 0.01 m/s. The catalyst and CNTs remain fixed
in the reactor during the entire reaction period. When the
reaction time reaches the desired value, the ethylene is shut
off and nitrogen is introduced into the reactor to cool the
CNTs products. CNTs samples are then collected. In the op-
eration of the nanoagglomerate fluidized-bed reactor (Wei et
al., 2001), the gas velocity is 0.1 m/s. CNTs growing on the
catalyst exist as nanoagglomerates, which can be fluidized
smoothly by the gaseous reactants (Brooks and Fitzsgerald,
1985; Wang et al., 2002). After specified intervals of time,
small amounts of a CNT sample (2-4 mL) are taken through
the sample device. Since the fluidization is uniform in the
NABR, the sampled CNT products are assumed the same as
in the rest of the reactor. Thus, samples taken at different
times can reveal changes in the properties of the CNTs dur-
ing their growth process.

All samples are characterized by Raman spectroscopy (Re-
nishaw, RM2000, excited at 514.5 nm) and Transmission
Electron Microscopy (TEM, Hitachi-800). The diameter dis-
tribution of individual CNT is obtained from the measure-
ment of the diameters of nearly 1,600 individual tubes in 20
TEM pictures of the samples from the different reactors, re-
spectively. The particle-size distribution of CNT agglomer-
ates is measured using a Malvern Mastersizer (Mastersizer
2.5, 0.05-555 pwm). The bulk density of the CNTs is deter-
mined from its volume and weight.

Result and Discussion

The conversion of ethylene in different reactors is shown
in Figure 2. The conversion of ethylene is above 95% in the
packed-bed reactor during the entire reaction period. The
conversion of ethylene is maintained at 100% at the begin-
ning, then decreases after 45 min., and finally is 50% after
307 min in the NABR. The space velocity of ethylene in the
nanoagglomerate fluidized-bed reactor is 10 times higher than
that in the packed-bed reactor. Catalyst deactivation
(Bartholomew, 2001) and a high space velocity make conver-
sion of the ethylene decrease linearly with reaction time. Fig-
ure 3 shows the yield of CNTs per unit catalyst in the
nanoagglomerate fluidized-bed reactor and packed-bed reac-
tor. The yield of CNTs increases steadily with the reaction
time in both reactors. The total yield of CNTs in the nanoag-
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Figure 2. Conversion of ethylene with reaction time in
the PB and the NABR.
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Figure 3. Yield of CNTs with reaction time in the PB and
the NABR.

glomerate fluidized-bed reactor is 6—7 times that in the
packed-bed reactor at the end of reaction, due to the ten-fold
increase of the space velocity in the nanoagglomerate flu-
idized-bed reactor.

When a large amount of CNTs is produced, the packing
density and particle size of its nanoagglomerate can be mea-
sured. The bulk density of CNT samples after different reac-
tion times is shown in Figure 4. At the beginning of the reac-
tion period, the bulk density of the CNTs is nearly equal to
that of the catalyst. In the following period of 6—100 min., it
decreases gradually as carbon is deposited on the catalyst.
This tendency is observed in both reactors, indicating that
the amount of CNTs is small in the initial stage of CNT growth
and the growing space is large enough even in the packed-bed
reactor. However, when the amount of CNTs is large enough,
the hydrodynamics of the gas and solid in the reactors will
exert an influence on the bulk density of the CNTs. In the
packed-bed reactor, the CNTs are unable to move and entan-
gled CNTs tend to pile up more and more tightly, as shown
in Figure 4. Its bulk density will increase with reaction time.
However, the CNTs can move and the growth is not hindered
in the nanoagglomerate fluidized-bed reactor. With an in-
creasing carbon deposition on the catalyst, its bulk density
decreases steadily to 75-100 kg/m>.

According to the work of Brooks et al. (Brooks and Fitzs-
gerald, 1985) and Wang et al. (2002), nanometer particles tend
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Figure 4. Bulk density of CNT agglomerates with reac-
tion time in the PB and the NABR.
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Figure 5. Variation of the average CNT agglomerate size
with reaction time in the PB and the NABR.

to form agglomerates of 20-500 wm. These agglomerates have
different behaviors in different reactors with different hydro-
dynamic states. The average particle size of CNT agglomer-
ates with reaction time in the different reactors is shown in
Figure 5. The particle size of CNT agglomerates in the
packed-bed reactor increases significantly with reaction time
after 50 min. The average size of the CNT agglomerates is 1
mm at 114 min. and about 4 mm at 337 min., respectively.
When CNTs grow, they grow out from the catalyst support in
a scattered direction. The tubes will entangle each other and
form large agglomerate particles, which grow larger in a
packed-bed reactor with a steady increase in its density. It is
noted that the yield of CNTs in the packed-bed reactor is less
than two-fold the catalyst weight, which indicates that the
flow dynamics has a significant influence on the agglomerate
of CNTs. However, as shown in Figures 5 and 6, the particle
size of CNT agglomerates in the nanoagglomerate fluidized-
bed reactor remains unchanged with an increasing reaction
time. Individual CNTs can grow freely and are less influ-
enced by other tubes in the nanoagglomerate fluidized-bed
reactor. It is noted that average particle size of CNT agglom-
erate in nanoagglomerate fluidized-bed reactor remains at
45-50 pm. It is close to the size of particle type A in the
Geldart classification, which has very good fluidization prop-
erties. Combining the results of the bulk density in Figure 4,
it is clear that CNTs growth in a fluidized state is a rather
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Figure 6. CNT agglomerate size distribution in the
NABR at different reaction times.
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uniform process, which favors the control of its synthesis in
large scale.

Jamming of the reactor occurs in the packed-bed reactor at
337 min due to the significant solid volume increase by the
CNTs. Cross-linked CNT agglomerates form the bulk of the
solids with a significant increase in the pressure drop in the
reactor. A batch operation has to be adopted, although the
catalysts still have enough activity to crack ethylene, and leads
to a time-consuming and low efficiency process. However,
even though the yield of CNTs in the nanoagglomerate flu-
idized-bed reactor at 307 min is 6—7 times that in the packed-
bed reactor at 337 min, a continuous operation is attained in
the nanoagglomerate fluidized-bed reactor. First, fluidized
CNTs can grow freely in the sufficient space made available.
Secondly, the placement of a catalyst container and a CNTs
collector at a selected place in the nanoagglomerate flu-
idized-bed reactor will allow the catalyst to be sent into the
reactor, and CNTs products can be transferred out of the
reactor when the volume of CNTs is relatively large or when
CNT growth ceases due to deactivation of the catalyst. It is
clear that the nanoagglomerate fluidized-bed reactor pro-
posed in this article can allow the large-scale continuous pro-
duction of CNTs.

The microstructure of the CNTs and its morphology are
observed by TEM. Samples collected at different times in the
nanoagglomerate fluidized-bed reactor and the packed-bed

reactor are shown in Figures 7 and 8, respectively. Like much
previous work on the preparation of CNTs via the CVD
method (Baker, 1989; Hernadi et al., 1996; Meier et al., 1998;
Zhang and Amiridis, 1998; Krijn and John, 2000; Li et al.,
2000; Qian et al., 2001), in this article ethylene is continually
cracked over an iron-based catalyst to produce carbon and
hydrogen. Carbon gradually accumulates on the catalyst in an
ordered structure to form CNTs. Detachment of iron parti-
cles from the support (Al,05) due to carbon accumulation is
generally observed. Iron particles in the nanometer range are
found in the tip of the CNTs. Also, the diameter of the CNTs
depends on the crystalline size of the metal particles at its tip
(Baker, 1989; Hernadi et al., 1996; Krijn and John, 2000). For
the CNTs prepared from the nanoagglomerate fluidized-bed
reactor, no obvious differences are observed in the samples
at different reaction times (Figures 7a and 7b). The morphol-
ogy of these tubes is fairly good. They are all very long and
have the same diameter. Less soot and amorphous carbon
are found in the samples. It suggests that the morphology of
the CNTs is uniform in the nanoagglomerate fluidized-bed
reactor. However, obvious differences in the morphology of
the CNTs from the packed-bed reactor at different times ex-
ist (Figures 8a and 8b). More black parts, soot, and broken
tubes are observed in the CNTs sample at 50 min. Relatively
long tubes tending to form large agglomerates are observed
in the packed-bed reactor at 337 min. Comparing Figures 7

Figure 7. TEM image of CNTs in the NABR (a: 124 min, B; 307 min).
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Figure 8. TEM image of CNTs in the PB (a: 50 min, B: 337 min).

and 8, the tubes in the nanoagglomerate fluidized-bed reac-
tor are obviously longer than in the packed-bed reactor. The
detailed diameter distribution of the individual CNTs is shown
in Figure 9. The diameter distribution of CNTs from the
nanoagglomerate fluidized-bed reactor is very narrow and
most of tubes are in the range of 3—-16 nm with an average
diameter of 8 nm. However, the diameter distribution of
CNTs from the packed-bed reactor is relatively wide. Nearly
30% of the CNTs from the packed-bed reactor are larger
than 16 nm. The average diameter of the CNTs from the
packed-bed reactor is 16 nm. Since a catalyst with the same
nanometer crystalline size distribution is used in both reac-
tors and the diameter of CNTs depends on the metal crys-
talline size on the catalyst, the diameter distribution of the
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Figure 9. Outer diameter distribution of the CNTs in the
PB and the NABR.
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CNTs reflects the dispersion of the catalyst particles in dif-
ferent reactors directly. For CNTSs prepared in the packed-bed
reactor, the catalyst particles and the as-grown CNTs are un-
able to move and are packed relatively tightly in the packed-
bed reactor. It is possible, as observed in many packed-bed
reactors (Smith, 1973), that heat transfer in the packed-bed
reactor is relatively poor due to diffusion resistance inside
the bulk catalyst particle, which will become even worse with
an increase of the CNT agglomerate size. Therefore, when
the reaction heat is produced from ethylene decomposition,
the heat inside the CNT or catalyst agglomerates cannot be
transferred out effectively and the temperature inside the ag-
glomerate will be higher than that of the bulk gas phase. This
may cause sintering and size increase of metal particles on
the catalyst (Bartholomew, 2001), which may be the reason
why nearly 30% of the CNTs from the packed-bed reactor
are 20—40 nm. However, the fluidized state of the gas and
solid in the nanoagglomerate fluidized-bed reactor allows
good heat transfer between the CNT agglomerates and the
bulk gas phase in the nanoagglomerate fluidized-bed reactor
and there will not be any metal particle size increase as in
the packed-bed reactor. Furthermore, the size of the catalyst
agglomerates can be still smaller due to the freedom for con-
tinuous stretching of the CNTs from the catalyst particle out
to a relatively large and free space in the nanoagglomerate
fluidized-bed reactor. These factors altogether lead to the
narrow diameter distribution and long length of the individ-
ual CNTs in the nanoagglomerate fluidized-bed reactor.
Raman spectroscopy is used to study changes in the mi-
crostructure of the CNTs after different growth periods in
the reactors. Since Raman spectroscopy can probe samples
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Figure 10. Raman Spectra of CNTs at different reaction
times in the NABR.

larger than 10-50 wm and thicker than 0.5 wm, it is a more
convenient technique than TEM to detect the changes occur-
ring during the growth of CNTs on a relatively large scale.
Generally, in the Raman spectrum, the ordered graphite
structure has a strong peak centered at 1,570-1,610 cm ™!,
which is called the G line (Dresselhaus et al., 2000), and the
disordered structure or lattice defects has a strong peak cen-
tered at ~ 1,340 cm ™!, which is called the D line. The Ra-
man spectra of samples at different reaction times in the
nanoagglomerate fluidized-bed reactor are shown in Figure
10. No obvious peak is found at the beginning of the reaction
period, after which the intensity and width of the D line and
G line remain the same in the reaction time period from 16
min to 307 min. These results indicate that the growth of
CNTs in the nanoagglomerate fluidized-bed reactor is a uni-
form process and the microstructures of the CNTs are very
stable. However, as shown in Figure 11, the samples at differ-
ent reaction times in the packed-bed reactor show significant
fluctuations in the intensity and width of the D line and G
line, which implies that the change in the macroscopic prop-
erties of the CNTs in the packed-bed reactor described above
influence the microstructure of the CNTs. Generally, the in-
tensity ratio (R) of the D line to G line is used to evaluate
the defects of CNTs (Dresselhaus et al., 2000). Relatively
lower values of R mean less defects and higher quality CNTs.
The ratios of R after different reaction times in the different
reactors are shown in Figure 12. The value of R in the
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Figure 11. Raman Spectra of the CNTs at different times
in the PB.
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Figure 12. Variation of the intensity ratio of the D line to
G line in the Raman spectrum of the CNTs
with reaction times in the PB and the NABR.

nanoagglomerate fluidized-bed reactor is always lower than
that in the packed-bed reactor during the entire reaction pe-
riod. It is clear that defects in the CNTs are not increased by
the relatively more turbulent contact of gas and CNTs, but
actually decreased to some degree due to the presence of
sufficient growing space and fairly uniform temperatures in
the nanoagglomerate fluidized-bed reactor. As shown in Fig-
ure 12, an obvious decrease in this ratio is observed in the
initial growth period (about 50 min) in both reactors, which
suggests that some time is needed for the carbon to deposit
in a relatively good structure. In the following reaction pe-
riod from 50 min to 300 min, the value of R does not change
with the increasing reaction time in the nanoagglomerate flu-
idized-bed reactor. However, the value of R in the packed-bed
reactor increases with reaction time, which shows that de-
fects in the CNTs increase with the significant change in its
bulk density shown in Figure 4. The change in the intensity
ratio (R) of the Raman spectra is in agreement with the
change in the bulk density in both reactors. The available
growing space for CNTs inside the agglomerates will become
less and less in the packed-bed reactor, and more distorted
or broken tubes will be produced due to this space limitation
in the packed-bed reactor. These tubes have serious lattice
defects, which are reflected in the peak at ~ 1,340 cm ! in
the Raman spectrum. In contrast, the availability of sufficient
growing space in the nanoagglomerate fluidized-bed reactor
leads to fewer defects in the CNTSs. It is clear that the mi-
crostructure of the CNTs strongly depends on the hydrody-
namic state in the reactor.

The above comparison of CNTs produced in the two dif-
ferent reactors indicates that the preparation of uniform
CNTs can be realized in the nanoagglomerate fluidized-bed
reactor based on CNT agglomerate fluidization. Due to the
controlled flow dynamics, available space, and efficient heat
and mass transfer in the nanoagglomerate fluidized-bed reac-
tor, large amounts of CNTs with fairly well structured mor-
phology, less lattice defects, and stable macroscopic proper-
ties are obtained. This is different from the results of Her-
nadi et al. obtained with a fluidized-bed reactor (Hernadi et
al., 1996) where the size of the reactor is very small. Possibly,
during the growth of CNTs in their reactor, there is more
opportunity for the CNTs to contact with the reactor wall

AIChE Journal



than is the case in the large size nanoagglomerate fluidized-
bed reactor in this article. The negative effect of the reactor
wall on the growth of CNTs may be serious. Therefore, soot
and broken CNTs were observed in their work. It is also
shown that the growth of CNTs can be influenced by many
factors, and the design of the reactor is an important consid-
eration in the growth of CNTs. The synthesis of CNTs in a
relatively large reactor, while 200 mm inner dia. is underway.

Conclusion

The same catalyst was used to study the large-scale growth
of CNTs in different types of reactors. A nanoagglomerate
fluidized-bed reactor has the advantages of good mass and
heat transfer, and provides a uniform temperature condition
and a relatively large space for the growth of fluidized CNTs.
The macroscopic properties including bulk density and parti-
cle size of the CNT agglomerates remain stable during the
entire reaction period. However, significant changes in the
bulk density and particle size of the CNT agglomerates are
observed in the packed-bed reactor with reaction time. Fur-
thermore, the nanoagglomerates fluidized-bed reactor can
perform well even after the volume and yield of CNTs is 6-7
times that in the packed-bed reactor. Jamming of the reactor
is observed in the packed-bed reactor at 337 min due to the
volume increase of the solid phase by the CNTs. TEM char-
acterization shows that individual CNTs with fairly good mor-
phology and a narrower diameter distribution is obtained in
the nanoagglomerate fluidized-bed reactor in comparison
with the packed-bed reactor. The use of the intensity ratio of
the D line to G line in the Raman spectra of the CNTs indi-
cates that fewer defects are present in the CNTs obtained
from the nanoagglomerate fluidized-bed reactor. The changes
in the microstructure of the CNTs are in agreement with the
changes in the macroscopic properties including the bulk
density and particle size of the CNT agglomerates. From the
above comparison of CNTs prepared in large quantities in
the different reactors, it is seen that the dispersion on the
catalyst, the morphology of the CNTs, the diameter distribu-
tion of the CNTs, and the microscopic stack structure and
macroscopic packing state of the CNTs strongly depends on
the characteristics of the reactors. The nanoagglomerate flu-
idized-bed reactor adopted in this article allows the con-
trolled large-scale preparation of CNTs with uniform proper-
ties.
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