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Carbon nanotubes have been synthesized from acetylene and methane in a fluidized bed by using ferrocene as the cata-
lyst dispersed over carbon black support material. The agglomerate size of carbon black, loading of catalyst, total gas
flow rate, partial pressure of reactant gas, temperature of synthesis, and time of synthesis have been varied to under-
stand their effects on the yield of carbon nanotubes. A reaction mechanism consisting of eleven steps and the rate equa-
tions for these steps have been proposed. Formation of carbon molecules on the catalyst surface was found to be the
rate controlling step in the temperature range of 700-807°C, with an activation energy 47 kJ mol™ ', while diffusion
through pores in the carbon black was found to be the rate controlling step in the temperature range of 807-1000°C
with an activation energy of 7.6 kJ mol~'. A continuous deactivation of the catalyst, represented by an exponential
decay, was observed. The products have been characterized by thermogravimetry, electron microscopy, and Raman
spectroscopy. © 2014 American Institute of Chemical Engineers AICKE J, 60: 2882-2892, 2014
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Introduction and kinetics of the CNT synthesis. In this direction, substan-
tial efforts are being made over a period of about past 10

lored als i d . . years. Lee et al.'* found that the rate is controlled by carbon
explored materials in recent year(s) due fo its unique proper- diffusion inside the catalyst. Similar conclusion has been

ties and wide range of applications.'™ However, the large- arrived by Helveg et al.,'* Morancais et al.,’ Philippe et al.,’
scale production of CNTs in an economic way is crucial for Wirth et al..'4 AnisimO\’/ et al.’5 and Dana’lfar et al. ' Hov&-

realizing these applications. Out of different techniques, cata-
lytic chemical vapor depositions in fluidized bed*” and in

Carbon nanotube (CNT) has been one of the most actively

ever, for confirming the internal diffusion mechanism, it is
important to investigate the effect of catalyst/support particle

. . . 8—11 ..
inclined mobile bed™ " reactors are the most promising tech-  j;e on the kinetics of the process, an aspect which has not
niques for the bulk production of CNT. o o been covered in detail in the earlier studies. In view of this,

For designing of reactors, using basic principles, it is Pirard et al.'” reanalyzed the experimental data of Lee
desirable to understand the mechanism, rate controlling steps et al.,'> and have shown that the rate is controlled by the

surface reaction. Similar conclusion has been arrived by

Pirard and coworkers®'? and Liu et al.'® Thus, it can be
_ Correspondence concerning this article should be addressed to J. B. Joshi at  geep that the published literature can be divided into two
jbjoshi@gmail.com, jb.joshi@ictmumbai.edu.in. ) . .

groups on the basis of controlling mechanism; one group
© 2014 American Institute of Chemical Engineers proposing the reaction to be controlled by carbon diffusion
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through the catalyst while according to the other group, the
rate controlling step being the surface reaction.

From the foregoing discussion, it is clear that, additional
work is needed for establishing the rate controlling step/s
and kinetics. In particular, for gaining an understanding of
the effects of catalyst particle size, the support size and the
catalyst loading, it was felt desirable to undertake a system-
atic study over a wide range of most of these parameters.

There have been two additional motivations for undertaking
the present work along with understanding the reaction mecha-
nism. First, the choice of low cost support materials and reduc-
tion in downstream processing steps are the key factors for
economic production of CNTs. To meet these requirements,
we have chosen carbon black (N 330 grade, furnace black) as
the support material. The attractive feature of carbon black is
its primary particles of around 35-nm size which form soft
agglomerate. Further, it can be obtained in various size ranges
and can be easily fluidized without any preprocessing. On the
contrary, mesoporous alumina, magnesia, and silica as
catalyst-support materials*>’ for CNT growth, require several
steps of processing prior to fluidization. Similarly, ferrocene
on cracking in inert atmosphere, deposits nascent iron (Fe)
nanoparticle on the carbon black surface and it acts as the cata-
lyst for CNT growth.19 The separation of CNTs from carbon
black can easily be achieved by preferential oxidation of the
latter. Carbon black being disordered in nature gets oxidized
earlier to CNTs. By using these low cost precursor materials in
a fluidized bed furnace, we have been able to produce CNTs at
the rate of 675 kgm > h™".

The third motivation for the current work is based on the
observation that, in all the previous investigations,g_11 the
catalyst undergoes fast deactivation. Therefore, it was also
thought desirable to seek the possibility of keeping the cata-
lyst active for a longer duration during the course of the
reaction.

Pirard et al.>° have pointed out the importance of isothermal
conditions in the reactor for avoiding the formation of soot
and tars and for getting high productivity. In particular, iso-
thermal conditions are useful for the elucidation of kinetics.
Therefore, using fluidized bed method, four groups of
researchers have performed systematic studies for the bulk
production of CNTs. Serp and coworkers®'~2* have studied
the effects of different parameters on CNT growth and have
proposed a kinetic model of apparent chemical reactions. They
observed the evolution of agglomerate structure during synthe-
sis and proposed a growth model of CNT in a fluidized bed.
Wei and coworkers**~" have reported a production rate of 5
kg per batch, however, discussed mainly macroscopic mecha-
nism of CNT growth. They used a multiscale space-time anal-
ysis for scaled up production of CNT. Danafar and
coworkers'®*® have reported the influence of particle size and
temperature on CNT growth. Harris and coworkers®”** have
used factorial design to get the effects of different parameters.
They observed a significant increase in pressure drop across
the bed thus altering the hydrodynamics. All of four groups
have given special focus on morphology and agglomeration
behavior of the supported catalyst during fluidization. How-
ever, additional work has been felt necessary for establishing
the rate controlling step/s and the kinetics.

Finally, it was considered worthwhile in revisiting the flu-
idized bed process and analyzing the data available in the
published literature in view of the model developed in this
work.
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Figure 1. Experimental setup for production of CNT: (A)
heater, (B) alumina tube, (C) Distributor, (D)
water cooled flange, (E) preheater, (F) gas
outlet, (G) gas inlet, (H) mass flow controller,
and (I) temperature controller.

[Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]

Experimental
Experimental setup

The fluidized bed setup is shown in Figure 1. It is a verti-
cal tubular furnace (A) having silicon carbide heating ele-
ments. An alumina tube (B) having inner diameter of 65 mm
and length of 1000 mm. An alumina porous plate (C) of G3
porosity was employed as the distributor. There are water
cooled top and bottom flanges (D), which support the alu-
mina tube in a vertical position. A preheater (E) is attached
below the bottom flange, where the desired quantity of cata-
lyst is kept. The process gases enter through gas inlet (G)
and go out from gas outlet (F). The gas flow is controlled by
mass flow controllers (H). The temperature is measured by R
type thermocouples and controlled by a proportional-inte-
gral-differential (PID) controller (I).

Materials and methods

Carbon black (N 330 grade) procured from HITECH
Carbon Ltd. (Japan) was sieved into four different size
ranges, namely, 90-150 pum, 150-210 pum, 210-250 pm, and
250-315 pm. Their fluidization behavior was observed by
measuring the bed pressure drop against superficial gas
velocity at room temperature and also at 700°C.

Carbon black was charged inside the furnace at room temper-
ature and was initially fluidized by nitrogen till the temperature
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of synthesis was reached. The entire process is divided into two
steps, namely, catalyst deposition and CNT formation, which
occur in series. Ferrocene, procured from M/s Aldrich, was
charged inside the preheater, which was heated up to 250°C. At
this temperature, ferrocene was vaporized and was carried into
the furnace by nitrogen gas. Inside the furnace (kept at 700°C),
ferrocene was cracked into Fe nanoparticles and deposited over
the carbon black support material. The size of the Fe nanopar-
ticles thus deposited ranges between 15 and 25 nm, which is
reproducible. After 15 min, the temperature of the furnace was
raised to the CNT synthesis temperature and acetylene/methane
diluted with nitrogen (in desired ratio) was passed through the
reaction bed where it cracked into C and H,. The outlet gas
stream composition was analyzed by gas chromatography using
a capillary column. The CNT yield (in g) was measured by sub-
tracting weight of the carbon black and catalyst from total
weight of the carbon after each experiment.

To investigate the rate controlling step(s), experiments
were performed in a systematic sequence. As we know, the
CNT production rate could either be external mass transfer
controlled or internal mass transfer (pore diffusion) con-
trolled or reaction controlled. To understand the effect of
external mass transfer, experiments were carried out over a
wide range of gas superficial velocities (5.03 X
1072 —25.15 X 10" * ms~ ! measured at standard condition).
To understand the effect of pore diffusion, carbon black
agglomerate size was varied within the range of 90-315 um.
These two sets of experiments were carried out over a wide
range of temperatures (700—1000°C). The results at the high-
est temperature were used for elucidating the role of mass
transfer. If the mass transfer is not important at the highest
temperature, at a lower temperature the mass transfer steps
remain increasingly unimportant because the activation
energy for the mass transfer is always lower than that for the
chemical reaction.

To understand the intrinsic kinetics, partial pressure of
acetylene and methane (0.3-0.6 atm) and catalyst loading (1
X 1073 =20 X 1072 kg) were varied. The effect of temper-
ature (700-1000°C) was studied to estimate the activation
energy and the effect of time of synthesis (600-5400 s) was
studied to understand the deactivation of catalyst.

It is worth mentioning here that the structure of the origi-
nal carbon black got modified to fibrous structure during
processing. The product contains CNT along with modified
carbon black and catalyst particles. The product after each
experiment was purified by treatment with dilute hydrochlo-
ric acid for 2 h, which removed most of the catalyst par-
ticles. Then, it was heated in air at 550°C for 1 h to remove
the other forms of carbon except CNT. The temperature was
decided based on thermogravimetric studies.®’ The analysis
has been described in the characterization section. Differen-
tial scanning calorimetry (DSC) was also performed to get
information regarding heat flow during oxidation.

The synthesized and purified products were characterized by
Raman spectroscopy (ISI make), scanning electron microscope
(SEM-model TESCAN VEGA MV23DDT/40) and transmission
electron microscope (TEM-model JEOL 2000FX, 200 kV).

Results
Quality of fluidization

To get some idea about the quality of fluidization, the
pressure drop across the bed (AP) was measured as a func-
tion of superficial gas velocity (V) at room temperature as
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well as at 700°C. The values of minimum fluidization veloc-
ities (V) were found to be 2.95 and 2.75 mm s/, respec-
tively. During the CNT formation experiments, the value of
Vs was kept in the range of 5-10 times that of the minimum
fluidization velocity. The pressure drop with respect to time
was found to correspond with the actual weight of solid
mass, which increased with time corresponding to the forma-
tion of CNT. These observations indicate that the fluidization
was proper over the entire time of synthesis and also over
the wide range of gas velocity used in the present work.
During the process of CNT formation, the size and bulk den-
sity of carbon black particles increase. In a typical experi-
ment, the average particle size increased from 120 to 130
um and the bulk density increased from 300 to 375 kg m 7.
However, in all cases, the increase in the total weight was
found to be equivalent to the formation of CNT.

Characterization of CNTs

Figure 2a shows thermogravimetry plots (weight loss with
temperature) for the carbon deposit containing CNT produced
at 800°C (solid line) along with that of original carbon black
superimposed over it (dotted line). During heating in air, for
individual sample, the weight loss starts at a particular temper-
ature (points P and P in Figure 2a), which indicates the initia-
tion of oxidation. The weight loss continues till all the carbon
is burnt out (points Q and Q/ in Figure 2a). The catalyst
remains as residue when carbon is burnt out. For the curve PQ
(which corresponds to carbon black), there is no change in
slope indicating a single rate of oxidation. Conversely, there is
a change of slope for P/Q, (which corresponds to the carbon
deposit after the experiment), indicating two rates of reaction.
The differential of plots PQ and P/QI are shown in Figures 2b
and 2c, respectively. Figure 2b represents the rate of oxidation
of the carbon black, where a single trough indicates a single
oxidation reaction. Figure 2c represents the oxidation of car-
bon deposit containing modified carbon black and CNT. The
first trough represents the oxidation of modified carbon black,
which being disordered in nature starts oxidizing earlier. The
second trough represents the oxidation of CNT. Figure 2d
shows corresponding heat flow curves confirming the exis-
tence of two oxidation reactions. From the above figures, it is
clear that the oxidation of carbon black starts by 450°C and
gets over by 700°C. However, the oxidation of CNT starts
after 670°C and continues till 870°C. Therefore, to separate
out the CNTs, we first leached the product with dilute hydro-
chloric acid to remove the catalyst and then oxidized the prod-
uct at 550°C for 1 h. This process ensured a significant
removal of carbon black.

Figure 3a—d shows typical SEM images of CNT products at
700, 800, 900, and 1000°C after purification as described
above. It can be observed that the diameter distribution is
wider at 1000°C as compared to that at 700°C. Product at
800°C looks uniform. Figure 4a shows the TEM image of the
CNT synthesized at 800°C. It is multiwall in nature with outer
diameter 30-50 nm and the hollow core of CNT is visible.
High resolution TEM image in Figure 4b reveals that the walls
are well aligned. The distance between the walls is about 3.4
A. The Raman spectrum of the initial product and that of the
purified CNT showed characteristic “G” and “D” peaks. More
the ratio of the intensity of the “G” peak to that of the “D”
peak (Ig/lp), greater is the ordering in the CNT wall. The puri-
fied CNT showed improved /g/Ip. The above results show that
the CNTs are of good quality.
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Figure 2. (a) Thermogravimetric plot for carbon black (CB) and carbon deposit containing CNT, (b) differential
curve for the carbon black only, (c) differential curve for the carbon deposit containing CNT, and (d) DSC
curve for the above two sample.

@ d
Figure 3. (a-d) SEM of the purified CNT product at 700, 800, 900, and 1000°C, respectively.
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(b)

Figure 4. (a) TEM image of CNT produced at 800°C
showing multiwall nature and (b) HRTEM
image of CNT showing aligned walls of the
tube.

Effect of total superficial gas velocity

The initial rate of formation of CNT, rgNT (kg m 3 s h

has been used in this work, which can be defined as

rog =L (@ext) A polynomial was fitted for Wenr vs.

time data and the value of 12y was obtained from the slope
at t = 0 per unit volume (V) of reactor. Henceforth, 1l
has been used where rate of CNT formation is concerned.
When the superficial gas velocity was increased from 5.03
X 1072 to 25.15 X 107> ms™! keeping partial pressure of

Table 1. Variation of CNT Deposition Rate with Gas Flow
Rate Showing No Mass Transfer Resistance

CNT Deposition
Rate at 800°C

CNT Deposition
Rate at 1000°C

Gas Flow Rate (ms™ ') (kg m3sh (kg m3sh
5.03 X 1073 0.08 0.094
10.06 X 103 0.081 0.093
15.09 X 103 0.081 0.093
25.15 X 1073 0.081 0.094

acetylene and the carbon black agglomerate size constant,
the CNT deposition rate did not vary significantly both at
800 and 1000°C (Table 1). This indicates that the external
mass transfer may not be the rate controlling.

Effect of carbon black agglomerate size

Table 2 shows the effect of carbon black agglomerate size
on the initial deposition rate of CNT at two different temper-
atures, namely, 800 and 1000°C with other parameters keep-
ing constant. It can be seen that at 800°C, the agglomerate
size does not have any significant effect on the CNT deposi-
tion rate whereas at 1000°C, it has. It means diffusion
through pores of carbon black agglomerate has the effect on
the CNT deposition rate at 1000°C. For spherical agglomer-
ates, CNT deposition rate can be written as®?

6( kD)O.S
u gNT = Tp CH,
A linear fit of rlyywith 1/D (Table 2) to the above
expression, passing through origin, supports the pore diffu-
sion control model.

Effect of catalyst concentration

Figure 5 shows the experimentally obtained CNT deposi-
tion rate at various C,, at two different pc,, at 800°C. It can
be observed that the deposition rate varies linearly with cata-
lyst concentration up to a point, after that saturation occurs.
The saturation point depends on the total carbon input as
acetylene. With higher pc,n,, the deposition rate is higher
for the same C,. Thus, it can be seen that at partial pressures
of 0.3 and 0.5 atm the CNT deposition rate reaches the satu-
ration value at catalyst concentrations of 53 and 27 kg m 3,
respectively. In both the cases, total C input through acety-
lene was found to be the same (0.032 kg). Apart from con-
tributing to the rate, the catalyst size determines the diameter
of the CNTs. More about the role of catalyst is explained in
the “Discussion” section.

Effect of partial pressure of acetylene

We have plotted the initial reaction rate, 72y with initial
partial pressure of acetylene, p?:sz(T=800°C), which is
shown in Figure 6. Initially, we ensured that the extent of

Table 2. Dependence of CNT Deposition Rate with Carbon Black Agglomerate Size

CNT Deposition Rate

CNT Deposition Rate at at 1000°C (kg m
-1

Agglomerate Size (um) Bulk Density (kg m73) Ups (mm s~ 1Y) Bed Volume (m3) 800°C (kg m3 s7h s )
90-150 340 2.95 1.47E-4 0.082 0.188
150-210 359 5.89 1.39E-4 0.081 0.135
210-250 356 11.79 1.4E-4 0.081 0.093
250-315 359 29.5 1.39E-4 0.082 0.086
2886 DOI 10.1002/aic Published on behalf of the AIChE August 2014 Vol. 60, No. 8 AIChE Journal
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and O symbols denote deposition rates at pc,u, = 0.3
atm.

conversion is low (~30%) by keeping low concentration of
catalyst (C,=8.5 kg m ). Further discussion pertaining to
these results is given in the modeling section.

Effect of temperature

To get a preliminary feel of the effect of temperature, the
initial deposition rate of CNT (In rlyy) was plotted vs. 1/T
and is shown in Figure 7a. It can be observed that two different
slopes exist over the entire temperature range (700-1000°C)
indicating two different mechanisms are operating. At lower
temperature range (700-807°C), the apparent activation
energy is more, whereas at higher temperature range (807—
1000°C) the apparent activation energy drastically reduces.
The intrinsic activation energy will be calculated (later in this
article) once the rate controlling steps are identified.
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Figure 6. Variation of initial rate of CNT deposition rate

withat 800°C.

The fit of mathematical model related to Step 5 suggests
that formation of carbon molecule on catalyst surface is
the rate controlling step.
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Figure 7. (a) Effect of temperature on initial reaction
rate of CNT formation.
Existence of two slopes suggest two rate controlling
steps in two different temperature regimes. (b) Plot to
find intrinsic activation energy up to temperature

807°C. (c) Plot to find intrinsic activation energy in the
temperature range of 807-1000°C

Discussion
Reaction mechanism

To understand the aforementioned observations, let us
consider the various steps, which are involved in CNT syn-
thesis in a fluidized bed (based on Kunii and Levenspiel*?):

1. The hydrocarbon gas transfers from the bubble phase
to the emulsion phase

DOI 10.1002/aic 2887



2. Mass transfer of the hydrocarbon gas from emulsion
to the external surface of the support (carbon black)
3. Diffusion of the hydrocarbon gas from the pore mouth
on the surface to the surface of the catalyst
4. Adsorption of the hydrocarbon gas onto the catalyst
surface (active site)
5. Reaction on the catalyst surface to produce carbon
molecules
. Dissolution of carbon molecules in the catalyst
. Supersaturation of the catalyst with carbon
. Nucleation and Growth of CNT
. Desorption of hydrogen and other gaseous products
. Diffusion of the gaseous products from the catalyst
surface to the external surface of support (carbon
black)

11. Mass transfer of gaseous products from support (car-

bon black) to the emulsion phase

Steps 1, 2, 3,10, and 11 are associated with low activation
energies (<25 kJ mol_l) and, therefore, cannot be the rate
controlling step at lower temperatures (700-807°C) where
the apparent activation energy is about 53 kJ mol ' (initial
estimation). Conversely, one or more of them may be the
rate controlling in the higher temperature range (807—
1000°C), where the activation energy is low (initial estima-
tion 7 kJ mol™"). To understand the effect of mass transfer,
we analyzed the variation of CNT deposition rate with gas
flow rate. Further, for understanding the effect of diffusion
through pores, we analyzed the CNT deposition rate with
carbon black agglomerate size.

From the results presented in Table 2, it may be con-
cluded that the diffusion through pores (Step 3) is the rate
controlling above 807°C as the rate of CNT formation is
affected by the carbon black agglomerate size. Below 807°C
any step among 4 to 8§ may be the rate controlling, which
can be represented by the following reactions with the rate
constants given by k; where i represents the step number

S O 0 dDN

Step 4: C,Hp+S <:—%;> CH,.S

Step 5: CoH,.S <::> C,.S+H,

Step 6: C,.S+C,H, %} [Cls-S+H,
Step 7: [Clg.S+CoH, % [Clgs .S+H,

kg
Step 8: [C}SS S= [C}S.S-FCNT

Table 3. Predicted and Actual Weight of CNT at Different
Catalyst Concentrations

Catalyst Conc  Partial Pres-  Predicted CNT Actual CNT
(kg m %) sure (atm) Weight (kg) Weight (kg)
17.99 0.3 0.014 0.013
0.35 0.016 0.015
0.4 0.017 0.0164
0.45 0.019 0.0185
0.5 0.021 0.0194
0.6 0.023 0.021
26.98 0.3 0.022 0.0197
0.35 0.024 0.0227
0.4 0.026 0.0244
0.45 0.030 0.027
0.5 0.032 0.029
0.6 0.035 0.032
2888 DOI 10.1002/aic Published on behalf of the AIChE

For any one of the above steps to be the rate controlling,
the corresponding initial rates (+7) are given by

Step4: 14 =kap 1, Cy (1
Kaksp®  C,

Step5: rs'=——20 2)
(1+Kap? )

Step 6: 16" =kep, 1, Cs (3)

Step 7: r°=k;C, “4)

Step 8: 1" =k C, Q)]

It can be observed that, all the rates given by Egs. 1-5,
vary linearly with catalyst concentration, C,, and vary at dif-
ferent power levels with respect to pc,u, for all the cases.
The observed linear dependence of the initial rate of CNT
growth on catalyst concentration is shown in Figure 5. The
initial reaction rate does not depend on initial partial pres-
sure of acetylene if Step 7 or 8 is rate controlling. Con-
versely, it varies linearly with initial partial pressure of
acetylene if Step 4 or Step 6 is rate controlling. For Step 5
to be rate controlling the relationship follows as per Eq. 2.
The data points shown in Figure 6 suggest that Eqgs. 1, 3-5
cannot be fitted well. The best fit is obtained with Eq. 2
(shown by solid black line). The values for ks and K, are as
follow

ks=0.0387+0.0025s "',  K,=1.346+0.047Pa !

Further, to check the applicability of the rate equation for
higher conversions, experiments were carried out with higher
concentrations of catalyst. To find the extent of conversion
at any time, Eq. 2 was integrated with the values of k5 and
K, given above. Table 3 shows excellent agreements
between the predicted and the deposited CNT at higher cata-
Iytic concentrations (17.99 and 26.98 kg m 3 corresponding
to 63.5% and 95% conversion). This suggests the validity of
the rate equation for higher levels of conversion, too. There-
fore, it can be concluded that in the lower temperature
regime (<807°C), Step 5, that is, formation of carbon mole-
cules on the catalyst surface is the rate controlling.

The intrinsic activation energies in the two temperature
ranges, 700-807°C and 807-1000°C

Based on initial rates of reaction and reaction mechanism,
the intrinsic activation energy has been determined. Figure
7b shows the plot of Ink vs. 1/T in the temperature range of
700-807°C, where formation of carbon molecules on the cat-
alyst surface is the rate controlling and the value of intrinsic
activation energy is 47 kJ mol ', For pore diffusion control
regime (807—-1000°C) the plot of In (kD) vs. 1/T yield the
activation energy value of 7.6 kJ mol ' (Figure7c).

Deactivation kinetics

The duration of synthesis was varied from 10 min (600 s)
to 90 min (5400 s) both at 800°C and at 1000°C. A continu-
ous decrease in CNT deposition rate can be seen at 800°C
(Figure 8). It is due to the continuous deactivation of catalyst
at 800°C, where the formation of carbon molecule on cata-
lyst surface is rate the controlling. Out of different models
available in the literature,?® the following equation was cho-
sen (based on best fit) to express the rate constant ks

August 2014 Vol. 60, No. 8 AIChE Journal
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Figure 8. Plot of CNT deposition rate with time at two

different temperatures.

[] symbols denote deposition rates at 800°C and O sym-

bols denote deposition rates at 1000°C. There is continu-

ous catalyst deactivation at 800°C, whereas at 1000°C
there is no deactivation till 45 min (2700 s)

ks=Aexp (—at)+B (6)

Equation 6 was fitted to the experimental points in Figure 8
which yield A=0315 s™' B=—0.082 s "; and o= 6.009 X
1077 s~

At 1000°C temperature, practically no decrease in the
CNT deposition rate could be observed till 45 min (2700 s)
in contrast to the observation made at 800°C. The generation
of carbon molecules on the catalyst surface has been identi-
fied to be the rate controlling step. Carbon molecules after
getting dissolved into the catalyst come out as CNT when
supersaturation occurs. Previous observations indicate that
the deactivation is caused due to covering up of active cata-
lyst surface by carbon, which is not forming CNT. At 800°C
the rate of dissolution is less compared to that at 1000°C
resulting in a faster deactivation at 800°C compared to that
at 1000°C.

Effect of methane as precursor

To observe the effect of methane as precursor and also to
validate the mathematical model given by Eq. 2, few experi-
ments were carried out. The results are described below:

Effect of temperature: activation energy for methane.
There was no change in slope in the entire temperature range
(700-1000°C) for methane in contrast with that was in the
case of acetylene. The activation energy for this case is
found to be 47 kJ mol 'in entire temperature ranges studied
indicating diffusion through pore is not the rate controlling
step. As methane is lighter hydrocarbon than acetylene, its
diffusion is faster through pores. Moreover, acetylene is a
polar compound and methane is nonpolar in nature. The
polar acetylene interacts more with the surface groups pres-
ent in carbon black. These together make the effective diffu-
sivity of methane much more than acetylene in the pores of
carbon black.

Validation of mathematical model. Figure 9 shows the
CNT deposition rate at various inlet partial pressures of
methane (pcps). The fit to Eq. 2 to the experimental data
point suggest that formation of carbon molecules on catalyst
surface is the rate controlling in this case also. The values
for the rate constants are as follows:
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Figure 9. Variation of initial rate of CNT deposition rate
with PcHa at 800°C.
The fit of mathematical model related to Step 5 suggests

that formation of carbon molecule on catalyst surface is
the rate controlling step.

ks=0.0625+0.0034s ~'; K,=33.82+1.95Pa "

Analysis of published data in literature and comparison
with the present work

For comparing our results with those published in the lit-
erature, we start with the fluidization behavior of the bed
which is very important for scale up. Wang et al.* have used
Fe impregnated alumina and magnesia powders. This group
has given importance to control the agglomerate structure
during synthesis of CNT in a fluidized bed. As per them,
during synthesis, the size of the agglomerate increases but
the density decreases resulting in rapid bed expansion. There
exists a natural tendency to agglomeration due to van der
Waals force amongst the supported catalyst and entangle-
ment amongst CNTs synthesized. This can lead to defluidiza-
tion of the bed unless proper care is taken with regard to
catalyst design and operating parameters. Phillipe et al.>®
and Morancais et al.” has also used the Fe/Al,Os catalyst
and seen the tendency of agglomeration and defluidization
with long duration of operation. They have also investigated
kinetics which will be discussed later in this subsection. In
present case, the agglomeration during operation has never
been a problem as the CNTs were produced inside the
porous structure of carbon black aggregate and the particle-
size distribution remained within a narrow band which
reduced the tendency of defluidization.

As per our calculation, the activation energy in the reac-
tion controlled (formation of carbon molecules on the cata-
lyst surface) regime is 47 kJ mol~'. Similar value (59 kJ
mol ") was reported by Snoeck et al.,* who proposed that
reversible molecular adsorption of methane over Ni catalyst
followed by abstraction of hydrogen atom was the rate con-
trolling step. Hsieh et al.** found an activation energy of 26
kJ mol ™! over Fe/Al,O; catalyst and 66 kJ mol ! over Ni/
Al,O5 catalyst during synthesis of MWCNTs from acetylene.
Pirard et al.® reported a value of 130 kJ mol ' during
decomposition of ethylene over Co-Fe/Al,O3 system. In the
pore diffusion control regime, we have found the activation
energy of 7.6 kJ mol '. Using ethylene over Fe/Al,Os,
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Table 4. Experimental Variables Used for CNT Synthesis by Four Authors, Whose Data have been Analyzed by Our Model

Ref. Support Catalyst Carbon Source Equipment ks K4
Douven et al.' Magnesia Fe/Co Methane Rotating bed 0.532 7.64
Pirard et al.’ Alumina Fe/Co Ethylene Rotating bed 0.766 42.35
Philippe et al.*® Alumina Fe Ethylene Fluidized bed 0.034 13.5
Gommes et al.”’ Alumina Fe/Co Ethylene Rotating bed 0.61 30.15
Our data Carbon black Fe Acetylene Fluidized bed 0.0387 1.346

Philippe et al.° found an activation energy of 29 kJ mol ',
where diffusion through alumina particle was found to be
the rate controlling.

There are few published articles where the authors have
reported the CNT deposition rate with the initial partial pres-
sure of the reactants. Table 4 summarizes the experimental
conditions and the equipment used by them. Figure 10 presents
these data and depicts the fit of the model to their data along
with us developed in this work. From the plots, it is clear that
the present model fits well to these data. The values of rate
constants (ks and K,) for them are tabulated in Table 4. It is to
be noted that some reported data”'® follow the rate controlling
step to be diffusion controlled. As per our analysis below
807°C, the rate of CNT formation is reaction controlled and
above this temperature it is internal diffusion controlled. There-
fore, it may be noted that the rate controlling step depends on
regime of operation and the system concerned.

Summary and Conclusions

1. We have used a fluidized bed to produce CNT. Ferrocene
has been used as the catalyst, dispersed on carbon black
(N 330 grade) support material. Acetylene and methane
have been used as the source of carbon and nitrogen is
the carrier gas.

2. The mechanism of CNT formation in the fluidized bed
comprises of eleven steps, namely, mass transfer of the
hydrocarbon gas from bubble phase to emulsion phase,
mass transfer of hydrocarbon from emulsion to the exter-
nal surface of the support (carbon black), diffusion of
hydrocarbon from the pore mouth of the carbon black to

17 1
154
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Figure 10. Analysis of reported data in literature by fit-
ting our model.

O Douven et al.,' [] Pirard et al.,” A Philippe et al.,*®
Gommes et al.,”’ our data.
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the active surface of the catalyst, adsorption of the hydro-
carbon onto the catalyst surface (active site), reaction on
the catalyst surface to produce carbon molecules, dissolu-
tion of carbon molecules in the catalyst, supersaturation
of the catalyst with carbon, nucleation and growth of
CNT, desorption of hydrogen and other gaseous products,
diffusion of the gaseous products from the catalyst surface
to the external surface of support (carbon black) and mass
transfer of gaseous products from support (carbon black)
to the emulsion phase.

3. To determine the rate controlling step, several experi-
ments were carried out with varying temperature, superfi-
cial gas velocity, partial pressure of acetylene and
methane, catalyst concentration, agglomerate size of car-
bon black, and synthesis duration.

4. Formation of carbon molecules on the surface of the cata-
lyst was found to be the rate controlling in the tempera-
ture range of 700-807°C for acetylene as feed gas, where
activation energy was 47 kJ mol . At higher temperature
range (807-1000°C), rate controlling mechanism shifted
to diffusion through pores of carbon black, with activation
energy 7.6 kJ mol . There was a continuous deactivation
of catalyst which we have represented by an exponential
decay model. The values of the rate constants as well as
the deactivation kinetics have been reported in this work.

5. To validate the rate controlling step, the published results
on the CNT synthesis by four authors (Ref. 9,10,36,37)
have been analyzed as per our model. It may be noted
from Table 4, that these results cover different support
materials, carbon sources, catalysts, and temperatures.

6. We have also used methane as a carbon source. Forma-
tion of carbon molecules on the surface of the catalyst
was found to be the rate controlling in the entire tempera-
ture range of 700-1000°C with an activation energy of 47
kJ mol~'. The lighter and nonpolar nature of methane
makes its diffusion faster.

7. In this work, it has been shown that the productivity of
675 kg m > h™' can be obtained.

8. This article brings out (a) the rate controlling step and (b)
the estimation of the rate of CNT synthesis in a fluidized
bed. These results are expected to be very useful for the
purpose of scale-up.

9. The present work is concerned with the mechanism and
kinetics of CNT synthesis. It is suggested that the future
work includes the simulations using computational fluid
dynamics®® and its relationship with heat transfer’’and
mixing.‘m’41 The turbulence structure**** within the reac-
tor need also be investigated for getting additional knowl-
edge on transport phenomena.

Notation

. 4
o = deactivation constant, s

A = pre-exponential constant in Eq. 6, s~ '
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B = rate constant component in Eq. 6, s~
C, = carbon molecule
C,H, = acetylene
C,H,.S = acetylene adsorbed on catalyst active site
C,.§ = carbon molecule adsorbed on catalyst active site

[C]g.S = catalyst saturated with carbon

[Clgg -S = catalyst supersaturated with carbon
.= concentration of total catalyst, kg m >
D = diameter of agglomerate, m
D = diffusivity, m>s !
E = activation energy, J mol '
H, = hydrogen
k4 = rate constant for forward reaction for Step 4, Pa's!
k_, = rate constant for backward reaction for Step 4, st
ks = rate constant for forward reaction for Step 5, s !
k_s = rate constant for backward reaction for Step 5, Pa 's!
ke = rate constant for forward reaction for Step 6, Pa's™
k_¢ = rate constant for backward reaction for Step 6, Pa 's!
k7 = rate constant for forward reaction for Step 7, Pa's”
k_7 = rate constant for backward reaction for Step 7, Pa's!
kg = rate constant for forward reaction for Step 8, st
K4 = ky/k_4 equilibrium constant for Step 4, Pa !
Pc,H, = partial pressure of acetylene, Pa
p%sz = initial partial pressure of acetylene, Pa
AP = pressure drop across bed, Pa
rent = deposition rate of CNT, kg m st
dr = initial deposition rate of CNT, kg m ™ > s~
R = universal gas constant, J mol ' K7!
S = active site on catalyst
t = time of deposition, s
T = temperature, K
Vine = minimum fluidization velocity, mm s !
V = volume of the bed, m?
Vg = superficial gas velocity, mm s~ '
Went = weight of CNT, kg
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