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The modeling of carbon nanotube production by the CCVD process in a continuous
rotary reactor with mobile bed was performed according to a rigorous chemical reac-
tion engineering approach. The geometric, hydrodynamic, physical and physicochemi-
cal factors governing the process were analyzed in order to establish the reactor equa-
tions. While the study of the hydrodynamic factor suggests a co-current plug-flow
approximation, the physical factor mainly deals with the phenomena of transport and
the transfer of mass, which can be neglected. Concerning the physicochemical factor,
the modeling is based on knowledge of the expression of the initial reaction rate, and
takes into account catalytic deactivation as a function of time, according to a sigmoid
decreasing law. The reactor modeling allows obtaining the evolution of partial pres-
sure, carbon nanotube production and catalytic deactivation along the reactor for
given initial operating conditions. The comparison between experimental and calcu-
lated production highlights a very good fit of data. © 2009 American Institute of Chemical

Engineers AIChE J, 55: 675-686, 2009

Introduction

Carbon nanotubes represent a very promising new mate-
rial, which has attracted much attention in the past few years.
Intense research has been undertaken in order to identify the
remarkable properties and potential applications of the nano-
tubes. Carbon nanotubes are now expected to bring signifi-
cant breakthroughs in the technology of electronic and engi-
neering materials.' The large-scale synthesis of nanotubes is
the key point for their commercial application. Recently, sev-
eral techniques such as electric arc-discharge, laser ablation,
and catalytic chemical vapor deposition (CCVD)," have been
successfully developed to synthesize carbon nanotubes.

Correspondence concerning this article should be addressed to S. L. Pirard at
sophie.pirard@ulg.ac.be.
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Although the first two methods can produce high-quality
nanotubes in yields suitable for limited research use, they are
not easily adaptable to industrial production, and the CCVD
method appears to be the most promising for the processing
of carbon nanotubes, due to its relatively low cost and its
potential high-yield production.”? Indeed, the CCVD method
can be operated continuously and presents an advantage for
large-scale production in comparison with other methods.

By using a discontinuous reactor, only a small quantity of
carbon nanotubes from 0.01 to 0.2 kg can be produced daily
by the CCVD process. It is for this reason that only a tech-
nology based on a continuous reactor can lead to the produc-
tion of a large quantity of carbon nanotubes. Pilot-scale
production reactors using the CCVD method are already run-
ning, and companies such as Arkema S.A., Bayer Material-
Science AG and Nanocyl S.A. are already present on the
market, with an annual carbon nanotube production of over
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Figure 1. Schematic experimental setup.

10,000 kg.yearfl.‘t_7 Other companies such as Hyperion, Iljin
Nanotech and Shenzhen Nanotech Port are also leading mul-
tiwalled carbon nanotube producers, while Norman, South-
West Nanotechnologies, Carbolex and Raymor Industries are
active in single-walled carbon nanotube production.” Bayer
and Arkema use a fluidized-bed process to produce carbon
nanotubes.” This technology is easily scalable and allows a
high carbon yield, a high-space-time yield, and a good mix-
ing of the catalyst and of the produced carbon nanotubes.
However, a fluidized bed also presents several drawbacks,
such as a great variation of material density during the reac-
tion, the cutting up of the catalytic support, and the break-
ing-up of carbon nanotubes due to great agitation. Nanocyl
S.A. produces carbon nanotubes in a mobile-bed inclined
rotating reactor.® This technology was chosen because the
kinetics of carbon nanotube synthesis by hydrocarbon decom-
position is quite slow, and because the ratio between the vol-
ume of product and of catalyst is very large (larger than 50).
Furthermore, the rotation of the reactor allows the rolling of
particles inside the reactor. So a good mixing of particles is
possible during the reaction. Furthermore, the flow regime
does not correspond to a heterogeneous phase between gas
and solid, and it tends to be a homogeneous regime because
of the best gas-solid contact.

The design and the development of a catalytic reactor
require an integrated approach, according to chemical engi-
neering methodology, which includes catalyst preparation
and characterization, kinetic studies and product characteriza-
tion. Chemical reaction engineering consists of analysis of
the factors governing the process in order to establish the re-
actor equations. The factors are geometric, hydrodynamic,
physical and physicochemical.” While the first factor consists
of the description of the geometry of the reactor, the second
is the hydrodynamic factor dealing with the flow of each
phase and with the way those phases are put into contact and
mixed. The hydrodynamic factor is also closely linked with
the physical factor relating the phenomena of transport and
transfer of mass, heat and momentum quantity.'® Finally, the
last factor consists of physicochemical factors, in relation to
thermodynamic data and the kinetics of the reaction. These
four factors allow the linking of the results of the reaction to
the operating variables, and a knowledge of relationships
between all the operating factors is necessary in order to es-
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tablish the equations of the reactor. In this article, each factor
is studied in order to simulate the reactor performance.

Experiments
Catalyst and reaction gases

The catalyst used for this study is a bimetallic catalyst
supported on alumina, synthesized according to a method
similar to that described by Tran et al.''

During the reaction, ethylene is used as the carbon source,
balanced by nitrogen as the inert gas and/or by hydrogen,
and is decomposed on the surface of the catalyst into solid
carbon and gaseous hydrogen.

Experimental setup

The discontinuous experimental setup for kinetic measure-
ments consists of a discontinuous tubular reactor used to
determine the carbon nanotube synthesis reaction rate by
using a mass spectrometer, which allows the reaction rate to
be inferred from exhaust gas composition measurements.'>!3
The use of the mass spectrometer enables the determination
of both the initial reaction rate as a function of temperature
and hydrocarbon partial pressure, and catalytic deactivation
law. Indeed, the initial reaction rate corresponds to the maxi-
mum reaction rate, which decreases as a function of time
resulting from the formation of amorphous carbon. The con-
tinuous reactor is schematically described in Figure 1. The
reactor consists of a tubular inclined rotary kiln with a mo-
bile bed, equipped with continuous systems for catalyst feed-
ing and for the collection of gaseous and solid products, of a
mass spectrometer for analyzing the output gas composition,
and of a completely automated system of control and acquisi-
tion of data. The operating conditions consist of the continu-
ous feeding of gas and solid catalyst under inert atmosphere,
and in the continuous collection of reaction products under
inert atmosphere. So, contact between hydrocarbon and oxy-
gen from the air is avoided. Material flow is made possible
by the gravity force resulting from the rotation and inclina-
tion of the reactor. The rotation speed and the inclination
angle allow the determination of the solid material residence
time. The system assures mechanical resistance and rotating

March 2009 Vol. 55, No. 3 AIChE Journal



Temperature (°C)
@
=

0 0.2 0.4 ¥ 0.6 0.8 1

Figure 2. Reactor temperature profile at 700°C.

tightness between the mobile part and the fixed part of the
reactor, for temperatures of up to 1,050°C.®

Experimental design

While experimental measurements corresponding to the
discontinuous reactor have been previously published,'>'?
the experimental design performed in this study and corre-
sponding to continuous reactor measurements consists of a
feed gas composed of ethylene, nitrogen and hydrogen. The
operating pressure and temperature are, respectively, equal to
1 atm and 700°C, because it has been previously determined
that 700°C corresponds to the temperature leading to the best
productivity.12 It has to be noted that the reaction tempera-
ture is limited to 700°C, since at higher temperatures, homo-
geneous phase decomposition of ethylene occurs and soot is
formed. The reactor temperature profile at 700°C is presented
on Figure 2. Reactor rotation speed varies from 0.5 to 5 rpm,
while the inclination angle ranges between 0.5 and 5°. For
each rotation speed linked to an inclination angle, the corre-
sponding residence time is determined by measuring the av-
erage time needed by the product to flow to the reactor exit.

Modeling
Geometric and hydrodynamic factors

The reactor used in this study is a continuous tubular ro-
tary kiln. This technology allows a continuous feeding of the
solid catalyst and of the input gas (C,Hy, balanced by N,
and/or H,), and the continuous collection of the produced
solid and of the output gas. Both reaction gas and catalyst
are introduced into the entry side of the reactor, allowing co-
current flows of gas and solid inside the reactor.

The Reynolds number Re allows to determine the flow re-
gime. The Reynolds number Re quantifies the ratio between
inertial forces and viscous forces.'*

ud,
v

Re = ey

where u is the total gas velocity, d, is the diameter of the re-
actor, and v is the kinematic viscosity of the gas. The total
gas velocity u can be calculated by
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The kinematic viscosity of a gas is the ratio between the
dynamic viscosity u and the density p, of the gas'”
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e

The dynamic viscosity p is based on the potential of
energy of Lennard-Jones'?

1=2.6693 X 10°°
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u

where T, M, ¢ and Q,, are, respectively, the temperature, the
molecular mass, the collision diameter and the collision inte-
gral. The dynamic viscosity is, respectively, equal to 2.65 X
1072 Pa.s, 2 X 1077 Pa.s and 4.08 X 107> Pa.s for ethylene,
hydrogen and nitrogen at 700°C.

For a gas phase composed of several gases, the dynamic
velocity is estimated by’

Xl
p=y S )
= X
]

where x; and x; represent the molar fraction of composant i
and j, and @j; is given by

1 12
1 M\ AEN7A%
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where M; and M; represent the molecular mass of composant
iand j.

For the experimental conditions studied in this research,
the Reynolds number Re varies from 100 to 600. So the gas
flow in the reactor is a laminar flow, because it is smaller
than 2,100."

The reactor modeling is based on the plug-flow approxi-
mation, for both gas and solid. In order to prove that the
plug-flow hypothesis is correct, the dimensionless Peclet
number Pe has to be estimated. The Peclet number Pe quan-
tifies the ratio between the rate of advection of a flow to its
rate of diffusion.'® The higher the Peclet number Pe, the
more the flow tends to be a plug flow. Villermaux considers
that the plug-flow approximation is definitely verified for a
value of the Peclet number Pe of higher than 100.”

For the solid phase and for experimental conditions consid-
ered in this article, carbon nanotubes flow in the slumping mode
or in the rolling mode, depending on the rotational speed and on
the filling percentage of the reactor.” In these conditions, the
Peclet number Pe for the solid phase is of the order of 10>
10*,"® and the solid flow can be considered as a plug-flow.

The Peclet number Pe for the gas is defined by'®

_uL

Pe = —
e Dy

)

where u is the total gas velocity, L is the useful length of the
reactor, and Dy is the axial diffusivity of ethylene.

DOI 10.1002/aic 677



=

production (-)
=
i

Dimensionless hydrogen

===~ Experimental dmensionless hydrogen production

Caleulated dimensionless hydrogen production
oo T T T "
0 200 400 500 800

Time (5)

Figure 3. Comparison between experimental and cal-
culated dimensionless hydrogen production
curves for a feed gas composed of 90%
C,H,4 and 10% H, at 700°C.

The axial diffusivity of ethylene is the sum of two contri-
butions’
22
DL =Dy + 35 ®)
where D, is the molecular diffusivity of ethylene, which is
equal to 4.5 X 107* m”%s™ ' in hydrogen at 700°C."?

For the experimental conditions studied in this research,
the Peclet number Pe varies from 10 to 40, with back mixing
being more important in this study. However, the ethylene
conversion in the reactor is rather weak and never exceeds
50%. For an ethylene conversion equal to 50% and for a
Peclet number Pe equal to 10, the reactor can be compared
to a tanks-in-series reactor with more than 5 tanks in series.'*
In this case, the error in the performance of the reactor is
below 7%. It can be concluded that the plug-flow hypothesis
can be considered to be valid.

Physicochemical factor

This factor deals with the initial reaction rate and the cata-
lytic deactivation during the reaction. The design and the de-
velopment of an industrial reactor require the determination
of the apparent reaction rate as a function of catalyst, tem-
perature, total gas flow rate and partial pressure. The initial
true reaction rate with external catalytic bed surface condi-
tions as a function of partial pressure and temperature has
been previously determined.'” The general equation can be
written as follows

A exp(— %)Pczm

T exp (= M) exp (A5 P,

(C))

where E, is the activation energy, AH® is the ethylene stand-
ard adsorption enthalpy, and AS® is the standard ethylene
adsorption entropy. The parametric adjustment on data
obtained at 700°C leads to the kinetic equation

0.0034Pcy,

=T 062y, KOl RS (10
. 2Hy

ro
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As shown in Figure 3, the initial reaction rate corresponds
to the maximum reaction rate and remains constant for a pe-
riod of only 100 s. After that time, the reaction rate
decreases and becomes progressively equal to zero. The
cause of the decrease in reaction rate is catalytic deactivation
due to the formation of amorphous carbon. Indeed, such a
formation does not allow the hydrocarbon to reach active
sites covered by amorphous carbon.'® So, catalytic deactiva-
tion has to be taken into account in order to model carbon
nanotube production in the rotary kiln.

Several empirical deactivation models have been tested on
data previously used to determine initial reaction rate.'” The
best model corresponds to a sigmoid catalytic deactivation.
Parametric equations corresponding to this model are written
as follows

r=mry (1D
d[H>)]
=2 12
i r (12)
dm —b

dar cosh?(d(t — a)) (13)

where 1y, r and m are, respectively, the initial specific reac-
tion rate, the specific reaction rate and the dimensionless
active mass of catalyst. It has to be noted that this deactiva-
tion model corresponds to the best deactivation law for all
the other tested catalysts.

Estimates allow the determination of parameters a, b and
d for each experimental condition. Figure 3 shows good
agreement between the experimental hydrogen production
curve and the hydrogen production curve resulting from the
sigmoid deactivation model. In Figure 3, the dimensionless
hydrogen production is highlighted, reported to the total
hydrogen production reached at the end of the reaction. The
corresponding catalytic deactivation law is presented in
Figure 4.

Parameters a, b and d have been adjusted as a function of
the operating conditions. Adjustment results indicate that a is
equal to zero, whatever the operating conditions, while » and
d are linear decreasing functions of the hydrogen partial pres-
sure, as shown in Figure 5. It means that hydrogen, respec-

0.8 4

0.0 T T T d
] 200 400 600 500

Time (s)

Figure 4. Relative mass of active catalyst for a feed
gas composed of 90% C,H; and 10% H, at
700°C.
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Figure 5. Dependence of (a) parameter b, and (b) pa-
rameter d as a function of the hydrogen
pressure.

tively, slows down and delays the catalytic deactivation. This
result can be explained by the role of hydrogen on amor-
phous carbon production. Indeed, hydrogen reduces the rate
of carbon production by dehydrogenation so that carbon
nanotubes can be produced rather than less thermodynami-
cally stable soot and carbon fibers.?”

Physical factor

This factor deals with mass and heat transport in the reac-
tor. The physical limitation leading to the decrease in the
reaction rate may stem from a vertical concentration gradient
within the catalytic bed. When molecules of ethylene reach
the surface of the catalytic bed, they have to diffuse through
the catalytic bed before reacting. If diffusion of ethylene
occurs much more easily than the chemical reaction, then the
concentration gradient within the catalytic bed will be negli-
gible. On the other hand, if diffusion is the limiting factor, a
given molecule of ethylene would have many opportunities
to react before penetrating deeply into the catalytic bed. In
such a case, only the superficial layer of the catalytic bed
would actually be active in the reaction. The Thiele dimen-
sionless number ¢, is used to quantify this physical limit.
The square of the Thiele modulus, is, therefore, interpreted
as the ratio of the specific reaction rate calculated at the
external catalytic bed surface, to the diffuse flow of ethylene
per unit of surface of the catalytic bed”'*'®*!

T's pd%
Py = 14
s D.Cy 14

where r¢ is the specific reaction rate with external catalytic
bed surface conditions, dy, is the thickness of the catalytic
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bed, p is the specific mass of catalytic bed, D, is the effec-
tive diffusivity of ethylene,'” and C is the ethylene concen-
tration at the external catalytic bed surface. While Cg is cal-
culated by dividing ethylene partial pressure Pc,y, by the
temperature 7 equal to 973 K, and by the gas constant R, p
is obtained by measuring the mass of a given volume of cat-
alyst, and is equal to 1.05 X 10° kg.m73. The reaction rate
rg 18 determined by using Eq. 10 for the ethylene partial pres-
sure reaction. The effective diffusivity of ethylene D, takes
the tortuosity factor of catalyst 7, and the void fraction of
catalytic bed ¢ into account, according to the relationship

D&
D, = =m° (15)
Tp

If ¢ < 1, the ethylene molar fraction is almost a constant
over the whole thickness of the catalytic bed. If o5 > 1, a
steep gradient develops near its surface and only a fraction
of the catalytic bed is active.

The effectiveness factor 7 is defined as the ratio
of the apparent reaction rate r, to the reaction rate r, which
would be observed if diffusion was not a limiting factor.

For a first-order reaction, the effectiveness factor #, is
found to be equal to

9,14,16,21

. tnh() 06

s
Ps

This function is almost equal to 1 for ¢, < 1, and decreases
as 1/¢s for larger values of Thiele modulus (@5 >1).

For a zero-order reaction, the effectiveness factor 7 is
equal to 1, whatever the value of the Thiele modulus. Indeed,
a zero-order reaction does not depend on the concentration
profile inside the catalytic bed.

If the hypothesis is made that only a quarter of the reactor
circumference is covered by catalyst (a conservative hypothe-
sis), the thickness d,, of the catalytic bed is estimated by

- ms/usp

b= /4

arn

where i is the catalyst flow rate, p is the specific mass of
the catalytic bed, and d, the reactor diameter.

The worst experimental conditions with regard to the depth
of the catalytic bed performed in this study correspond to the
highest catalyst flow rate, and to the longest residence time
in the reactor. In such experimental conditions, dj, is smaller
than 0.3 X 107° m. Once the thickness of the catalytic bed
dy is known, the Thiele modulus ¢, can be calculated by
considering an average tortuosity factor t,, and a void frac-
tion of the catalytic bed ¢ equal to 3.5 and 0.45, respec-
tively.'® Furthermore, r, is obtained by using Eq. 10, with
the reaction ethylene partial pressure Pc,y,. The Thiele mod-
ulus ¢ for the first-order reaction is found to be smaller than
0.6 whatever the ethylene concentration in the feed gas. The
corresponding effectiveness factor 7 is equal to 0.89. It also
has to be noted that residence times are very long, which
does not correspond to conditions applied for industrial pro-
duction. In practice, the residence times are smaller than
1,800 s, and the ethylene partial pressure is around 0.7 atm,
corresponding to a Thiele modulus ¢, of smaller than 0.165,
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and to an effectiveness factor of greater than 0.985. While
the previous calculated effectiveness factor corresponds to a
first-order reaction, a zero-order reaction gives a factor equal
to 1. At 700°C, the experimental reaction gives a factor equal
to 0.79.'7 So the corresponding effectiveness factor varies
between 0.985 and 1. Furthermore, the rolling of the particles
on the catalytic bed was not taken into account in calculating
the Thiele modulus ¢ Indeed, the rolling movement
increases mass-transfer phenomena between gas and solid. It
can be concluded that diffusion of ethylene occurs much
more quickly than the chemical reaction, and that ethylene
diffusion though the catalytic bed is not the kinetic limiting
factor.

Reactor equations

Once the four factors governing the reactor are known, the
modeling of the continuous inclined rotary kiln is made pos-
sible on the basis of a co-current plug-flow model for gas
and solid. The general equation of hydrocarbon decomposi-
tion into solid carbon nanotubes and gaseous hydrogen is
CinHy — mC + 3 Hy. The mass balances are written as fol-
lows

e For the solid flow:

5 .
e — veMor (18)
dz Us

e For the total gas flow:

dr M
E = (sz —+ vaHn)"7 (19)

e For the hydrocarbon flow:

dF j
HCuHn Ve, F ms (20)
dz Us

Several dimensionless variables can be defined

(21)

s

7=

p
— (22)
’m

where r,,, is the maximum reaction rate that can be reached

experimentally, corresponding to a hydrocarbon partial pres-
sure of 1 atm

McFc,n,

myg

(26)

Fc,n, =

So with dimensionless variables, mass balances become:
e For the solid flow:

di.
% = verF @7
yA
e For the total gas flow:
dF _
- = (v, +ven, )77 (28)
e For the hydrocarbon flow:
dF
T e T (29)

In this case of ethylene decomposition into solid carbon
nanotubes and gaseous hydrogen, the general hydrocarbon
decomposition equation is written Co,H, — 2C + 2H,. Then
in Egs. 27 t0 29, v¢ = 2, ve g, = —1 and vy, = 2, while in

m

Eq. 22, r, can be formulated more precisely

0.0034
rm = r(Pc,n, = latm) = YR

=2.1 X 107 kmole,n, ™" Kegays (31)

Furthermore, due to catalyst deactivation, a deactivation
equation has to be taken into account. Reaction rate expres-
sion can then be deduced from Eq. 10

_0.0034Pc,p,

Rt 31
T 0.62Pc,n, G

=
where m is the dimensionless active mass of catalyst.

In order to describe the evolution of m through the reactor,
Eq. 13, which is written as a function of time, must be con-
sidered. The deactivation equation is obtained by modifying
Eq. 13 as a function of the longitudinal variable in the reac-
tor z, according to the relationship z = ut

dm —b

dz 78 coshz(d(uis —a)) (32)

where 1, corresponds to the average solid flow rate through
the reactor. ug is calculated by dividing the length of the use-
ful part of the rotating reactor L, by the residence time.

Three dimensionless parameters of catalytic deactivation
can be defined

a=— (33)
L L
T = Mcrmb (23) bl
u —
) h=— (34)
e Us
me = — (24) L
m _
) d=— (35)
J— Uq
with #mic corresponding to the specific productivity of carbon ) o : )
nanotubes So the catalytic deactivation equation becomes
_ McF dm _ __b 36
F= i 25 dz  cosh® (d(z—a)) (36)
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The four continuous reactor dimensionless equations corre-
sponding to ethylene decomposition are

dmc _
g =217 (37)
F
LZE =17 (38)
dF
= (39)
dm —b

dz ~ cosh? (d(z—a))

Discussion

The system of four differential equations can be solved for
each set of experimental conditions, by applying the initial
conditions at the reactor inlet that correspond to the initial
dimensionless total gas flow rate F, the initial dimensionless
ethylene flow rate Fcp,, the initial dimensionless carbon
flow rate mc (always equal to zero), and the initial dimen-
sionless active mass of catalyst m (always equal to one). The
resolution of differential equations allows us to obtain the
evolution of partial pressure, of the dimensionless carbon
flow rate 7ic, that is, the carbon productivity, and of the
dimensionless active mass of the catalyst through the reactor
m, for a given set of experimental conditions. The discussion
is divided into two different parts. The first part consists of
studying the variation of the carbon nanotube specific pro-
ductivity 7ic through the reactor, related to several operating
variables such as dimensionless residence time of solid 7, ini-
tial dimensionless total gas flow rate F, and initial dimen-
sionless ethylene total gas flow rate iCzHA- The second part
of the discussion consists of a comparison of results obtained
from equation modeling and those from the experiments.

First, the systems of differential equations were solved for
two different sets of initial conditions, with a feed gas com-
position of 60% ethylene, 20% hydrogen and 20% nitrogen.
The two sets of initial conditions differ by the dimensionless
total gas flow rate F = A%F, quantifying the ratio between the
total gas flow rate F, and the catalyst flow rate my. F is,
respectively, equal to 32.12, corresponding to a set of experi-
mental conditions tested in this study, and to 10.71, with val-
ues three times smaller than the previous one. So if 7 is the
same for the two sets of initial conditions, F is three times
greater for the first set of initial conditions than for the sec-
ond one. This means that for the first set of initial conditions,
the catalyst is in contact with a greater amount of reaction
gas. The curves corresponding to each of those initial experi-
mental conditions for the four different dimensionless resi-
dence times are represented in Figures 6 and 7, respectively,
as a function of the dimensionless longitudinal variable in
the reactor z. Several conclusions can be drawn.

e For each set of initial conditions, the greater the resi-
dence time, the greater the specific productivity 7ic, the cata-
lytic deactivation, and the hydrocarbon consumption.

e For very small residence times, the ethylene partial pres-
sure does not decrease significantly, and the productivity is
weak.
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Figure 6. Evolution (a) of relative catalytic activity, (b)
of productivity of carbon, and (c) of ethylene
partial pressure for F = 32.12,F,4, = 19.27,
mgc=0andm=1atz=0.

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

e On the other hand, for longer residence times, the ethyl-
ene consumption and the productivity are more important.
Due to catalytic deactivation, very long residence times (t
greater than 1,000) are necessary in order to reach maximum
productivity. Maximum productivity also depends on the ini-
tial experimental conditions. Indeed, the number of deposed
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partial pressure for F = 10.71,Fc,4, = 6.44,
mc=0and m=1atz=0.
[Color figure can be viewed in the online issue, which is
available at www.interscience.wiley.com.]

carbon atoms cannot be greater than the number of carbon
atoms introduced into the reactor. So the maximum produc-
tivity ric is twice the dimensionless ethylene flow rate Fc n,
Therefore, if a given productivity is required (nc equal to 40
for example), the ethylene flow rate must be controlled
accordingly (Fc,u, equal or greater than 20 for the same
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example). It can be added that the dimensionless residence
time 7 has to be chosen in order that the whole length of the
reactor is used. Indeed, if the residence time is too long, the
catalyst will deactivate, ethylene partial pressure will no lon-
ger decrease, and productivity will not increase significantly.
For example, in Figure 6b and for 7 = 10, half of the maxi-

mum carbon production is reached in the

first third of the re-

actor length. In the last section of the reactor, the relative
catalytic activity and the production of carbon nanotubes are
very weak, while ethylene partial pressure does not decrease
significantly. In this case, shorter residence times would be
considered to obtain similar productivity at the reactor outlet

without extra time.

The influence of total gas flow rate F for a given gas com-
position, and for a given catalytic flow rate m is highlighted
by the comparison between Figures 6 and 7. The ethylene
partial pressure Pc,p, decreases more rapidly for a small

total gas flow rate, as shown in Figure 7c,

corresponding to a

dimensionless total gas flow rate F, three times smaller than

in Figure 6c. Indeed, a smaller amount

of carbon is intro-

duced into the reactor with the same catalytic flow rate .
So a greater percentage of ethylene is decomposed in solid
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Figure 8. Profiles of (a) carbon productivity, and (b) eth-
ylene partial pressure for F = 3212 F¢,y,=
19.27, mg = 0 at Z = 0, and without deactiva-

tion.

[Color figure can be viewed in the online issue, which is avail-

able at www.interscience.wiley.com.]
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Figure 9. Profiles of (a) carbon productivity and (b) eth-
ylene partial pressure for F = 10.71, Fc,u, =
6.44 mc =0atz = 0, and without deactiva-
tion.

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

carbon. As for the catalytic deactivation (Figures 6a and 7a),
this does not change significantly, while the specific produc-
tivity 7 reaches maximum productivity corresponding to
two times the ethylene gas flow rate Fcp, more rapidly
through the reactor and for smaller dimensionless residence
time 7 (Figures 6a and 7a). This can be explained by the fact
that the deactivation curves are not very different. So the cat-
alytic activity becomes less through the reactor, whatever the
amount of ethylene introduced in the reactor, avoiding the
decomposition of a great amount of ethylene. In other words,
the catalyst with a given activity is able to decompose a cer-
tain number of ethylene molecules, while the excess of ethyl-
ene cannot be decomposed.

The system of differential equations was also solved with-
out taking catalytic deactivation into account. This is the
ideal situation that further development of catalysts should
reach. In this case, the relative catalytic activity m is equal
to 1 all through the reactor. Figures 8 and 9 represent the
productivity and the ethylene partial pressure profiles for the
same two sets of initial experimental conditions. The maxi-
mum productivity corresponding to a given set of initial con-
ditions is reached faster than with catalytic deactivation for
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given shorter residence times. So without catalytic deactiva-
tion, shorter residence times are needed to obtain the maxi-
mum productivity. Concerning the influence of dimensionless
total gas flow rate F, it can be observed that for the smaller
dimensionless total gas flow rate F, the maximum specific
productivity is reached more rapidly along the reactor, for a
given dimensionless residence time t (Figure 8a and b).
However, the maximum specific productivity that can be
reached, twice the ethylene gas flow rate Fc g, is smaller.

The influence of hydrogen partial pressure on catalytic
deactivation and on carbon specific production was also stud-
ied. The specific productivity obtained with a feed gas com-
posed of ethylene and hydrogen only is a little higher than
the specific production obtained with ethylene balanced by
helium only (Figure 10a). The reason for this is that catalytic
deactivation depends on hydrogen partial pressure (Figure 5).
Indeed, the presence of hydrogen delays catalytic deactiva-
tion (Figure 10b), while hydrogen does not influence the
reaction rate, which depends only on ethylene partial pres-
sure (Eq. 10).
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Figure 10. Profiles of (a) carbon productivity, and (b)
relative catalytic activity for F = 32.12 F,,
= 19.27, (1) without hydrogen, or (2) with
hydrogen mg =0andm=1atz=0.

[Color figure can be viewed in the online issue, which is
available at www.interscience.wiley.com.]
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Figure 11. Profiles of specific productivity for F = 32.12,

(1) Fc,n, = 6.425, (2) Fc,u, = 12.85, (3) Fc,n, =
19.27, and (4) Fc,u, = 25.7, mc = 0 and m =
1at z = 0, and for t = 10, and with catalyst
deactivation.

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

Finally, the influence of gas composition for a given total
gas flow rate and nitrogen flow rate was also studied. Results
are presented in Figures 11 and 12, respectively, with and
without catalytic deactivation. Conclusions show that the

greater the

amount of ethylene introduced into the reactor,

Table 1. Experimental Design

= n L]
.

Productivity (kg/kg)

(]

Figure 12.

Profiles of specific productivity for F
32.12, (1) Fc,u, = 6.425, (2) Fcn, = 12.85, (3)
Fc,u, = 19.27, and (4) Fcu, = 25.7 and m¢
0 at z = 0, for T = 10, and without catalytic
deactivation.

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

the greater the specific productivity. However, catalytic deac-
tivation increases with the ethylene flow rate in the feed gas,
leading to a decrease in carbon specific productivity relative
to the introduced carbon. The reason for this is that lower
hydrogen partial pressure increases catalytic deactivation.

Fen

Fy

4 FHz 2 F mC

T (‘) (kgcarbon-kg;allalysl) (kgcarbon-kgzallalysl) (kgcarbon-kg;allalysl) (kgcarbon-kg;allalysl) (kgcarbon-kg;allalysl)
4.3 19.27 6.42 6.42 32.12 6.7
52 32.12 32.12 32.12 32.12 8.4
6.9
8.6 28.91 12.85 6.42 48.18 7.9
19.27 6.42 6.42 32.12 9.3
9.64 0.00 6.42 16.06 6.5
25.0 19.27 6.42 6.42 32.12 8.0
7.7
8.4
25.8 28.91 12.85 6.42 48.18 9.8
19.27 6.42 6.42 32.12 9.6
10.2
9.6
9.7
9.8
9.64 0.00 6.42 16.06 7.3
353 19.27 6.42 6.42 32.12 9.4
9.2
43.0 28.91 12.85 6.42 48.18 8.8
19.27 6.42 6.42 32.12 9.3
9.64 0.00 6.42 16.06 7.6
51.7 19.27 6.42 6.42 32.12 6.8
19.8 30.51 6.42 6.42 43.36 12.7
19.27 6.42 6.42 42.84 13.6
6.42 6.42 6.42 25.70 6.9
25.8 30.51 6.42 6.42 57.83 12.7
19.27 6.42 6.42 42.84 9.7
6.42 6.42 6.42 25.70 6.4
31.9 30.51 6.42 6.42 57.83 9.6
19.27 6.42 6.42 42.84 10.5
6.42 6.42 6.42 25.70 6.1
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Figure 13. Comparison between experimental and cal-
culated production.

Without catalytic deactivation, the specific productivity
depends only on the ethylene flow rate in the feed gas Fc,q,.
Dimensionless residence time t equal to 10 is too small to
reach a maximum specific productivity equal to twice the
dimensionless ethylene flow rate Fc g,

In a second step, results obtained from equation modeling
were compared with experimental results. The experimental
design and dimensionless carbon nanotube flow rate data
relating to the operating conditions are presented in Table 1.
Figure 13 represents the comparison between experimental
dimensionless carbon nanotube flow rate %C,e and dimension-
less carbon nanotube flow rate calculated using the model
rate 7iic,, and this shows a very good agreement between
calculated and experimental flow rate. This result shows that
the hypotheses chosen in order to establish the model are
valid. First of all, the plug-flow model applied to solid and
gas flows in the reactor is valid, although the Peclet number
Pe for the gas flow is a little smaller than 100, the limit
above which the plug-flow hypothesis is considered to be
definitively valid. This is all the more correct because the
conversion rate of ethylene is weak. Second, the effective-
ness factor of the catalytic bed 5y is equal to 1. Conse-
quently, the physical factors, that is, phenomena of mass
transport and mass transfer toward and through the catalytic
bed, can be neglected. As a conclusion, the apparent kinetic
of the reaction in the reactor is the true kinetic, taking cata-
lytic deactivation into account.

Conclusions

According to chemical reaction engineering, the four fac-
tors governing carbon nanotube production in a continuous
inclined rotary reactor were studied separately in order to es-
tablish the reactor equations. Concerning geometric and
hydrodynamic factors, it was demonstrated that both gas and
solid flows can be represented as co-current plug flows in the
tubular inclined reactor. Concerning the physicochemical fac-
tor, the initial true reaction rate equation had been previously
determined and a catalytic deactivation study was performed
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in a discontinuous reactor, determining that the catalyst fol-
lows a sigmoid decreasing law during carbon nanotube
growth. Finally, the study of the physical factor highlighted
the fact that diffusion of ethylene occurs much faster than
the chemical reaction and that ethylene diffusion though the
catalytic bed is not the limiting factor. Therefore, it can be
concluded that no problem of mass transfer occurred in the
continuous reactor.

Once the four factors governing the reactor process were
known, the reactor equations could be written. So the model-
ing of carbon nanotube production in a continuous inclined
rotary reactor was performed, applying the co-current plug-
flow hypothesis and taking the true kinetic equation and the
sigmoid catalytic deactivation into account. The reactor mod-
eling allowed to obtain partial pressure, carbon nanotube pro-
duction and catalytic deactivation profiles through the reac-
tor. The comparison between the experimental and the calcu-
lated productivity showed that the calculated data fitted very
well with the experimental data, and that the modeling was
in agreement with the experiments.
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Notation

a = parameter of catalytic deactivation, s
a = dimensionless parameter of catalytic deactivation
A = pre-exponential kinetic constant, kmolczm.s*',kg;llaly& atm ™!
b = parameter of catalytic deactivation, s~
b = dimensionless parameter of catalytic deactivation
Cy= total concentration at the external catalytic bed surface,
kmol.m
d = parameter of catalytic deactivation, st
d = dimensionless parameter of catalytic deactivation
dy, = thickness of the catalytic bed, m
d, = diameter of the reactor, m
D, = effective diffusivity, m*.s~
Dy = axial diffusivity, m*.s~'
D,, = molecular diffusivity, m’s~
AH° = standard adsorption enthalpy of ethylene, kJ.kmol ™'
AS° = standard adsorption entropy of ethylene, kJ.kmol 'K '
E, = activation energy, kJ.kmol '
F = total gas flow rate, kmol.s™!
F = dimensionless total gas flow rate, kgmbon.kg;,llaly_Sl
Fc n, = hydrocarbon flow rate, kmol.s ™!
Fc, u, = dimensionless hydrocarbon flow rate, kgcarbnn.kg;[lalyst
Fc,n, = ethylene flow rate, kmol.s ™!
Fc,u, = dimensionless ethylene flow rate
Fyy, = hydrogen flow rate, kmol.s '
F, N; = nitrogen flow rate, kmol.s™!
k = kinetic rate constant, kmolczm.fl.kg;}[alysl_atmﬂ
L =length of the useful part of the reactor, m
M = molecular weight, kg.kmol ™
M; = molecular weight of component i, kg.kmol !
m = dimensionless active mass of catalyst
mc = carbon flow rate, kg.s™!

1

¢ = dimensionless carbon flow rate, kgca,bm.kg;.lla]ysl
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Tic . = experimental dimensionless carbon flow rate, Kgcarbon- Keeatalyst
%C m = dimensionless carbon flow rate calculated using model,

—1
kgcarbon-kgcalalysl

mg = catalyst flow rate, kg.s™!

M = atomic mass of carbon, kg.km017l
Pc,n, = ethylene partial pressure, atm
Pe = dimensionless Peclet number
Py, = hydrogen partial pressure, atm
i = specific reaction rate, kmolC2H4.sfl.kg:ulmlys‘
r = dimensionless specific reaction rate
ro = initial specific reaction rate, kmolcops.S— l.kg;,l[alysl
r, = apparent specific reaction rate, kmolcops.S .kg:.dlmlysl
rm = specific reaction rate for an ethylene partial pressure equal to 1
atm, kmolcapy.s™' -kg;allalysl
rs = specific reaction rate with external catalytic bed surface condi-
tions, kmolcapy.s™ kg galmlysl
R = gas constant, kJ.kmol ".K ™'
Re = dimensionless Reynolds number
t=time, s
T = temperature, K
u = total gas velocity, m.s ™'
us = average catalyst velocity in the reactor, m.s~
Vi = gas molar volume, m® kmol !
x; = molar fraction of component i
z = longitudinal variable in the reactor, m
z = dimensionless longitudinal variable in the reactor
¢ =void fraction of catalytic bed
ns = effectiveness factor
1 = dynamic viscosity, Pa.s
1; = dynamic viscosity of component I, Pa.s
v = kinematic viscosity, m>s !
vc = stoichiometric factor of carbon
Ve, n, = stoichiometric factor of hydrocarbon
vy, = stoichiometric factor of hydrogen
p = specific mass of catalytic bed, kg.m >
pg = density of gas, kg.m_3n
o = diameter of collision, A
7 = dimensionless residence time of solid
1, = tortuosity factor for catalyst
¢, = Thiele modulus
Q, = integral of collision

1
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