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The catalytic deactivation during multi-walled carbon nanotube (MWNT) synthesis by the CCVD process
and the influence of hydrogen on it were quantified. Initial specific reaction rate, relative specific produc-
tivity and catalytic deactivation were studied. Carbon source was ethylene, and a bimetallic iron-cobalt
catalyst supported on alumina was used. The catalytic deactivation was modeled by a decreasing hyper-

bolic law, reflecting the progressive accumulation of amorphous carbon on active sites. While the initial
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specific reaction rate was found not to be influenced by hydrogen, catalytic deactivation was found to
be modified in the presence of hydrogen, which delayed and slowed down the deactivation by avoiding
amorphous carbon deposition, thus leading to a greater relative specific productivity of carbon nanotubes.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

Carbon nanotubes consist of a variable number of graphene
sheets rolled coaxially into a cylinder of nanometric diameter. After
their discovery, nanotubes were found to possess many interest-
ing properties and potential applications [1,2], which gave a strong
impetus to the research devoted to understanding and improv-
ing their production. Among the many different routes leading to
single-walled (SWNT) and multi-walled carbon nanotube (MWNT)
production, the catalytic chemical vapor deposition (CCVD) pro-
cess, consisting in this study in the decomposition of a hydrocarbon
vapor into carbon and hydrogen on a catalytic surface at tempera-
ture varying usually from 600 °C to 1000 °C, seems to be the easiest
way to scale up towards an economically viable production and a
high yield [3]. Large scale reactors using the CCVD process to pro-
duce carbon nanotubes by metric tons are already running, using
a fluidized bed reactor [4-8] or an inclined mobile-bed rotating
reactor [9-12]. The inclined mobile-bed rotating reactor seems to
be one of the most appropriate technologies because the kinetics of
carbon nanotube synthesis by hydrocarbon decomposition is quite
slow, and because the ratio between the volume of the product
and the volume of the catalyst is very large, larger than 50 [10].
Because the CCVD process seems to be the most suitable method
for producing large scale carbon nanotubes, research on new effec-
tive catalysts is essential. Catalysts used in the CCVD process for the
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synthesis of carbon nanotubes are usually iron, cobalt, or nickel-
supported catalysts prepared by impregnation, co-precipitation
or the sol-gel process [13]. The sol-gel process seems to be a
very appropriate way to synthesize catalyst supports because it
yields high surface area supports with high porosity, properties that
facilitate the high dispersion of metal particles. The choice of the
supporting material such as Al,03, SiO,, or MgO, has been found to
be critical. The aluminum oxide catalyst support is generally used
because the purification process is simplified [13,14].

There has been recent progress in understanding the growth
mechanism for the CCVD process [15-17]. The growth mechanism
would first consist of the adsorption and the decomposition of the
hydrocarbon gas, then of the dissolution of carbon atoms in metal
nanoparticles. Following this, the precipitation of carbon from the
saturated metal particle would lead to the formation of tubular
carbon solids, which are in a low energy form. If the growth mech-
anism of carbon nanotube synthesis has made the object of many
researches, the mechanism of catalytic deactivation during car-
bon nanotube synthesis remains an open question. The literature
exhibits very few researches on deactivation of catalysts for carbon
nanotube synthesis, even in a qualitative way. The catalytic deacti-
vation s said to be due to the formation of amorphous carbon on the
catalytic surface, avoiding the reactional gases to reach active sites
[18]. The only quantitative study deals with a computational fluid
dynamics model to predict the yield of MWNTSs produced by the
CCVD process in a reactor using xylene as precursor and iron par-
ticles as catalyst [19]. Using the experimentally obtained exhaust
gas concentrations, inverse calculations were conducted to deter-
mine apparent rate constants of the catalytic surface reactions. The
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Nomenclature
a first parameter of catalytic deactivation (s)
A; preexponential factor of the kinetic rate constant of
; -1 -1
elementary step i (molc,, s gcatalyst)
b second parameter of catalytic deactivation (-)
Cp poison concentration (mol1-1)
d third parameter of catalytic deactivation (s—1)
E; activation energy of elementary step i (k] mol~1)
AH° standard ethylene adsorption enthalpy (k] mol~1)
R 1 -1
k kinetic rate constant (molc,n, s gcmlyst)
ki kinetic rate constant of elementary step i
1 a1
(m01C2H4 5 gcatalyst)
K ethylene adsorption constant (atm~1)
I; number of experiments performed at temperature i
m relative mass of active catalyst (-)

Meatalyst MASS of CatalySt (gcatalyst)

ments  Mass of carbon nanotubes (g¢)

n; size of sample i

Pc,H, ethylene partial pressure (atm)

Py, hydrogen partial pressure (atm)

Phe helium partial pressure (atm)

To initial specific reaction rate (molc,n, s1 ggaltalyst)

R gas constant (Jmol~!1 K1)

s? experimental variance

s? variance of sample i

S objective function

AS° standard ethylene adsorption entropy (Jmol~1 K-1)

t time (s) tabulated variable of the statistical Stu-
dent’s t-test (-)

texp experimental t variable of the statistical Student’s
t-test (-)

T temperature (K or°C)

Y specific productivity (gc 27! caralyst)

Ymax maximal specific productivity (g¢ g*lcatalyst)

Y;i experimental value of the dependent variable corre-
sponding to temperature i and experiment j (initial
specific reaction rate (molc,y, s~1 gc‘altalyst))

17,-j estimated value of the dependent variable corre-
sponding to temperature i and experiment j (initial
specific reaction rate molc,p, s-1 gcjtalyst)

o relative loss of mass of catalyst (-)

o parameter of the hyperbolic law

o parameter of the hyperbolic law

o3 parameter of the hyperbolic law

X2(v) %2 distribution corresponding to v degrees of free-
dom

i mean value of the dependent variable for sample i
(initial specific reaction rate (molc,y, s—1 gg;talyst) or
specific production (gc g1 catalyst))

v number of degrees of freedom

effect of the catalytic deactivation on the apparent rate constant
was empirically correlated with a simple exponential equation. An
understanding of catalyst deactivation phenomena during carbon
nanotube synthesis is necessary in order to predict and to better
control the production of carbon nanotubes at a large scale. It is
therefore important to quantify the effect of catalyst deactivation
on carbon nanotube growth.

Therole of different gases in carbon nanotube or fiber formation,
such as nitrogen and hydrogen, has also been investigated. The role
of hydrogen in MWNT formation is also an open question. Some

previous studies [20-22] have suggested that the role of hydro-
gen in carbon fiber formation is to limit or alleviate the poisoning
of the metal catalysts by amorphous carbon. More recently, it has
been suggested that an intermediate is involved in the formation
of MWNTs and that hydrogen acts to reduce the rate of sponta-
neous dehydrogenation of the intermediate to form soot [23]. In
the same way, it was recently suggested that hydrogen regulates
spontaneous carbonization so that the formation of soot does not
compete with the slower formation of nanotubes [24]. Indeed, soot
is the least thermodynamically stable form of carbon structure,
while fullerenes represent a more stable form of carbon than soot.
When hydrogen is released spontaneously and rapidly, then soot is
formed. The rearrangement of the carbon skeletal structure is easi-
est when a leaving species such as hydrogen is present. When that
leaving species is removed too fast, then the carbon will not have
enough time to rearrange itself into the most thermodynamically
stable configuration before it gets locked into a local minimum free
energy structure. The controlled elimination of hydrogen leads to
the preferential formation of fullerenes, while the controlled elim-
ination of hydrogen in the presence of a catalyst will form carbon
nanotubes, because the catalyst will keep the cage from closing so
that carbon nanotubes can be formed [25]. So the role of hydrogen
is closely related to the deactivation of catalyst.

In the present work, the catalytic deactivation during carbon
nanotube synthesis by the CCVD process is modeled and the influ-
ence of hydrogen on initial specific reaction rate, on catalytic
deactivation and on specific relative productivity are studied and
quantified. Ethylene is used as the carbon source and the used cat-
alyst is a very active bimetallic cobalt-iron catalyst on a supported
aluminum hydroxide.

2. Materials and methods
2.1. Experimental setup

The experimental setup consisted of a long quartz tube placed
in a tubular furnace [26]. The feed gas composition and the total
flow were adjusted by three electronic flow controllers, and total
pressure in the reactor was equal to atmospheric pressure. By oper-
ating a bypass valve, the feed gas could be directed either toward
the reactor or a bypass. The catalyst is placed into the hot part
of the reactor. A mass spectrometer was placed at the exit of the
device in order to measure continuously the composition of the
exhaust gas. The carbon source was ethylene, balanced by helium
and/or hydrogen. The used catalyst was an iron-cobalt catalyst sup-
ported on alumina [27]. It was synthesized by dry impregnation
of a Al(OH)3 (Acros) support whose particle size was smaller than
80 wm by a mixture of aqueous solutions of Fe(NOs3 )3-9H, 0 (Acros)
and Co(NOs),-6H,0 (Acros) so as to get 10 wt.% of the metal on
the support in order to obtain paste. Indeed, 50 g of AI(OH)3 were
added to a solution containing 12.9 g of Fe(NO3)3-9H,0 and 9.3 ¢g
of Co(NO3),-6H50, so as to get an atomic ratio Co/(Fe + Co) equal to
0.5.Then, the material was dried at 400 °C during 2 h until obtaining
a powder which was ground into a fine powder.

2.2. Experimental design

The experimental design for a given temperature is presented
in Fig. 1. It consisted of ethylene molar fractions ranging from 10%
to 90%, balanced by hydrogen or by helium. For each experiment,
the total gas flow rate was equal to 3.72 x 10~3 mol s~!. Four tem-
peratures were examined in that study: 600°C, 650°C, 675°C and
700°C. 22 replicates and 20 supplementary experimental condi-
tions were also tested, corresponding to an ethylene molar fraction
equal to 40%, balanced by an hydrogen molar fraction varying from
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Fig. 1. Experimental design.

10% to 50% and helium to reach 100%. Those additional tests were
performed in order to highlight the influence of hydrogen.

2.3. Determination of specific productivity and reaction rate

The initial specific reaction rate ry was determined from the
slope of the tangent with the greatest slope of the cumulative
hydrogen production curve, as shown in Fig. 2. Indeed, the hydro-
gen production is related to the ethylene consumption by the
relation:

B 1 d[CoHy] 1 d[H3]
(1- O[)mcatalyst dt 2(1 - O‘)mcatalyst de

ro = (1)
Where M,a1yse i the mass of catalyst, and « is the relative loss
of mass of the catalyst due to moisture and solvent elimination
when the catalyst is placed at high temperature. The relative loss
of mass « was determined by weighing a sample of catalyst before-
hand. After that, the sample was placed at 700 °C for 10 min under
a helium flow. @ was found to be equal to 23%. The experimental
procedure leading to the cumulative hydrogen production curve for
each experiment has been described in a previous paper [28]. For
each experiment of the experimental design (Fig. 1), a mass of fresh
catalyst of 0.5 g is weighed and placed into the reactor, and the total
gas flow rate at the inlet of the reactor is equal t0 6.1 x 103 m3s-1,
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Fig. 2. Examples of cumulative hydrogen production curves as a function of time
with hydrogen in the feed gas (dotted line) and without hydrogen in the feed gas
(full line).

Table 1
Experimental initial specific reaction rates of carbon nanotube synthesis.

Pc,n, (atm) Py, (atm)  Pue (atm) 1o x 10% (molc,n, 57 gc’a'talyst)
700°C  675°C  650°C  600°C
0.1 0 0.9 2.6 3.0 3.0 2.4
0.2 0 0.8 5.1 5.1 5.0 33
0.3 0 0.7 9.0 6.9 6.6 3.5
0.4 0 0.6 10.1 9.1 7.3 4.8
10.1 10.2 7.9 49
10.1 8.7 8.1 54
10.7 10.0 7.6
0.5 0 0.5 12.7 9.7 8.2 3.5
0.6 0 0.4 124 11.0 8.5 43
0.7 0 0.3 15.5 11.5 9.3 5.4
0.8 0 0.2 15.8 12.6 9.7 4.5
0.9 0 0.1 16.6 13.9 10.3 49
0.1 0.9 0 23 23 2.6 23
0.2 0.8 0 6.5 5.2 44 3.9
0.3 0.7 0 8.4 7.2 5.8 5.2
0.4 0.6 0 11.2 7.4 7.6 4.8
104 7.8 7.3 4.5
11.5 8.4 7.0 43
10.3 7.7 8.2
0.5 0.5 0 13.2 9.5 8.9 5.9
0.6 04 0 13.0 10.7 9.2 5.6
0.7 0.3 0 14.2 11.2 9.1 5.8
0.8 0.2 0 14.8 123 10.6 5.6
0.9 0.1 0 15.0 13.6 10.9 5.6
0.4 0.1 0.5 9.8 10.2 7.1 43
0.4 0.2 0.4 11.0 9.4 7.1 5.0
0.4 0.3 0.3 111 9.2 6.9 5.2
0.4 0.4 0.2 11.7 7.5 6.9 5.3
0.4 0.5 0.1 10.4 7.1 6.8 5.0

During the reaction, hydrogen production and ethylene consump-
tion are recorded by a mass spectrometer. The reaction duration
is equal to 15 min, time after which the reaction is completed. It
has to be noted that as described in the literature [29], calculations
showed that experiments were performed in the chemical regime,
meaning that the measured reaction rates correspond to carbon
nanotube growth.

The specific production Y was obtained by weighing the pro-
duced carbon nanotubes, the reaction being ended after 15 min for
all experiments:

_ TMents — (1- a)mcatalyst

Y= 2)
(1- O5)mcatalyst

where mcprs is the mass of carbon nanotubes.

3. Results
3.1. Initial specific reaction rate

Initial specific reaction rates rq are given in Table 1.

3.2. Specific production of carbon nanotubes

The relative specific productions Y/Ymax at 700 °C are presented
in Fig. 3. The relative specific production Y/Ymax corresponds to
specific production Y divided by the maximum specific production
Ymax at 700°C.700 °Cis the temperature at which carbon nanotubes
are industrially produced with ethylene as carbon source. Indeed,
the specific production (Fig. 4) and the initial specific reaction rates
(Fig. 5) are at their highest at 700 °C. In Fig. 4, Y/Ygo corresponds to
specific production Y at the considered temperature for an ethylene
partial pressure equal to 0.4 atm, divided by the production Y7qq at
700°C for an ethylene partial pressure equal to 0.4 atm. Beyond
700 °C, homogeneous phase decomposition of ethylene occurs and



0.0 0.2 0.4 0.6 0.8 1.0
P
c}{4(atm)

Fig. 3. Relative specific production of carbon nanotubes at 700°C: —M—, with Hy;
—a—, with He.

soot is formed. Indeed, a hydrocarbon decomposes itself and forms
soot when it is brought at a too high temperature, depending on
the nature of the hydrocarbon [30]. For this reason, the reaction
temperature was limited to 700 °C here.

4. Discussion
4.1. Influence of hydrogen on initial specific reaction rate

Fig. 6 highlights the influence of hydrogen partial pressure on
the initial specific reaction rate of carbon nanotube synthesis at
700°C for an ethylene partial pressure in the feed gas equal to
0.4 atm. It can be seen that hydrogen partial pressure does not influ-
ence the initial specific reaction rate. A statistical Student’s t-test
confirmed that observation; the statistical t-test allows determin-
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Fig. 4. Relative specific production of carbon nanotubes for an ethylene partial
pressure equal to 0.4 atm with hydrogen.
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Fig. 5. Experimental initial specific reaction rates of carbon nanotube synthesis: B
,700°C with Hy; 0, 700 °C with He; a, 675°C with Hy; A, 675°C with He; ¢, 650°C
with Hy; ¢, 650°C with He; x, 600 °C with Hy; +, 600°C with He. The black curves
correspond to model adjustment at 700°C, 675°C, 650°C and 600 °C respectively.
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Fig. 6. Initial specific reaction rate at 700 °C as a function of hydrogen partial pres-
sure for an ethylene partial pressure equal to 0.4 atm.

ing whether two sets of data are really different or not [31]. Two
sets of data were considered: the first sample consisted of the four
experiments with an ethylene partial pressure equal to 0.4atm
balanced by helium, and the second sample consisted of the four
experiments with an ethylene partial pressure equal to 0.4 atm bal-
anced by hydrogen. The statistical t-test implies the determination
of a texp variable calculated from experiments, which is defined by:

H1—H2 3)
(((n1=1)s3+(n2=1)s3)/(n1+n2 — 1)/ (1/n1)+(1/n2)

where (1 and ., are the mean values of samples 1 and 2 respec-
tively, ny and n; are the size of samples 1 and 2 respectively, and s%
and s% are the variance of samples 1 and 2 respectively. At 700°C,
the texp variable was found to be equal to 1.72, while the tabu-
lated t variable for a number of degrees of freedom v equal to 6
(=4+4 - 2) and with a significance level equal to 5% was found to
be equal to 2.97. Because the tabulated t variable is greater than
the experimental texp variable, it can be concluded, with regard to
the initial specific reaction rate, that the sample corresponding to
data with hydrogen belongs to the sample corresponding to data
without hydrogen. So hydrogen partial pressure does not influence
the initial specific reaction rate at 700°C. A statistical t-test was
also performed on experimental data at 675°C, 650°C and 600 °C,
showing that the sample corresponding to data with hydrogen also
belongs to the sample corresponding to data without hydrogen at
675°C, 650°C and 600°C.

texp:

4.2. Kinetic study

A kinetic study was performed to describe the initial specific
reaction rate of carbon nanotube synthesis. The software used for
parameter estimation was derived from the NLPE program and the
Gauss-Newton method was used to optimize parameters. A max-
imum likelihood formulation was adopted, thus minimizing the
weighed sum of squares of the differences between calculated and
measured initial specific reaction rates [32]. Initial specific reac-
tion rates ry are shown in Fig. 5. Experimental data corresponding
to a feed gas composed of ethylene balanced by hydrogen and/or
helium treated as one whole set of data because hydrogen partial
pressure does not influence the initial specific reaction rate. The
best kinetic equation in agreement with experimental data on the
basis of a statistical x2 test was to be [33]:

kK Pc,n, Azexp(—Ez/RT)exp(—AH°[RT)exp(AS°[R)Pc,n,
" 14+KPeu, 1+ exp(—AH°/RT) exp(AS°/R)Pc,n,

o

(4)

where k,K,A, E;, AH°, AS° are respectively the kinetic rate constant,
the ethylene adsorption constant, the preexponential factor, the
activation energy, the standard ethylene adsorption enthalpy and
the standard ethylene adsorption entropy.
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Adjusted curves are presented in Fig. 5 at 600 °C, 650°C, 675°C
and 700°C. They highlight the very good agreement between
kinetic model and the experimental data. Only the mean value of
each oftwo setsof 4 replicated points at an ethylene partial pressure
equal to 0.4 atm is represented. Furthermore, the 15 points at an
ethylene partial pressure equal to 0.4 atm with an increasing hydro-
gen partial pressure are not represented. However, adjustment was
performed with all experimental data.

The statistical x? test [31] performed on experimental data val-
idate the kinetic model. Indeed, according to the x?2 test, a model
is validated when the calculated objective function S is smaller
than the variable x2(v) for the corresponding number of degrees
of freedom v. The objective function S is defined as:

3
s=> > l(y” Y")] (5)

i=1 j=1

In Eq. (5), the subscripti corresponds to the temperature. Subscripts
i=1,2,3 and 4 correspond respectively to 600 °C, 650°C, 675 °C and
700°C. Subscript j refers to the number of experiments performed
for each temperature. J; is the number of experiments performed
at each temperature and is equal to 29 at 650°C, 675°C and 700°C
and to 27 at 600°C. Y,], Y; and sZ are respectively the estimated
dependent variable (in thlS case, the initial specific reaction rate cal-
culated by the kinetic model) corresponding to temperature i and
experiment j, the experimental dependent variable corresponding
to temperature i and experiment j (in this case, the experimen-
tal initial specific reaction rate ry), and the experimental variance.
The objective function S was found to be equal to 34.5. The num-
ber of degrees of freedom was equal to 88, corresponding to 114
measurements, minus 22 replicates, minus the 4 parameters of the
kinetic model. So the variable x%(88) was equal to 67 with a proba-
bility of 95%. Therefore, the model can be considered to be validated
according to the x2 test.

Eq. (4) corresponds to the following sequence of elementary
steps, which consists of equilibrated adsorption of ethylene and
of the irreversible surface ethylene decomposition as the rate-
determining step [34]:

CoHy + §<L> CyH4 — s equilibrated ethylene adsorption

irreversible ethylene decomposition

other unspecified, kinetically non significant steps.

Activation energy E, was found to be equal to around
120+ 15k] mol~!, standard adsorption enthalpy AH° to around
—120+20kJmol~!, and standard adsorption entropy AS° to
around —120+20] mol~! K-, As a comparison with previous lit-
erature, reported activation energies for ethylene decomposition
into carbon nanotubes and hydrogen vary between 100 k] mol-!
and 180kJmol-!, depending on the catalyst nature [28,34-37],
while reported ethylene adsorption enthalpies with different cat-
alyst vary from —160kJmol~! to —60k]mol-! [28,38,39]. Let us
mention that ethylene adsorption enthalpy and entropy, AH° and
AS°, must verify thermodynamic constraints. Indeed, adsorption is
an exothermic process with decreasing entropy [33]:

AH° <0
0<—AS* <SS, =220]mol 'K

So values obtained are in agreement with those two constraints.
It has to be noted that a second mechanism, which implies
a different sequence of elementary reaction steps based on a
rate-determining active center, provides a rate expression that is
mathematically identical [33,40] and that cannot, as a consequence,

1.0 7 *

i _’/
3

*

* "

0.0 T T 1
0 0.2 0.4 0.6

}:’H2 (atm)

Fig. 7. Influence of hydrogen partial pressure on relative specific production of
carbon nanotubes at 700°C and for an ethylene partial pressure equal to 0.4 atm.

be statistically discriminated from Eq. (4):
k1Pc,n, _ A1 exp(—Eq[RT)Pc,h,
1+ (k1/k2)Pc,n, 1+ (A1/A2)exp(—(E1 — E2)/RT)Pc,n,

where k1, ky, A1, Ay, E; and E, are respectively the kinetic rate
constant of elementary step 1, the kinetic rate constant of elemen-
tary step 2, the preexponential factor corresponding to elementary
step 1, the preexponential factor corresponding to elementary step
2, the activation energy of elementary step 1, and the activation
energy of elementary step 2. This mechanism assumes the irre-
versible adsorption of ethylene to an unspecified intermediate,
followed by several unspecified steps leading to the formation of
the most abundant reaction intermediate C-s [35]:

(8)

o=

irreversible ethylene adsorption

other unspecified, kinetically non significant steps

irreversible carbon diffusion

The activation energy of irreversible ethylene adsorption E; was
found to be equal to 0kJ mol~1, while activation energy of carbon
diffusion E, was found to be equal to 120k] mol~!. An activation
energy of irreversible ethylene adsorption E; equal to 0k]mol~!
means that ethylene adsorption is not activated, which corre-
sponds to most of adsorption processes. As a comparison with
previous literature, Lee et al. [35], who proposed that the bulk
diffusion of carbon plays a major role in determining the growth
rate of carbon nanotubes, have found an activation energy equal to
130+ 15k] mol-! for carbon nanotube growth by thermal chemi-
cal vapor deposition using acetylene as carbon source and an iron
catalyst.

4.3. Specific production of carbon nanotubes

Relative specific productions Y/Ymax at 700 °C are highlighted in
Fig. 3. It can be seen that the presence of hydrogen in the feed gas
significantly improves the specific production of carbon nanotubes.
This result can be explained by the role of hydrogen in amorphous
carbon production. Indeed, amorphous carbon production avoids
reactional gases to reach actives sites, and hydrogen reduces the
rate of amorphous carbon deposition by dehydrogenation [24],
leading to a decrease of the catalytic deactivation.

The influence of hydrogen on the specific production of carbon
nanotubes produced at 700°C for an ethylene partial pressure in
the feed gas equal to 0.4 atm is highlighted in Fig. 7. An increase in
specific production with increasing hydrogen partial pressure can
be observed from 0 atm to 0.3 atm, and this confirms that the pres-
ence of hydrogen in the feed gas improves the specific production of
carbon nanotubes. For greater hydrogen partial pressure, the spe-
cific production stays constant. A statistical Student t-test [31] was
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Fig. 8. TEM images of carbon nanotubes: (a) with hydrogen in the feed gas; (b)
without hydrogen in the feed gas.

used to quantify the influence of hydrogen on specific productiv-
ity. The same two samples of data as for the initial specific reaction
rate were considered: the first sample consisted of the four exper-
iments with an ethylene partial pressure equal to 0.4 atm balanced
by helium, and the second sample consisted of the four experi-
ments with an ethylene partial pressure equal to 0.4 atm balanced
by hydrogen. The texp variable calculated from the experiments was
found to be equal to 6.33, while the tabulated t variable with a sig-
nificance level equal to 5% was found to be equal to 2.97. Because
the tabulated t variable is smaller than the experimental texp vari-
able, it can be concluded that, with regard to the specific production
of carbon nanotubes, the sample corresponding to data with hydro-
gen does not belong to the sample corresponding to data without
hydrogen. So hydrogen partial pressure influences and improves
the specific production of carbon nanotubes.

It has to be noted that the level of purity of produced carbon
nanotubes cannot be quantified because the specific production is
very high, due to the very high quality of the catalyst. TEM images
performed on different samples do not shown any modification in
carbon nanotube quality. The purity of carbon nanotubes is very
high, whatever the experimental conditions. No soot is observed
on TEM images, as shown in Fig. 8. Furthermore, no difference is
qualitatively observed in the presence of hydrogen (Fig. 8a) or not
(Fig. 8b).

4.4. Catalytic deactivation

Catalytic deactivation provides an explanation as to why hydro-
gen improves the specific production of carbon nanotubes even
though the initial specific reaction rate does not vary when hydro-
gen is introduced into the reactor. It also allows this phenomenon
to be quantified. Fig. 2 shows two examples of cumulative hydro-
gen production curve recorded by the mass spectrometer with and
without hydrogen in the feed gas. It can be seen that reaction rate

stays constant and maximal only for a while depending of operating
conditions. After that time, reaction rate decreases and becomes
progressively equal to zero. This is the catalytic deactivation. It
can also be shown that the catalytic deactivation is slowed down
in presence of hydrogen which plays a positive role on catalytic
deactivation.

There are three categories into which the loss of catalytic activ-
ity can traditionally be divided: the sintering, the poisoning and the
coking [41]. Concerning the present catalyst, an experiment was
performed to determine the type of catalytic deactivation. It con-
sists in burning the produced carbon nanotubes at 500 °C under air
atmosphere during 6 h in order to recover the catalyst. Then, the
recovered catalyst is used to produce carbon nanotubes again. The
result is that the specific reaction rate and the specific productiv-
ity of carbon nanotubes are the same with the pristine catalyst and
with the recovered catalyst. This means that the catalyst properties
are not modified during the reaction and that there is no catalytic
activity loss. So it can be concluded that the catalytic deactivation
is due to coking and not to sintering or poisoning, because coking
is the only type of deactivation which does not modify the number
of active sites and the catalyst properties. This is in agreement with
previous literature stating that the catalytic deactivation is due to
the progressive accumulation on active sites of amorphous carbon
by dehydrogenation [24].

A law commonly used to describe the phenomenon of catalytic
deactivation by coking [33,41] corresponds to a decreasing hyper-
bolic law [33]:

_ 1

M= 1Tac ()
where m is the dimensionless active mass of catalyst and Cp is the
amorphous carbon concentration. If one active site is obstructed by
one amorphous carbon species, the amorphous carbon deposition
order is equal to 1, and Cp can be expressed as:

Cp = ap explaz(t —a)] (10)

The parameter a is necessary to quantify the latency time before the
beginning of the catalytic deactivation and can be justified by the
theory of free radical condensate proposed by Reilly and Whitten
[23]. The free radical condensates are produced during carbon nan-
otube formation. As the tubes grow, the layer of radical condensates
thickens. Because precursor soot is the condensate of free radicals,
the progressive increase of the thickness of the radical condensate
layer during carbon nanotube synthesis halts the carbon nanotube
growth and soot preferentially form. So when the layer reaches a
given thickness, carbon nanotube growth rate decreases and the
deactivation by coking begins. This phenomenon is quantified by
the parameter a.
So Eq. (9) becomes:
1

- 11
M= T+ ara; explas(t —a)] (an

After derivation, it can be written:

dm 1003

de (exp[(—a3/2)(t — a)] + a1z exp[(a3/2)(t — a)])
By fixing a2 =1, Eq. (12) becomes:
am _ i (13)

dt = cosh®[(as/2)(t — a)]

This expression corresponds to a sigmoid decreasing law. In
this study, the modeled deactivation law has the same form and
includes three parameters:

dm bd

am ___ bd 14
de cosh?(d(t — a)) (14)
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Fig. 9. Meaning of the parameters of the deactivation curve.

As shown in Fig. 9, parameter a corresponds to the abscission of the
inflexion point of the sigmoid, parameter b quantifies the magni-
tude of the sigmoid decrease, and parameter d characterizes the
slope of the curve at the inflexion point of the sigmoid. So, the
greater the size of a, the more the deactivation is delayed, the lower
the size of b, the more the deactivation is reduced, and lower the
size of d, the more the deactivation is slowed down.

Estimates allow the determination of parameters a, b and d for
each experimental condition. Parameter a is an increasing function
of hydrogen partial pressure from 0 atm to 0.3 atm, then parameter
a stays constant, as shown in Fig. 10a. This observation is in agree-
ment with Fig. 7 showing that the specific productivity increases
with hydrogen partial pressure from Oatm to 0.3 atm, and then
stays constant too. A statistical Student’s t-test was used to quantify
that observation [31]. The same two samples of data as for the ini-
tial specific reaction rate and specific production were considered:
the first sample consisted of the four experiments with an ethy-
lene partial pressure equal to 0.4 atm balanced by helium, and the
second sample consisted of the four experiments with an ethylene
partial pressure equal to 0.4 atm balanced by hydrogen. The texp
variable calculated from the experiments was found to be equal to
5.36, while the tabulated t variable with a significance level equal
to 5% was found to be equal to 2.97. Because the tabulated t variable
is smaller than the experimental texp variable, it can be concluded
that, with regard to parameter a, the sample corresponding to data
with hydrogen does not belong to the sample corresponding to
data without hydrogen. This means that hydrogen delays catalytic
deactivation.

Parameter b does not vary with hydrogen partial pressure
(Fig. 10b), which means that the magnitude of the deactivation does
not vary in presence of hydrogen. Indeed, in each case, the relative
mass of active catalyst is equal to 1 in the beginning of the reac-
tion and becomes progressively equal to zero. That observation is
quantified by a statistical Student’s t-test. The texp variable calcu-
lated from the experiments was found to be equal to 1.56, while
the tabulated t variable with a significance level equal to 5% was
found to be greater and equal to 2.97.

Parameter d is a decreasing function of hydrogen partial pres-
sure (Fig. 10c), which means that the presence of hydrogen slows
down the catalytic deactivation. Indeed, a statistical Student’s t-
test [31] showed that the first sample of data consisted of the four
experiments with an ethylene partial pressure equal to 0.4 atm bal-
anced by helium, and the second sample of data consisted of the
four experiments with an ethylene partial pressure equal to 0.4 atm
balanced by hydrogen, were significantly different, because the texp
variable was found to be equal to 8.10, which is greater than the
tabulated t variable which was found to be equal to 2.97.

The influence of hydrogen on catalytic deactivation is high-
lighted in Fig. 11, corresponding to experiments performed with
an ethylene partial pressure equal to 0.4 atm and with increasing
hydrogen partial pressures, from 0 atm to 0.6 atm. It can be seen that

(a) 500 -

400 -

L 4

200 A

L 4

o (8)

100 A

0 T T L]
0 0.2 04 0.6

Py, (atm)

(b) 300

2004

b(-

100

0 T L] L)
0 0.2 04 0.6

Py, (atm)

(c) 10

103 x d (81)
+

0 T T 1
0 0.2 0.4 0.6
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Fig. 10. Influence of hydrogen partial pressure on parameters of catalytic deactiva-
tion: (a) parameter a; (b) parameter b; (c) parameter d.

0.0
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Fig. 11. Catalytic deactivation for experimental conditions corresponding to an
ethylene partial pressure equal to 0.4 atm, balanced by a hydrogen partial pressure
equal to: —M—, Oatm; —a—, 0.1 atm; —4—, 0.2 atm; —OJ—, 0.3 atm; —A—, 0.4atm;
—(0—.0.5atm; —@—, 0.6 atm.
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Fig. 12. Catalytic deactivation for experimental conditions corresponding to an
ethylene partial pressure equal to 0.4 atm, balanced by hydrogen at: —M—, 700°C;
—4—,675°C; —a—, 650°C; and —O—, 600 °C.

the presence of hydrogen delays and slows down the catalytic deac-
tivation. Indeed, hydrogen avoids amorphous carbon formation by
hydrocarbon dehydrogenation [24].

It has to be noted that other laws have been used to describe the
catalytic deactivation, but the agreement between experimental
and modeled deactivation curves was not satisfactory.

Ina previous study [19], the catalytic deactivation during MWNT
synthesis using xylene as precursor and iron particles as catalyst
was correlated with a simple exponential equation. In the present
work, the exponential equation cannot match to describe the cat-
alytic deactivation. Indeed, the catalytic activity stays constant at
its highest level for a moment depending on experimental condi-
tions, and after that time the deactivation begins. This is the reason
why the exponential equation and the hyperbolic equation with a
parameter a equal to zero in Eq. (14), both corresponding to a cat-
alyst whose deactivation begins instantaneously, cannot be used.

The catalytic deactivation was also modeled at 675°C, 650°C
and 600 °C by a decreasing hyperbolic law. The deactivation curves
for an ethylene partial pressure equal to 0.4atm and a hydrogen
partial pressure equal to 0.6 atm are compared in Fig. 12. It can
be shown that the deactivation occurs earlier for smaller temper-
atures, meaning that the accumulation of amorphous carbon is
slower at high temperature. The influence of temperature on initial
specific reaction rate and on catalytic deactivation allows explain-
ing why the specific productivity is smaller when the temperature
decreases.

The deactivation of the catalyst studied in this work can be com-
pared to the deactivation of other catalysts described elsewhere
[13,14]. Fig. 13 compares the catalytic deactivation of the present
catalyst and of one of the other catalysts. It can be said that the
deactivation of the present catalyst is weaker. Fig. 13 highlights
that the catalytic deactivation corresponding to the present cata-

Fig. 13. Catalytic deactivation for experimental conditions corresponding to an
ethylene partial pressure equal to 0.4 atm, balanced by hydrogen or helium: —a—,
other catalysts [13,14] with Hy; —A—, other catalysts [13,14] with He; —l—, present
catalyst with H,; —O—, present catalyst with He.

lystis delayed,i.e. the catalyst stays active longer and the parameter
a is greater. Indeed, the parameter a is equal to zero for other cata-
lysts. The more rapid deactivation is due to the faster soot formation
because active sites are quickly obstructed. It can be concluded that
the catalyst studied in this work presents a great activity and can
lead to great carbon nanotube productivity. Concerning the influ-
ence of hydrogen, it can be said that hydrogen delays and slows
down catalytic deactivation, whatever the catalyst considered.

5. Conclusions

In the present work, the catalytic deactivation during MWNT
synthesis by the CCVD process using an iron-cobalt catalyst sup-
ported on alumina and the influence of hydrogen on it were studied
and quantified.

It was experimentally shown that reaction rate stays constant
and maximal only for a while, and after that time, the catalyst
deactivates and the catalytic activity becomes progressively equal
to zero. The reason for this is the deposition of amorphous car-
bon on the catalytic surface leading to active site obstruction.
This phenomenon was modeled by a phenomenological decreas-
ing hyperbolic law whose parameters were estimated by parameter
adjustments.

The presence of hydrogen was found to influence the catalytic
deactivation during carbon nanotube synthesis. Indeed, for a given
ethylene partial pressure, the catalytic deactivation was delayed
and slowed down with increasing hydrogen partial pressure. The
final level of catalytic activity was not influenced by hydrogen. The
influence of hydrogen was quantified by parameters of the hyper-
bolic law. So the main role played by hydrogen is to delay and slow
down the catalytic deactivation, confirming the results of previous
qualitative studies stating that hydrogen promotes carbon nan-
otube production rather than soot production. As a consequence,
the presence of hydrogen increases the specific production of car-
bon nanotubes because it maintains longer the catalytic activity at
its highest level and does not influence the initial specific reaction
rate.
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