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Abstract

A kinetic study of the synthesis of carbon nanotubes (CNTs) by catalytic decomposition of acetylene over an iron-supported catalyst wa
carried out using a thermobalance. The CNTs were mainly characterized by transmission electron microscopy (TEM and HRTEM
found that there is a high influence of the reaction conditions (feed mixture, reaction temperature, etc.) onthe final reaction yield and o
the structural and morphological characteristics of the carbon products obtained. A complete discussion of the results by compar
carbon deposition curves with the TEM images is given. Finally, a kinetic model for explaining the growing mechanism of carbon n
is developed and the displayed conclusions are clearly shown.
 2004 Elsevier Inc. All rights reserved.
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1. Introduction

The decomposition of several hydrocarbons over me
lic surfaces has attracted the interest of many authors in
last century. For decades the formation of carbon filament
over metallic catalysts used in the conversion of carb
containing gases (e.g., steam-methane-reforming reac
has been reported as a serious problem due to the com
deactivation of the catalyst and possible damages in th
actor walls [1,2]. From the 1980s a few applications w
found for these carbon filaments, but the first studies ab
their synthesis were in order to avoid their formation d
ing the above-noted reactions [3]. However, it was not u
1991, when carbon nanotubes (CNTs) were discovere
Ijima [4], that interest in the formation of these species gr
in order to explore their novel and attractive properties [5

The main problem of CNTs is the scalability and rep
ducibility of the synthesis, and consequently the full p
tential of CNTs for applications will not be realized un
their growth can be further optimized and controlled. Amo

* Corresponding authors.
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)
e

other factors, their future use will strongly depend on the
velopment of simple, efficient, and inexpensive technolog
for a large-scale production [7]. Several synthetic meth
have been reported in the bibliography, such as arc
charch [8], laser ablation [9], or chemical vapor deposit
(CVD) of hydrocarbon gases over a catalytic material [1
The CVD method has been reported to be the most sele
in the carbon nanotube formation [11]. It has been found
the structure of carbon materials is dependent on the gr
parameters such as reaction temperature, catalyst, and
tion gases [12–15]. However, there are not many system
studies on the influence of these parameters on the grow
CNTs using the CVD method [16].

Conditions for carbon deposition from acetylene
nickel catalysts are perhaps the topic most studied for
synthesis of CNTs [17–20]; however, most papers have
ered the morphological aspects and so, information abou
kinetics of the process has been scarce. With iron cata
the available data in the bibliography are even less, altho
CNTs were easier to grow over Fe than over Co or Ni c
alysts [21]. It seems that iron catalysts have an appare
less structure-sensitive interaction between formed carbo
and metal particles than with nickel or cobalt; however, a

http://www.elsevier.com/locate/jcat
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in this case, kinetic studies of the synthesis of CNTs w
iron catalysts are almost nonexistent.

The growth of carbon nanofibers by the CVD method
probably the most controversial since the first theories w
proposed in the 1970s [22]. Nowadays it is mostly assu
that the first step is decomposition of the carbon sourc
the active points of the catalyst, giving carbon atoms wi
concomitant desorption of molecular hydrogen. This car
then dissolves and diffuses through the bulk of the me
by the formation of an intermediate carbide species, wh
decomposes and regenerates the metal particle. This is th
nucleation step of the process, which allows the growth
carbon filaments. From severalmagnetization measuremen
it appeared that a high carbide content is required be
nucleation of carbon in the procedure [23]. The latter
thors admit that the formation of this carbide species
plains the thermodynamics of diffusion in the general me
anism [24–26]. Recently, using a pulse reaction meth
it was shown that CNT formation occurs from the beg
ning of the acetylene decomposition reaction [27]. Thus
CNT growth rate seems to be faster than that of the nu
ation step. Snoeck et al. [24] have proposed that the gl
driving force for carbon filament formation is the differen
in chemical potential between the gas phase and the ca
filament. A carbon concentration gradient is thus created an
it acts as the driving force for the diffusion process. T
growing process of the carbon filaments can be blocke
encapsulation with carbon of the metal particles of the c
lyst, and this will decrease the synthesis or even comple
stop the process by deactivation of the catalyst [3,16]. T
in summary, we should expect three main steps: nuclea
growth and deactivation of the catalyst.

In this paper carbon nanotubes have been synthe
by the catalytic decomposition of acetylene, over an ir
supported catalyst in a thermobalance, which allows con
uous control of the CNT synthesis in real time, under sev
reaction conditions. Our objective was to test, in a se
of experiments, the growth mechanism of the CNTs un
different reaction conditions. A complete kinetic study
achieved and a final mathematic model is developed. A g
correlation is seen between the kinetic parameters desc
in this paper and the morphological properties of the car
products isolated and studied by TEM.

2. Experimental and methods

The Fe/silica catalyst was prepared by impregnatio
a rotatory evaporator. The iron precursor employed
Fe(CO)5. A commercial silica gel (480 m2/g), from Fluka,
was used as support. An amount of 50 g of silica was m
with 500 ml of an ethanolic solution of the metal comp
(in the exact amount to get the required iron percen
of 1 wt%). The final solution was evaporated at 40◦C and
150 rpm under vacuum until the solid was dried. The c
lyst was used in the reaction as prepared, thus without fu
l

n

,

d

d

calcinations, to avoid structure modifications or iron oxi
tion from the carbonyl complex.

The iron content for the prepared catalyst was analyze
in an atomic emission spectroscope (ICP) (Perkin-Elme
Model 3300 DV).

Temperature-programmed reduction (TPR) experim
were carried in a thermobalance (C.I. Electronic) with
small quartz basket where several milligrams of the s
ples was deposited. The reduction ran in a mixture of H2/He
(1/1), with a total gas flow rate of 20 ml/min, till 800◦C at
approximately 5◦C/min. Blank experiments with the SiO2
were also carried out.

Carbon nanotubes were synthesized by the catalytic
composition of acetylene, over the iron catalyst previou
described, in a thermobalance. The experimental sy
was the same as that used for the TPR experiments
scribed above. Approximately 100 mg of the catalyst w
deposited in the quartz basket. The reaction conditi
acetylene/hydrogen ratios and temperature, were modi
in order to test the influence of the different parameters in
reaction yield. The catalyst was heated, in a mixture N2/H2
(100/100 ml/min), from room temperature to reaction te
perature, with a heating ramp of 10◦C/min. After 120 min
more at this temperature, acetylene was introduced in a rea
tion mixture of N2/C2H2/H2 (total flow rate of 500 ml/min)
for 120 min. After this time the reactor was cooled to ro
temperature in a N2 atmosphere.

The first series of experiments were carried out in or
to determine the acetylene and hydrogen ratios to ge
highest yield in carbon at 700◦C. Another series of exper
ments consisted in testing reaction temperatures from 6
800◦C using a fixed gas mixture in the reaction.

The products were characterized by transmission elec
microscopy (TEM and HRTEM). The TEM studies we
carried out in a JEOL JEM-2000 FX microscope at 200
and HRTEM studies in a JEOL JEM-4000 EX microsco
at 400 kV. The samples were prepared by grinding and u
sonic dispersal in an acetone solution, placed on the co
TEM grid, and evaporated.

3. Results and discussion

The catalyst employed for the reaction exhibited an i
content (1.09 wt%) in agreement with the theoretical state
ment. The TPR experiment, not shown for the sake
brevity, displayed a 13 wt% weight loss between room te
perature and 200◦C, due to solvent or water desorption. T
catalyst suffered a weight loss (2.1 wt%) between 200
600◦C that fits well with the decarbonylation of the iron pr
cursor complex. Furthermore, we have studied by TEM
particle-size distribution of the samples reduced at 600
800◦C. We have not observed significant changes due to
tering of the metal particles in the surface of the catalyst w
this increment of the reduction temperature. Then, we
admit that the metallic surface area of this catalyst rem
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t

Fig. 1. (A) Influence ofPH2 in the synthesis of CNTs at 700◦C in a reaction mixture ofPC2H2 of 7% in N2. (B) Influence ofPC2H2 in the synthesis of CNTs
at 700◦C in a reaction mixture ofPH2 of 7% in N2.

(a) (b) (c)

Fig. 2. TEM images of carbonaceous products at 700◦C under different gas mixtures: (a) CNTs obtained atPH2 = PC2H2 = 7% in N2, (b) CNTs obtained a
PH2 = 17.5%, (c) CNFs obtained atPC2H2 = 17.5%.
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invariable in this range of temperatures, corresponding t
average particle size of approximately 8 nm.

The total amount of carbon deposited on the iron–si
catalyst after reaction was determined by weight gain in
thermobalance during reaction. The qualitative analysi
these samples was carried out by TEM and HRTEM.
Fig. 1A the influence of the hydrogen partial pressure (PH2)
on carbon deposition at 700◦C in an acetylene gas mixtur
of 7% v/v in N2 is seen. Although large differences amo
the distinct hydrogen:acetylene ratios were not observed
hydrogen mixture of 7% v/v in N2 (hydrogen:acetylene
1:1) gave the highest yield in carbon products at 700◦C.
TEM studies did not show high morphological differenc
in the carbon products synthesized under thesePH2 varia-
tions (see Figs. 2a and 2b). In all cases CNTs were mo
observed. The existence of this maximum in CNTs rate p
duction can be justified because hydrogen probably acts
double direction in this reaction. At low partial pressure
will mostly clean the catalyst surface, avoiding deactivat
due to metal encapsulation. At high partial pressure th
in higher proportion, and it can react in a competitive w
in acetylene hydrogenation. Thus, a decrease in the r
tion yield is expected [16,28–30]. In Fig. 1B the influen
of acetylene partial pressure (PC2H2) in carbon deposition a
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(a) (b)

Fig. 3. Influence of reaction temperature in the synthesis of CNTs in a reaction mixture ofPH2 = PC2H2 = 7% in N2: (a) all the reaction time, (b) initia
growing period.
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700◦C in a hydrogen reaction mixture of 7% v/v in N2 is
seen. It was observed that carbon yield was higher with
increase ofPC2H2, although the graphics showed a par
deactivation of the catalyst at high acetylene partial p
sures, which is inferred from the final curvature of the
profiles. In addition, TEM images revealed that the carbo
ceous products became more heterogeneous with an inc
of acetylene in the reaction mixture (see Figs. 2a and
At PC2H2 of 17.5% v/v in N2 a high proportion of CNFs
and carbon encapsulation of the metal particles was fo
which confirmed the catalyst deactivation observed in
curves (Fig. 2c).

For the experiments at different reaction temperatur
reaction mixture of acetylene:hydrogen (1:1), in a partia
pressure of 7% each in N2 was chosen. Under these co
ditions a high yield of CNTs is produced, and at the sa
time, the catalyst deactivation is slow enough to allow us t
follow the carbon deposit formations for several hours
comparison with experiments with an excess of acetyl
In Fig. 3a the reaction results at temperatures from 60
800◦C with differences of 25◦C are seen. A direct relation
ship between temperature and carbon yield in this reac
was observed. At 800◦C almost a 60 wt% in carbon prod
ucts was obtained. At first sight all the curves seem to h
the same characteristics, but if we expand the first 20 m
the reaction, we can detect another important differenc
Fig. 3b we can observe how the reaction at 600◦C showed
a quick carbon weight increase from minute 0, but after
proximately 10 min the curve slope decreased, indicatin
possible partial deactivation of the catalyst. We cannot sp
about a total deactivation at this temperature because a
bon weight gain in at 2 h of the reaction was observed
650◦C the behavior is similar to that at 600◦C, but from
700◦C we observed important changes in the kinetics. F
700 up to 800◦C a linear weight increase was observ
without catalyst deactivation at 2 h of the reaction. TEM
e

,

-

analysis corroborates these hypotheses, so that we obs
rather amorphous carbon species at a low-temperature
tion up to 650◦C (see Fig. 4a), which caused the encaps
tion of the catalyst metal particles. At higher temperatu
from 700◦C, we could observe a high proportion in CNT
homogeneous in size and well graphitized, as also confir
by HRTEM (see Figs. 4b and 4c).

Several papers have already dealt with the influenc
temperature on the carbon products, but we decided to
further step and use the thermobalance data to apply a m
ematic model to study the influence of the operating c
ditions on the CNT formation rate (A. Monzón et al.,
preparation). The proposed model takes into account
stages of carbon formation, nucleation and CNT growth

The mechanism of carbon filament formation assu
that the carbon atoms, formed on the metallic surface f
the hydrocarbon decomposition,will react forming surface
metallic carbide. The process of decomposition-segreg
of this carbide allows the carbon atoms to penetrate
the metallic particle, and finally regenerate the metallic
face [24]. The evolution of the carbon concentration at
interface of the metallic carbide and the metal particle,CB,
can be expressed according to first-order kinetics,

(1)
dCB

dt
= kB(CS − CB),

where the parameterkB represents the coefficient of segreg
tion-diffusion of the surface metallic carbide. It depends
the diffusivity of the carbon through the surface carbide,
carbide phase thickness, and the exposed surface area
carbide.CS represents the carbon surface concentration gen
erated from the fed hydrocarbon decomposition (see Fig
This parameter is mainly affected by the gas composit
pressure, and temperature during reaction. It will also v
with the remnant surface activity of the metal particles in
catalyst,

(2)CS = CS0a,
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(a) (b) (c)

Fig. 4. TEM images of carbonaceous products at different temperatures: (a) CNFs obtained at 650◦C, (b) CNTs obtained at 800◦C, (c) HRTEM image of a
CNT synthesized at 800◦C.
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Fig. 5. Scheme with some parameters involved in the reaction kinetic
the growth mechanism of CNTs.

whereCS0 is the carbon concentration at the gas side of
metallic particles when the catalyst is not deactivated.

This model also considers that the catalyst can be de
vated by the formation of encapsulating coke. This coke
be partially removed from the catalyst surface by gasifi
tion with the hydrogen present in the reaction atmosph
Consequently, the rate of catalyst deactivation is expre
as [31,32]

(3)−da

dt
= kda − kr(1− a) = kG(a − aS),

wherekd andkr are the deactivation and regeneration kine
constants, respectively. For a given catalyst, both kinetic
rameters are a function of the operating conditions, nam
temperature and gas composition. The catalyst residua
tivity, aS, and the parameterkG, dependent onkd andkr, are
expressed as follows:

(4)aS = kr/(kd + kr), kG = kd + kr.
-

The evolution in time of the surface carbon concentra
is deduced from Eqs. (2) and (3):

(5)CS = CS0

(
aS + (1− aS)exp(−kGt)

)
.

The carbon formation (CNT) rate can be expressed
a function of the gradient of carbon concentration acr
the metallic particle, once the surface carbide has been
duced,

(6)rC = kC(CB − CF) ≈ kCCB,

whereCB is the carbon concentration at the interface of
surface carbide and the metal particle andCF is the carbon
concentration generated after diffusion through the m
particle. It can be supposed thatCF is low, and so, its value
is negligible with respect toCB. The effective carbon trans
fer coefficient,kC, depends on several factors such as
carbon diffusion coefficient, the average size of the meta
particles, and the exposed metallic surface area of the
lyst.

The evolution of carbon concentration in the interfa
carbide-metal particle,CB, is deduced from Eqs. (1) and (5

(7)CB(t) = CS0

[
aS + kGα exp(−kGt) − kBβ exp(−kBt)

]
.

The termsα andβ are given by

(8)α = kB(1− aS)/kG(kB − kG),

(9)β = (kB − kGaS)/kB(kB − kG).

From Eqs. (6) and (7), the evolution of carbon format
rate in time can be expressed as (A. Monzón et al., in pr
ration)

(10)rC(t) = rC0

[
aS + kGα exp(−kGt) − kBβ exp(−kBt)

]
,
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where the termrC0 represents the maximum rate of CN
formation that can be attainedin the absence of deactivatio
(A. Monzón et al., in preparation):

(11)rC0 = kCCS0.

Finally the evolution of thecarbon content accumulate
on the catalyst, equivalent to CNTs production, can be
culated as

(12)mC(t) =
∫

rC(t)dt .

The integration of Eq. (10) gives the following expre
sion:

(13)

mC(t) = rC0

[
aSt + α

(
1− exp(−kGt)

)
− β

(
1− exp(−kBt)

)]
.

In the case that the catalyst does not suffer deactivation, th
above expression is simplified to

(14)mC(t) = rC0

[
t − 1

kB

(
1− exp(−kBt)

)]
.

Eq. (13) allows the prediction of the carbon content e
lution over the catalyst as a function of the operating c
ditions. All the parameters of this kinetic model,rC0, kB,
kd, andkr, have a real physical meaning and show the g
influence of the catalyst properties and the operating co
tions on the CNT formation rate.

As discussed before, in Fig. 3, at low operating temp
atures (600–675◦C) catalyst deactivation was observed a
therefore, a decrease in the rate of CNT formation. On
contrary, at higher temperatures (700–800◦C) the catalys
did not seem to suffer deactivation and the reaction rate
constant, as observed in the high linearity of CNT gro
curves in Fig. 3a. In Fig. 6 is seen the influence of re
tion temperature on the determined kinetic parameters. T
evolution also points to the existence of both zones as
cussed above. In Fig. 6b the temperature influence is
reflected in the parameterskB and rC0, because the cata
lyst does not suffer deactivation and then we can admit
kd = kr = 0.

The proposed kinetic model explains perfectly well
experimental results: at low temperatures the catalyst suffe
deactivation [Eq. (13)], although initially the carbon dep
sition rate has a high value, and at higher temperatures
catalyst does not suffer deactivation [Eq. (14)], and initia
the carbon deposition rate has a low value.

This behavior obviously should be related to the dist
morphology of the carbonaceousproducts isolated in bot
zones. At low temperatures the presence of amorphous
terials was found (see Fig. 4a), and at high temperature
products showed a higher graphitization degree, mainly
bon nanotubes (see Figs. 4b and 4c). These results seem
logical if we think that at higher temperatures the format
of thermodynamically stable structures, like graphene
ers, which constitute the basic structure of carbon nanot
is favored. This will also explain why at low temperatur
-

e

(a)

(b)

Fig. 6. Influence of reaction temperature on the kinetic parameters: (a)
lution of kd andkr at low temperatures, (b) evolution ofrC0 andkB at high
temperatures.

and low times, therC0 values are higher than at high tem
peratures, because in reality weare speaking about differe
carbonaceous materials.

In Figs. 7a and 7b are shown the Arrhenius-type p
for the kinetic parameters according to the following expr
sions:

(i) Low temperature zone,

kC = constant, kB = constant,

kd = kdm exp

[
−Ed

R

(
1

T
− 1

Tm

)]
,

(15)kr = krm exp

[
−Er

R

(
1

T
− 1

Tm

)]
;

(ii) High temperature zone,

kd = 0, kr = 0,
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(b)

Fig. 7. Arrhenius-type plots for the kinetic parameters calculated at low
(< 700◦C) and high (b) (> 700◦C) temperatures.

rC0 = AC0m exp

[
−ECS

R

(
1

T
− 1

Tm

)]
,

(16)kB = ABm exp

[
−EB

R

(
1

T
− 1

Tm

)]
.

The values of the preexponential factors and the ac
tion energies are calculated by multivariable nonlinear
gression. According Eqs. (15) and (16), the kinetic pa
meters were reparametrized (see Tables 1 and 2) usin
reference temperaturesTm = 898 and 1035.5 K.

In Table 1 it can be observed that the activation energ
the regeneration step,Er, is higher than that of the deact
vation stage,Ed, explaining why the residual activity of th
catalyst increases with the temperature. The calculated v
obtained for the activation energy of the regeneration s
Er, was 187.2 kJ/mol (∼ 45 kcal/mol). Bartholomew re-
ported an activation energy of 31 kcal/mol, calculated with
s

Table 1
Calculated values of the kinetic parameters obtained at low tempera
[Eq. (15); reparametrization temperature,Tm = 898 K]

Parameter

rC0 (min−1) 5.020± 1.414
kB (min−1) 0.1789± 0.0158
kdm (min−1) 1.171± 0.325
Ed (J/mol) 96098± 3106
krm (min−1) 0.0392± 0.0010
Er (J/mol) 187182± 3649

Table 2
Calculated values of the kinetic parameters obtained at high tempera
[Eq. (16); reparametrization temperature,Tm = 1035.5 K]

Parameter

AC0m (min−1) 0.4772± 0.0007
ECS (J/mol) 11780± 353
ABm (min−1) 0.1829± 0.0033
EB (J/mol) 172279± 4052

only two points, for the hydrogenation of what he nam
Cβ [33]. This kind of carbon, Cβ , was described as poly
meric or graphitic carbon films encapsulating the metal
faces, and could be related to the regeneration of the
capsulating coke we noted above. In Fig. 7a it can a
be observed that the residual activity,aS, follows an Ar-
rhenius dependence with an apparent activation energ
87.7 kJ/mol. This value is approximately the difference b
tweenEd andEr values deduced by substituting Eq. (15)
Eq. (4).

At low reaction temperatures (see Table 1) the va
of rC0 is almost 30 times higher thankB, indicating that
the diffusion step through the metallic particles is hig
than the segregation of the surface metallic carbide. H
ever, at high temperatures (see Table 2),rC0 is only 2.6
times higher thankB. In addition, at high temperatures th
apparent activation energy of the parameterrC0, ECS, is
very low, 11.8 kJ/mol. Under these conditions, the rea
tion temperature mainly affects the carbide-segregation s
which showed an apparent activation energy of 172.3 kJ/mol
(∼ 40 kcal/mol). This value is in concordance with the th
oretical value (35 kcal/mol) for carbon diffusion through
γ -Fe as reported in [14].

In Figs. 8 and 9 the influence of hydrogen and acetyl
partial pressure on equation kinetic parameters is prese
As suggested in the analysis of Fig. 1A, it was assumed
the catalyst did not suffer deactivation with the variation of
PH2, and therefore, Eq. (14) can be used to calculate the
netic parameters. In Fig. 8 we can observe that thePH2 does
not seem to affect the value of parameterkB; however, the
value ofrC0 reaches a maximum atPH2 of 7%, corroborat-
ing the observations made from Fig. 1A and the theoret
explanations exposed above.

In Fig. 9 the influence ofPC2H2 on the kinetic parame
ters is presented. An approximately first-order depende
betweenrC0 andkd with PC2H2 is seen, as already observ
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Fig. 8. Influence ofPH2 on the kinetic parameters of Eq. (14) (no deacti
tion of the catalyst).

Fig. 9. Influence ofPC2H2 on the kinetic parameters of Eq. (13) (part
deactivation of the catalyst).

in Fig. 1B. The value ofkr was taken equal to zero and t
coefficient of segregation-diffusion of the surface meta
carbide,kB, was calculated and showed small variations w
PC2H2. The average value ofkB calculated in these exper
ments was 0.1697± 0.0123 (min−1). These results predic
that if we increase acetylene concentration, the deactivatio
constant,kd, and the carbon concentration in the surfa
CS0, are increased too [see Eq. (5)]. This explains the
vature of the graphics at high acetylene concentratio
Fig. 1B, because of the notorious deactivation effect.

In conclusion it was found that both hydrogen and ac
lene concentration variations do not affect the trans
ence coefficient values, and mainly affectCS0, and so,rC0

[Eq. (11)].
Nevertheless, to be completely sure about the para

ter dependence with size of the catalytic metal particle
would be necessary to test a series of experiments with
ferent catalysts and different metal particle sizes. This
-

it would be possible to study carefully the real carbon
fusion through the catalyst under reaction conditions. Th
results could be of great importance in future studies of C
growth with different catalysts and conditions. We would
able to select the proper conditions for the synthesis of C
in high yield with predetermined characteristics, and co
sider future applications of this novel material.

4. Conclusions

We have reported how reaction conditions such asPH2,
PC2H2 or reaction temperature candetermine the final char
acteristics of the carbon deposits isolated after acetylen
composition over an iron-supported catalyst. By variation
hydrogen and acetylene partial pressures we observed
the highest CNTs yield was obtained with a ratio 1:1
H2:C2H2. Furthermore, we observed a great influence of
temperature on this reaction in the thermogravimetric data a
well as in TEM images. CNT yield and graphitization deg
seemed to be linearly dependent on the reaction tempera
With the proposed kinetic model it is possible to describe
evolution of the CNT growth as a function of two diffusio
parameters,rC0 andkB, and two deactivation parameters,kd
andkr. The proposed mathematical equations are base
the theoretical diffusion-precipitation mechanism propo
in the bibliography.
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