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Abstract

A kinetic study of the synthesis of carbon nammés (CNTs) by catalytic decomposition of adehe over an irontgported catalyst was
carried out using a thermobalance. The CNTs were mainly characterized by transmission electron microscopy (TEM and HRTEM). It was
found that there is a high influence of the réaic conditions (feed mixtureeaction temperature, etc.) ¢ime final reaction yield and on
the structural and morphological characteristics of the carbon products obtained. A complete discussion of the results by comparison of the
carbon deposition curves with the TEM images is given. Finally, a kinetic model for explaining the growing mechanism of carbon nanotubes
is developed and the displayed conclusions are clearly shown.
0 2004 Elsevier Inc. All rights reserved.
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1. Introduction other factors, their future use will strongly depend on the de-
velopment of simple, efficient, and inexpensive technologies
The decomposition of several hydrocarbons over metal- for a large-scale production [7]. Several synthetic methods
lic surfaces has attracted the interest of many authors in thehave been reported in the bibliography, such as arc dis-
last century. For decades therfnation of carbon filaments  charch [8], laser ablation [9], or chemical vapor deposition
over metallic catalysts used in the conversion of carbon- (cvp) of hydrocarbon gases over a catalytic material [10].
containing gases (e.g., steam-methane-reforming reaction)rhe cvp method has been reported to be the most selective

has been reported as a serious problem due to the complet% the carbon nanotube formation [11]. It has been found that

deactivation of the catalyst and possible damage.s in the "the structure of carbon materials is dependent on the growth
actor walls [1,2]. From the 1980s a few applications were

found for these carbon filaments, but the first studies aboutparameters such as reaction temperature, catalyst, and reac-
their synthesis were in order to avoid their formation dur- tion gases [12._15]' However, there are not many systematic
ing the above-noted reactions [3]. However, it was not until studies on the influence of these parameters on the growth of
1991, when carbon nanotubes (CNTs) were discovered byCNTS using the CVD method [16].
ljima [4], that interest in the formation of these species grew,  Conditions for carbon deposition from acetylene on
in order to explore their novel and attractive properties [5,6]. Nickel catalysts are perhaps the topic most studied for the
The main problem of CNTSs is the scalability and repro- Synthesis of CNTs [17-20]; however, most papers have cov-
ducibility of the synthesis, and consequently the full po- ered the morphological aspects and so, information about the
tential of CNTs for applications will not be realized until ~kinetics of the process has been scarce. With iron catalysts
their growth can be further optimized and controlled. Among the available data in the bibliography are even less, although
CNTs were easier to grow over Fe than over Co or Ni cat-
mspon ding authors. alysts [21]. It seems thqt iron catalysts have an apparently
E-mail addresses: amonzon@posta.unizar.es (A. Monzén), less structure-sensitive imtection between formed carbon
irodriguez@icp.csic.es (I. Rodriguez-Ramos). and metal particles than with nickel or cobalt; however, also
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in this case, kinetic studies of the synthesis of CNTs with calcinations, to avoid structure modifications or iron oxida-
iron catalysts are almost nonexistent. tion from the carbonyl complex.

The growth of carbon nanofibers by the CVD method is  The iron content for the prepad catalyst was analyzed
probably the most controversial since the first theories werein an atomic emission spectcope (ICP) (Perkin-Elmer
proposed in the 1970s [22]. Nowadays it is mostly assumed Model 3300 DV).
that the first step is decomposition of the carbon source on  Temperature-programmed reduction (TPR) experiments
the active points of the catalyst, giving carbon atoms with a were carried in a thermobalance (C.l. Electronic) with a
concomitant desorption of molecular hydrogen. This carbon small quartz basket where several milligrams of the sam-
then dissolves and diffuses through the bulk of the metal, ples was deposited. The reduction ran in a mixture gfe
by the formation of an intermediate carbide species, which (1/1), with a total gas flow rate of 20 phin, till 800°C at
decomposes and regenerates thetal particle. This is the  approximately 8C/min. Blank experiments with the S}O
nucleation step of the process, which allows the growth of were also carried out.
carbon filaments. From severahgnetization measurements Carbon nanotubes were synthesized by the catalytic de-
it appeared that a high carbide content is required beforecomposition of acetylene, over the iron catalyst previously
nucleation of carbon in the procedure [23]. The latter au- described, in a thermobalance. The experimental system
thors admit that the formation of this carbide species ex- was the same as that used for the TPR experiments de-
plains the thermodynamics of diffusion in the general mech- scribed above. Approximately 100 mg of the catalyst was
anism [24-26]. Recently, using a pulse reaction method, deposited in the quartz basket. The reaction conditions,
it was shown that CNT formation occurs from the begin- acetylenghydrogen ratios and temperature, were modified
ning of the acetylene decomposition reaction [27]. Thus the in order to test the influence of the different parameters in the
CNT growth rate seems to be faster than that of the nucle-reaction yield. The catalyst was heated, in a mixtugéHy
ation step. Snoeck et al. [24] have proposed that the global(100/100 ml/min), from room temperature to reaction tem-
driving force for carbon filament formation is the difference perature, with a heating ramp of 16/min. After 120 min
in chemical potential between the gas phase and the carbommore at this temperature, agktne was introduced in a reac-
filament. A carbon concentratigradient is thus created and tion mixture of Nbe/CoH2/H (total flow rate of 500 mimin)
it acts as the driving force for the diffusion process. The for 120 min. After this time the reactor was cooled to room
growing process of the carbon filaments can be blocked by temperature in a Natmosphere.
encapsulation with carbon of the metal particles of the cata-  The first series of experiments were carried out in order
lyst, and this will decrease the synthesis or even completelyto determine the acetylene and hydrogen ratios to get the
stop the process by deactivation of the catalyst [3,16]. Thus, highest yield in carbon at 70@€. Another series of experi-
in summary, we should expect three main steps: nucleation,ments consisted in testing reaction temperatures from 600 to
growth and deactivation of the catalyst. 800°C using a fixed gas mixture in the reaction.

In this paper carbon nanotubes have been synthesized The productswere characterized by transmission electron
by the catalytic decomposition of acetylene, over an iron- microscopy (TEM and HRTEM). The TEM studies were
supported catalyst in a thermobalance, which allows contin- carried out in a JEOL JEM-2000 FX microscope at 200 kV
uous control of the CNT synthesis in real time, under several and HRTEM studies in a JEOL JEM-4000 EX microscope
reaction conditions. Our objective was to test, in a series at 400 kV. The samples were prepared by grinding and ultra-
of experiments, the growth mechanism of the CNTs under sonic dispersal in an acetone solution, placed on the copper
different reaction conditions. A complete kinetic study is TEM grid, and evaporated.
achieved and a final mathematic model is developed. A good
correlation is seen between the kinetic parameters described
in this paper and the morphological properties of the carbon 3. Resultsand discussion
products isolated and studied by TEM.

The catalyst employed for the reaction exhibited an iron

content (1.09 wt%) in agreemewith the theoretical state-
2. Experimental and methods ment. The TPR experiment, not shown for the sake of
brevity, displayed a 13 wt% weight loss between room tem-

The Fe/silica catalyst was prepared by impregnation in perature and 200C, due to solvent or water desorption. The
a rotatory evaporator. The iron precursor employed was catalyst suffered a weight loss (2.1 wt%) between 200 and
Fe(CO}. A commercial silica gel (480 Ayg), from Fluka, 600°C that fits well with the decarbonylation of the iron pre-
was used as support. An amount of 50 g of silica was mixed cursor complex. Furthermore, we have studied by TEM the
with 500 ml of an ethanolic solution of the metal complex particle-size distribution of the samples reduced at 600 and
(in the exact amount to get the required iron percentage 800°C. We have not observed significant changes due to sin-
of 1 wt%). The final solution was evaporated at>@and tering of the metal particles in the surface of the catalyst with
150 rpm under vacuum until the solid was dried. The cata- this increment of the reduction temperature. Then, we can
lyst was used in the reaction as prepared, thus without furtheradmit that the metallic surface area of this catalyst remains
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Fig. 1. (A) Influence ofPy, in the synthesis of CNTs at 70 in a reaction mixture oPc,n, of 7% in Ny. (B) Influence ofPc,, in the synthesis of CNTs
at 700°C in a reaction mixture oPy, of 7% in Np.
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Fig. 2. TEM images of carbonaceous products at0@nder different gas mixtas: (a) CNTs obtained @, = Pc,H, = 7% in Ny, (b) CNTs obtained at
P, = 17.5%, (c) CNFs obtained atc,, = 17.5%.

invariable in this range of temperatures, corresponding to anTEM studies did not show high morphological differences
average particle size of approximately 8 nm. in the carbon products synthesized under thBsg varia-

The total amount of carbon deposited on the iron—silica tions (see Figs. 2a and 2b). In all cases CNTs were mostly
catalyst after reaction was determined by weight gain in the observed. The existence of this maximum in CNTSs rate pro-
thermobalance during reaction. The qualitative analysis of duction can be justified because hydrogen probably acts in a
these samples was carried out by TEM and HRTEM. In double direction in this reaction. At low partial pressures it
Fig. 1A the influence of the hydrogen partial pressiig, | will mostly clean the catalyst surface, avoiding deactivation
on carbon deposition at 70C in an acetylene gas mixture due to metal encapsulation. At high partial pressure this is
of 7% v/v in Nz is seen. Although large differences among in higher proportion, and it can react in a competitive way
the distinct hydrogen:acetylene ratios were not observed, thein acetylene hydrogenation. Thus, a decrease in the reac-
hydrogen mixture of 7% v in N2 (hydrogen:acetylene, tion yield is expected [16,28-30]. In Fig. 1B the influence
1:1) gave the highest yield in carbon products at D0 of acetylene partial pressur@d,n,) in carbon deposition at
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Fig. 3. Influence of reaction temperature in the synthesis of CNTs in a reaction mixtig, et Pc,H, = 7% in Np: (a) all the reaction time, (b) initial
growing period.

700°C in a hydrogen reaction mixture of 7% win N2 is analysis corroborates these hypotheses, so that we observed
seen. It was observed that carbon yield was higher with the rather amorphous carbon species at a low-temperature reac-
increase ofPc,H,, although the graphics showed a partial tion up to 650°C (see Fig. 4a), which caused the encapsula-
deactivation of the catalyst at high acetylene partial pres- tion of the catalyst metal particles. At higher temperatures,
sures, which is inferred from the final curvature of these from 700°C, we could observe a high proportion in CNTs,
profiles. In addition, TEM images revealed that the carbona- homogeneous in size and well graphitized, as also confirmed
ceous products became more heterogeneous with an increasey HRTEM (see Figs. 4b and 4c).
of acetylene in the reaction mixture (see Figs. 2a and 2c). Several papers have already dealt with the influence of
At Pc,h, of 17.5% v/v in N a high proportion of CNFs temperature on the carbon products, but we decided to take
and carbon encapsulation of the metal particles was found,further step and use the thermobalance data to apply a math-
which confirmed the catalyst deactivation observed in the €matic model to study the influence of the operating con-
curves (Fig. 2c). ditions on the CNT formation rate (A. Mpnzon et al, in
For the experiments at different reaction temperatures aPreparation). The proposed model takes into account both
reaction mixture of acetylerfeydrogen (1:1), in a partial stages of carbon formation, nucleation and CNT growth.

pressure of 7% each inAwas chosen. Under these con- The mechanism of carbon filament formation assumes
ditions a high yield of CNTS is produc;ad and at the same that the carbon atoms, formed on the metallic surface from

time, the catalyst deactivatids slow enough to allow us to the hydrocar_b on decompositiomill react forr.n.ing surface :
follow the carbon deposit formations for several hours, in meta]hc carp|de. The process of decomposmon—segregqnon
comparison with experiments with an excess of acetylene of this carbide allows the carbon atoms to penetrate into
In Fio. 3a the reaction results at temperatures from 600 to‘ the metallic particle, and finally regenerate the metallic sur-
800°% with differences of 25C are seepn A direct relation face [24]. The evolution of the carbon concentration at the
. T ".__interface of the metallic carbide and the metal particle,
3\2{2 ct;te)évgfveen dtep\r?g%gu;ﬁn i';? ;%rgc;\z%eiadclgrggi Lerigt_'on can be expressed according to first-order kinetics,
ucts was obtained. At first sight all the curves seem to have dcs —kg(Cs— Cp), (1)
the same characteristics, but if we expand the first 20 min of df o
the reaction, we can detect another important difference. In Where the parametég represents the coefficient of segrega-
Fig. 3b we can observe how the reaction at 80Ghowed tion-diffusion of the surface metallic carbide. It depends on
a quick carbon weight increase from minute 0, but after ap- the c!iffusivity of the carbon through the surface carbide, the _
proximately 10 min the curve slope decreased, indicating acarb!de phase thickness, and the exposed surfac<_a area of this
possible partial deactivation of the catalyst. We cannot speakc""rb'de;c'cS reﬁrisenrt]s the carbon sack concentration gen-
about a total deactivation at this temperature because a Car_era}ted rom the .Ed y_drocarb on decomposition (see F'.g.' 5)-
bon weight gain in at 2 h of the reaction was observed. At This parameter is mainly affecFed by thg gas cpmposmon,
650°C the behavior is similar to that at 60G. but from pressure, and temperature during reaction. It will also vary
700°C we observed important changes in the ’kinetics From with the remnant surface activity of the metal particles in the

700 up to 800C a linear weight increase was observed, catalyst,
without catalyst deactivativat 2 h of the reaction. TEM  Cs= Cgya, (2)
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Fig. 4. TEM images of carbonaceous products at dfietemperatures: (a) CNFs obtained at 860 (b) CNTs obtained at 80TC, (c) HRTEM image of a
CNT synthesized at 80TC.

Fe carbide f/’ The evolution in time of the surface carbon concentration
/ is deduced from Egs. (2) and (3):

Cs=Cs(as+ (1— as) exp(—kat)). (5)

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

rc = kc(Cs — Cr) ~ kcCg, (6)

Carbon Concentration ,AQ

whereCg is the carbon concentration at the interface of the
surface carbide and the metal particle andis the carbon
Fig. 5. Scheme with some parameters involved in the reaction kinetics of concentration generated after diffusion through the metal
the growth mechanism of CNTSs. particle. It can be supposed that is low, and so, its value

is negligible with respect t@'z. The effective carbon trans-
whereCs, is the carbon concentration at the gas side of the fer coefficient,kc, depends on several factors such as the
metallic particles when the catalyst is not deactivated. carbon diffusion coefficient, the average size of the metallic

This model also considers that the catalyst can be deacti-Particles, and the exposed metallic surface area of the cata-

vated by the formation of encapsulating coke. This coke can lyst.
be partially removed from the catalyst surface by gasifica- The evolution of carbon concentration in the interface
tion with the hydrogen present in the reaction atmosphere. carbide-metal particle’s, is deduced from Egs. (1) and (5):
Consequently, the rate of catalyst deactivation is expressed

as [31,32] Ce(t) =Cg [as + kca exp(—kgt) — kg exp(—kBt)]. ©)
d .

_d_iz — kgt — k(1 — a) = kald — as). 3) The termsx andg are given by

wherekq andk, are the deactivation and regeneration kinetic % = kg(1—as)/ke(ks — ko), (®)

constants, respectively. For a given catalyst, both kinetic pa- 8 = (kg — kgas)/ ks (ks — kG). 9)

rameters are a function of the operating conditions, namely ) .
temperature and gas composition. The catalyst residual ac- oM EGs. (6) and (7), the evolution of carbon formation
tivity, as, and the parametég, dependent okg and;, are rat_e in time can be expressed as (A. Monzén et al., in prepa-
expressed as follows: ration)

as=kr/(kd + kr), kg = kg + kr. 4 rc(t) =rcq [as + kco exp(—kgt) — kgp EX[X—kBt)], (10)
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where the termrc, represents the maximum rate of CNT

formation that can be attainéathe absence of deactivation - 7Cy=002 £ 1.41 (g carbon/100 gr cat.min)

(A. Monzén et al., in preparation): I k,=0.179 £ 0.016 (min™)
3| ]
rco =kcCs. (11) i 1%%
Finally the evolution of thearbon content accumulated | k, (min'l) Jo12
on the catalyst, equivalent to CNTs production, can be cal- 2 - ]
culated as [ J 0,00

me(t) = / re(r) dr. (12) : /: o6

1 "

I T ]
The integration of Eq. (10) gives the following expres- | o _———° k, (min’) J 003
sion: I ]
0 N | I I R T | PR R RN R N 0,00
mc(t) = rey|ast + a(1— exp(—kat)) 500 600 610 620 630 640 650 660 670 680
— B(1—exp(—ks1))]. (13) Temperature (°C)

In the case that the catalyst domot suffer deactivation, the @

above expression is simplified to

0,50 ;— kdzkrzo ./-//l
1 :
e =16, g0 (1 exst o) | w o o ecimgan
0,40 :_ ./

Eq. (13) allows the prediction of the carbon content evo- :
lution over the catalyst as a function of the operating con- 035 |
ditions. All the parameters of this kinetic modet,, kg, i

. . 0,30 |
kd, andky, have a real physical meaning and show the great g .
influence of the catalyst properties and the operating condi- o,25 [
tions on the CNT formation rate. F

As discussed before, in Fig. 3, at low operating temper-
atures (600-67%C) catalyst deactivation was observed and o15F o
therefore, a decrease in the rate of CNT formation. On the T~ —
contrary, at higher temperatures (700-8Q) the catalyst =~ 010 " oo
did not seem to suffer deactivation and the reaction rate was
constant, as observed in the high linearity of CNT growth
curves in Fig. 3a. In Fig. 6 is seen the influence of reac-
tion temperature on the determined kinetic parameters. Theirgig. 6. influence of reaction temperature on the kinetic parameters: (a) evo-
evolution also points to the existence of both zones as dis-lution of kg andkr at low temperatures, (b) evolution af, andkg at high
cussed above. In Fig. 6b the temperature influence is justtemperatures.
reflected in the parametekg andrc,, because the cata-
|ySt doeS not Suﬁer deactivation and then we can admlt that and IOW timesl the-co Va'ues are h|gher than at h|gh tem-

020 [

Temperature (°C)
(b)

kg =kr=0. o . peratures, because in reality wee speaking about different
The proposed kinetic model explains perfectly well the ¢arbonaceous materials.
experimental results: at low teragatures the catalyst suffers In Figs. 7a and 7b are shown the Arrhenius-type plots

deactivation [Eq. (13)], although initially the carbon depo- for the kinetic parameters according to the following expres-
sition rate has a high value, and at higher temperatures, thesjgns:

catalyst does not suffer deactivation [Eq. (14)], and initially

the carbon deposition rate has a low value. (i) Low temperature zone,
This behavior obviously should be related to the distinct
morphology of the carbonaceopsoducts isolated in both kc = constant kg = constant

zones. At low temperatures the presence of amorphous ma- Eq/1 1
w2 2)]
T Tm

terials was found (see Fig. 4a), and at high temperatures the R
products showed a higher graphitization degree, mainly car-

bon nanotubes (see Figs. 4b and 4c). These results seemtobe  , — ke, exp[— Er (1 — i)} (15)
logical if we think that at higher temperatures the formation RA\T Tm

of thermodynamically stable structures, like graphene lay- (i) High temperature zone,

ers, which constitute the basic structure of carbon nanotubes

is favored. This will also explain why at low temperatures, kg=0, kr=0,



M. Pérez-Cabero et al. / Journal of Catalysis 224 (2004) 197-205 203

2
r Table 1
s . E =96.1 £+ 3.1 KJ/mol Calculated values of the kinetic parameters obtained at low temperatures
C 4 [EQ. (15); reparametrization temperatufé, = 898 K]
0 L Parameter
- rcy (min~1) 5.0204+ 1.414
y F kg (min—1) 0.1789+0.0158
: kr ke, (min—1) 1171+ 0.325
- A Eq (J/mol) 96098+ 3106
2r ke (Min~—1) 0.0392+ 0.0010
: Er (3/mol) 187182+ 3649
3 :_
. Table 2
4 = +
r Eus 87,7+0,1 K]/mOl Calculated values of the kinetic parameters obtained at high temperatures
r | | | | | [EQ. (16); reparametrization temperatufé@ = 10355 K]
Sl I PR R I PR T R R
1,04 1,06 1,08 1,10 1,12 1,14 1,16 Parameter
1000/T (K™) Acgm (min~1) 0.4772+ 0.0007
(a) Ecg (J/mol) 11780+ 353
00 Ay, (min~1) 0.1829-+ 0.0033
“F Eg (J3/mol) 17227% 4052
03 F .

£ V¢, (8C/100 geat.min) E =11.8+ 04 K]/mol
06— so Torm only two points, for the hydrogenation of what he named
09F Cp [33]. This kind of carbon, ¢, was described as poly-
. : meric or graphitic carbon films encapsulating the metal sur-
T —e faces, and could be related to the regeneration of the en-
15 P capsulating coke we noted above. In Fig. 7a it can also
48k kB (min_) be observed that the residual activitys, follows an Ar-

: r rhenius dependence with an apparent activation energy of
21F 87.7 k¥mol. This value is approximately the difference be-
24F E =172.3 + 4.1 K}/mol twee(n)Ed andE, values deduced by substituting Eq. (15) in

: Eq. (4).
27F .

: At low reaction temperatures (see Table 1) the value
_3’0 L 1 1 1 PURS SS T N TR T 1

0,112 0,114 0,116 0,118 0,120

1000/T (K™)
(b)

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

Ecg (1 1
rcy = Acym EXP) R ?_T_m )

kg = Ap,, exp[—%(% — T_%n)} (16)

The values of the preexponential factors and the activa-
tion energies are calculated by multivariable nonlinear re-

of rc, is almost 30 times higher thakg, indicating that
the diffusion step through the metallic particles is higher
than the segregation of the surface metallic carbide. How-
ever, at high temperatures (see Table 7g), is only 2.6
times higher thartg. In addition, at high temperatures the
apparent activation energy of the parametgy, Ecs, is
very low, 11.8 kJmol. Under these conditions, the reac-
tion temperature mainly affects the carbide-segregation step,
which showed an apparent activation energy of 172/&1ql
(~ 40 kcalymol). This value is in concordance with the the-
oretical value (35 kcdmol) for carbon diffusion through
y-Fe as reported in [14].

In Figs. 8 and 9 the influence of hydrogen and acetylene
partial pressure on equation kinetic parameters is presented.
As suggested in the analysis of Fig. 1A, it was assumed that

gression. According Egs. (15) and (16), the kinetic para- the catalyst did not suffer deagtion with the variation of
meters were reparametrized (see Tables 1 and 2) using a®,, and therefore, Eq. (14) can be used to calculate the ki-

reference temperatur@s, = 898 and 1035.5 K.

netic parameters. In Fig. 8 we can observe thatAhgdoes

In Table 1 it can be observed that the activation energy of not seem to affect the value of parametgr however, the

the regeneration stef;, is higher than that of the deacti-
vation stageEq, explaining why the residual activity of the

value ofrc, reaches a maximum &, of 7%, corroborat-
ing the observations made from Fig. 1A and the theoretical

catalyst increases with the temperature. The calculated valueexplanations exposed above.

obtained for the activation energy of the regeneration step,

Ey, was 187.2 kdmol (~ 45 kcal'mol). Bartholomew re-
ported an activation energy of 31 k¢alol, calculated with

In Fig. 9 the influence ofPc,H, on the kinetic parame-
ters is presented. An approximately first-order dependence
betweerrc, andkq with Pc,H, iS seen, as already observed



204

0,45

0,40 v, C , (8C/100 geat.min)

/ \

k (mm)/ \
C 0\
Z—.\o/ ’
0’10:uluu||||||||||||||||||||||||||||||||||||||||||
8 10 12 14 16

Pl%)

0,35

0,30

0,25

0,20

0,15

18

Fig. 8. Influence ofPy, on the kinetic parameters of Eq. (14) (no deactiva-
tion of the catalyst).

0,010
12 ]

L k=0
L r
0,008
L]

¥, (8C/100 geat.min)

0,006

0,004

0,002

0,000
0,18

1 L 1 L 1 L 1 L 1
0,10 0,12 0,14 0,16

Poa %)

0,06

Fig. 9. Influence ofPc,H, on the kinetic parameters of Eq. (13) (partial
deactivation of the catalyst).

in Fig. 1B. The value ok, was taken equal to zero and the
coefficient of segregation-diffusion of the surface metallic
carbide kg, was calculated and showed small variations with
Pc,H,. The average value diz calculated in these experi-
ments was 1697+ 0.0123 (mirr1). These results predict
that if we increase acetylene ammtration, the deactivation
constantkqy, and the carbon concentration in the surface,
Cs,, are increased too [see Eq. (5)]. This explains the cur-
vature of the graphics at high acetylene concentration in
Fig. 1B, because of the notous deactivation effect.

In conclusion it was found that both hydrogen and acety-
lene concentration variations do not affect the transfer-
ence coefficient values, and mainly aff&a,, and so,rc,

[Eq. (11)].

Nevertheless, to be completely sure about the parame-

ter dependence with size of the catalytic metal particle, it

M. Pérez-Cabero et al. / Journal of Catalysis 224 (2004) 197-205

it would be possible to study carefully the real carbon dif-
fusion through the catalyst under reaction conditions. These
results could be of greatimportance in future studies of CNT
growth with different catalysts and conditions. We would be
able to select the proper conditions for the synthesis of CNTs
in high yield with predeternmed characteristics, and con-
sider future applications of this novel material.

4, Conclusions

We have reported how reaction conditions suchPasg,
Pc,H, Or reaction temperature caletermine the final char-
acteristics of the carbon deposits isolated after acetylene de-
composition over an iron-supported catalyst. By variation of
hydrogen and acetylene partial pressures we observed that
the highest CNTs yield was obtained with a ratio 1:1 for
H2:CoHa. Furthermore, we observed a great influence of the
temperature on this reaction ing thermogravimetric data as
wellas in TEM images. CNT yield and graphitization degree
seemed to be linearly dependent on the reaction temperature.
With the proposed kinetic model it is possible to describe the
evolution of the CNT growth as a function of two diffusion
parameters;c, andkg, and two deactivation parametets,
andk,. The proposed mathematical equations are based on
the theoretical diffusion-precipitation mechanism proposed
in the bibliography.
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