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Abstract

The growth of carbon nanofibers (CNF) was studied over a cordierite monolith previously coated with mordenite synthesized by a
hydrothermal route. The zeolitic layer was deposited in order to have the sufficient number of cationic exchange sites to anchor the metallic
particles responsible for the CNF formation. To produce the carbon nanofibers, cobalt was the active metal and acetylene, the source of carbon.
The amount and type of nanocarbonaceous material obtained were studied as a function of the following operating conditions: (i) the reduction
temperature of the metallic phase, (ii) the presence or absence of H; in the feed and (iii) the orientation of the monolith channels with respect to
the flow direction. The results obtained indicate that under specific operating conditions, large amounts of fibers grow over the whole internal
surface of the channels. These fibers provide a large specific surface, which indicates that this type of structured catalysts could be used as three-

phase reactors.
© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

The efficiency in catalytic three-phase reactions is mainly
defined by the contact conditions between liquid and gas
phases and solid catalysts. In general, two types of reactors are
used for these processes, slurry and trickle-bed reactors.
However, there are some reaction conditions where they
present important mass transfer limitations and subsequent
separation operations for recovering the solid catalyst [1]. In
these cases, structured reactors seem more appropriate. The
main advantages of these reactors are, among others, large
liquid-solid surface area, no need of a subsequent separation
operation, low pressure drop and decoupling of extraparticle—
intraparticle distances [2].
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Monolith and foam structures usually have a large geometric
area but small specific surface area. Therefore, if the monolith
walls are coated with carbon nanofibers (CNF), the surface area
could increase in hundreds of square meters.

There are different methods to produce CNF; one of
them is via decomposition of a gaseous component contain-
ing carbon such as CH; and C,H, over small metallic
particles (Coo, Ni% and Feo). The primary structure and the
dimensions of the obtained nanofibers depend on the reaction
temperature, the reacting stream composition, the size and
distribution of the metal particles, the active metal and the
support.

In this work we study the growth of carbon nanofibers
(CNF) over a cordierite monolith previously coated with
mordenite, synthesized by a hydrothermal route [3]. The
zeolitic layer was deposited in order to have the sufficient
number of cationic exchange sites to anchor the metallic
particles responsible for the CNF formation. To produce the
carbon nanofibers, cobalt was the active metal and acetylene,
the source of carbon.
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2. Experimental

2.1. Development of Co-mordenite coating onto the
cordierite monolith (Co-Mor/Cor)

Substrates of 1cm x 1 cm x 0.5cm dimensions were
obtained by cutting a cordierite honeycomb monolith (Corning,
400 cpsi). Before the coating procedure, the substrates were
washed, dried at 120 °C and the external walls were wrapped
with teflon ribbon. The mordenite coating on these substrates
was produced by hydrothermal synthesis after seeding the
monolith walls. Synthesis method details were previously
described [3]. Briefly, the seeding was done by dip-coating the
substrates into a 20 g 17" suspension of mordenite seeds for
30 s. The hydrothermal synthesis of the mordenite coating on
seeded substrates took place in a teflon-lined autoclave at
180 °C for 24 h, using a gel with the following molar
composition: H,0:Si0,:Na,0:Al,05 = 80:1:0.38:0.025. After
the synthesis, mordenite coated substrates (Mor/Cor) were
washed and treated in an ultrasonic bath for 10 min to remove
the possible loose crystals deposited on the surface. The cobalt
exchange was done using a 0.025 M Co(CH3COOQ), solution at
25 °C for 16 h and then at 60 °C for 8 h (Co-Mor/Cor).

2.2. Carbon nanofiber (CNF) growth onto Co-Mor/Cor

The CNF growth took place in a quartz microbalance in line
with a continuous flow system under atmospheric pressure at
700 °C. This system also had a temperature-programmed
controller and a mass flow controller. The standard atmospheric
reactant mixture comprised Co,H, (5%) and H, (0 or 5%),
balanced in N,. The carbon production was determined by
weight difference.

In order to analyze the effect of the monolith channel path
with respect to the reacting flow direction on the CNF yield, the
Co-Mor/Cor sample was held in the quartz microbalance with
its channels positioned in two different ways: parallel and
perpendicular to the gas flow direction.

So as to investigate the effect of the reduction prior to the
CNF growth, some Co-Mor/Cor samples were reduced in
diluted H, flow at two temperatures, 700 and 800 °C, in the
same flow-system mentioned above.

2.3. Characterization

Mordenite and carbon nanofiber coating morphologies were
examined by scanning electron microscopy (SEM) using a
JEOL JSM 6400 instrument operated at 20 kV. The M/Al
(M =Si, Co and Mg) ratio profiles were measured using an
energy-dispersive X-ray analysis (EDX) system attached to the
SEM instrument. X-ray diffraction patterns of the samples were
obtained with a XD-D1 Shimadzu diffractometer operating at
30 kV and 40 mA. The scanning rate was 1° min~' and the 20
range from 5° to 50°.

The CNF coating was also characterized by transmission
electron microscopy (TEM) and Raman spectroscopy. The
TEM micrographs were obtained with a JEOL 2000 FX2

equipment operated at 200 kV and 2 x 107> Pa. The Raman
spectra were recorded using the TRS-600-SZ-P Jasco Laser
Raman instrument equipped with a CCD (charge coupled
device) with the detector cooled to about 153 K using liquid N,.
The excitation source was the 514.5 nm line of a Spectra 9000
Photometrics Ar ion laser, whereas the laser power was set at
30 mW.

Temperature-programmed reduction (TPR) was used to
study the reducibility of the different cobalt species present on
Co-Mor/Cor. The experiments were run on an Okhura TP-2002
S equipment with a TCD detector. The reducing gas flow was
5% H, in Ar and the heating rate, 10 °C min .

3. Results and discussion
3.1. Co-Mor/Cor characterization

The signals observed on the XRD patterns of Co-Mor/Cor
were consistent with the cordierite and mordenite phases. A
SEM micrograph of this sample is shown in Fig. 1. The
mordenite coating consisted of needle-shaped, well-developed
crystals with low intergrowth. These characteristics enhanced
the accessibility to each mordenite crystal [3]. The distribution
of different components through the mordenite layer thickness
was homogeneous, around 6 and 8 for Si/Al, and 0.3 and 0.4 for
Co/Al. Magnesium was not found in the mordenite coating;
consequently, no migration of this element from the cordierite
wall to the zeolite layer was produced. However, the Si/Al ratio
obtained for the zeolite layer was lower than that of the
synthesis gel (Si/Al = 20) suggesting that the Al migration from
the cordierite might have occurred during the synthesis
procedure.

Fig. 2 shows the temperature-programmed reduction profile
of Co-Mor/Cor. The reduction of Co** located at the mordenite
exchange sites occurs at high temperatures, around 820 °C,
whereas the reduction procedure of highly dispersed CoO, and
hydroxo-Co species starts at 600 °C. The latter species may be
produced on the zeolite surface during either the ionic exchange
procedure or the calcination treatment. The Co30,4 clusters

Fig. 1. Morphology of the Co-mordenite coating onto cordierite monolith.
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Fig. 2. Hydrogen consumption of Co-Mor/Cor (TPR).

reduction is expected to occur in the 250-450 °C temperature
range [4,5]. Therefore, the reduction temperature of the
different Co species presented on the mordenite coating has
the following order:

Co304 (cluster) < CoO, and hydroxo

— Co species < Co’" in mordenite exchange sites.

3.2. Growth of carbon nanofiber (CNF) onto Co-Mor/Cor

Two samples of Co-Mor/Cor were reduced at different
temperatures, 700 and 800 °C. The CNF growths on these
samples are presented in Fig. 3. The CNF production when
the sample was reduced at 800 °C (M1) is somewhat larger
than that observed when the reduction temperature was
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Fig. 3. CNF growth on Co-Mor/Cor reduced at: 800 °C (M1), 700 °C (M2) and
700 °C (M3). Reactant composition: CoH, (5%) for M1 and M2 and C,H,
(8%) + H, (5%) for M3.

700 °C (M2). However, the curve tendencies and their
profiles are quite similar suggesting that none of the
reduction temperatures (700 or 800 °C) significantly mod-
ified the number of the active metallic sites on the Co-Mor
surface. This evidence is in clear agreement with the
reducibility of the Co species present on the substrate
determined by TPR (Fig. 2). To reduce the Co®* located at
exchange sites of the mordenite structure, temperatures
higher than 800 °C are needed.

As the Co-Mor/Cor reduced at 700 °C was in contact with a
mixture reacting stream in which 5% of H, was added (M3), the
initial reaction rate was somewhat higher and the saturation
tendency at 175 min was not observed in comparison to the
behavior of M2 (Fig. 3). These differences were due to the
presence of H,, which was capable of removing the
encapsulating carbon deposited over the active metallic sites,
thus allowing those sites to produce CNF again. Therefore, H,
acted as a regenerator of the active sites in reaction time.

Fig. 4 shows the reaction rate of CNF production over Co-
Mor/Cor reduced at (i) 800 °C (M1), (ii) 700 °C (M2) and (iii)
700 °C and H, added to its reacting stream (M3). The addition
of H, prevents the formation of encapsulating coke. As a
consequence, a decrease in the deactivation rate is observed, the
catalyst reaching a higher residual activity.

The CNF growths over calcined Co-Mor/Cor are shown in
Fig. 5. Then, the regenerator effect of adding 5% of hydrogen in
the reacting stream is again observed (compare the profiles of
M4 and M5 with that of M6). On the other hand, the position of
the monolith channel path, parallel and perpendicular with
respect to the reacting stream direction did not produce any
significant changes in the CNF growth. This is concluded if the
initial profile and the tendency of the CNF production are
compared, first when the sample was placed with its channel
paths perpendicular to the reacting flow (M4), and then when
the sample was placed with its channel paths parallel to the flow
(M5).
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Fig. 4. CNF growth rate at 700 °C on Co-Mor/Cor reduced at: 800 °C (M1),
700 °C (M2) and 700 °C (M3). Reactant composition: CoH, (5%) for M1 and
M2 and C,H, (8%) + H, (5%) for M3.
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Fig. 5. CNF growth on calcined Co-Mor/Cor. Reactant composition: C,H,

(8%) + Hy (5%) for M4 and M5, and C,H, (5%) for M6. Monolith channel

position related to the reacting flow direction: perpendicular (M4) and parallel
(M5 and M6).

3.3. CNF coating characterization

Figs. 6-8 show the SEM micrographs of CNF produced over
M4 (calcined Co-Mor/Cor) at 700 °C using a mixture reacting
flow of C,H, (5%) and H, (5%) in N, balance.

A homogeneous coating of CNF over the substrate walls can
be observed, the layer thickness being around 20 wm (Fig. 6).
The surface irregularities are due to the mordenite micro-
crystals. A closer view of this surface Figs. 7 and 8 reveals that
the carbon nanofibers form an open pattern. In addition, the
rigorous reaction conditions for CNF growth did not affect the
stability and the adhesion of the mordenite coating onto the
cordierite monolith [3]. Besides, the carbon nanofiber stability
is worth noticing since in order to obtain the SEM micrographs,
the sample must be cut through its channels.

The XRD patterns of these samples (results not shown)
presented the characteristic signals of mordenite and cordierite
phases and a weak peak at 20 = 26°, which may be assigned to
the [0 O 2] face of graphitic phase [6].

M4_perf2 x2000

Fig. 6. Morphology of the CNF coating.

M4_5 x5000

Fig. 8. Morphology of carbon nanofibers.

The Raman spectrum of the CNF coating onto Co-Mor/Cor
(M4) is shown in Fig. 9a, where that of the calcined Co-Mor/
Cor is also included for the sake of comparison (Fig. 9b). The
subtraction of both spectra is presented in Fig. 10. The two
typical signals of carbon nanofiber at 1340 and 1592 cm ™" are
detected. The former signal is assigned to the defect mode, A,
(signal D) and the latter is associated with graphite, mode E,,
(signal G). This signal usually has a shoulder at 1620 cm ™' due
to a maximum of the fonon state density [7].

The integrated intensity ratio of these two signals, D and G,
in the Raman spectrum is related to graphite crystallite size (L,,)
according to [7,8]:

I
where R = I_D

4.4
L, (nm) = ® .

The value of L, for the CNF obtained in our studies is 1.83 nm.

Considering now that both signals have similar extinction
coefficients (ep ~ &g), it is possible to get the graphitic fraction.
The equation is [8]:

o do 1
ST Is+Ip 14+R
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Fig. 9. Raman spectra of: (a) CNF coating on Co-Mor/Cor and (b) Co-Mor/Cor.
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Fig. 10. Spectrum subtraction between CNF coating on Co-Mor/Cor and its
substrate (Co-Mor/Cor).

Fig. 11. (a) TEM micrograph of carbon nanofiber growth onto Co-Mor/Cor and
(b) a magnification of (a).

The graphitic fraction in M4 is Xg = 0.35. This value of Xg is
due to the presence of surface defects at the external surface of
the carbon nanofibers formed during the decomposition of
acetylene.

The TEM micrographs for sample M4 are shown in Fig. 11a
and b. The kind of carbonaceous material produced is hollow
fiber with multiple walls and a diameter of 40-50 nm. During
the reaction (reduced atmosphere), the cobalt interaction
decreases with the mordenite structure favoring the Co°
sintering. For this reason, the active metallic particles are larger
and the end result is thick fibers.

4. Conclusion
The catalytic decomposition of C,H, over Co-mordenite

coating onto cordierite monolith is a feasible route to obtain
carbon nanofiber growth onto this substrate. The stability and
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adherence of mordenite to the cordierite walls remain the same
after being treated under rigorous reaction conditions.

Under specific operating conditions, it is possible to obtain a
stable 20 wm coating of carbon nanofibers onto the Co-Mor/
Cor, which increases the specific surface area indicating the
potential use of this structured catalyst as a three-phase reactor.

The addition of hydrogen to the reacting stream decreases
the catalyst deactivation due to its regenerating effect. The
presence of H, during the reaction keeps the active metallic
sites clean, removing the encapsulating carbon deposits.

Concerning the position of the monolith channel path,
parallel or perpendicular, with respect to the reacting flow
direction, no significant change on the CNF yield was observed.

Hollow fibers with multiple walls and a diameter of 40—
50 nm were the carbonaceous material produced under the
operation conditions used in this work.

Reducing the Co-Mor/Cor at either 700 or 800 °C did not
have any significant influence on the metallic particle size and,
consequently, on the CNF diameters. In general, the metallic
particle reduction led to a decrease of the cobalt-mordenite
structure interaction thus favoring the Co sintering, so that
bigger particles were formed producing thick fibers.

Further research is needed on the improvement of metallic
particle dispersion by the addition of catalytic and structural
modifiers so as to avoid the sintering process. This research

path would eventually lead to obtaining fibers with smaller
diameters.
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