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Co-Zn-Al mixed oxides obtained from layered double hydroxide (LDH) precursors were synthesized and
tested in the formation of multi-walled carbon nanotubes (MWNTSs) by catalytic chemical vapour deposi-
tion (CCVD) of methane. The precursors were synthesized by co-precipitation from Co, Zn and Al nitrates
with carbonate and submitted to microwave-hydrothermal treatment, in order to study the effect of time
treatment on the catalyst performance. The microwave ageing treatment does not only play a role on

I;ey(;/votrdls:.t some features of the precursors, such as crystallinity and textural properties, but also on the properties
ydrotacite of the catalysts obtained by controlled calcination. The microwave-hydrothermal treatment affects to

Microwave .. . . s . . .

Hydrothermal the distribution of the cations within the layers because of an improved ordering and this effect leads to

Catalytic methane decomposition better dispersed active species in the catalyst. In this sense, it was found that the aged catalysts reach
CCVD better activity and stability levels during the methane decomposition reaction. Furthermore, the dura-
MWNT tion of microwave-hydrothermal treatment also produces a change of the kind of carbon nanofilaments
Carbon nanotubes produced. When the catalyst is not aged, herringbone carbon nanofibers (diameter ~14 nm) were found.
Carbon nanofibers On the other hand, multi-walled carbon nanotubes (diameter ~20-30 nm) could be observed in the sam-
Co-Zn-Al catalyst ple after reaction with the 300 min aged catalyst. Finally, the application of a kinetic model based on

the growing mechanism of nanocarbonaceous materials (NCMs), allows determining the influence of the

microwave-hydrothermal treatment time on the kinetic parameters.

© 2009 Elsevier B.V. All rights reserved.

1. Introduction

The study of carbon nanotubes (CNTs) has attracted considerable
attention in recent years, not only due to the remarkable physical
and chemical properties of these materials, but also because of the
wide range and versatility of their potential applications [1]. Cat-
alytic chemical vapour deposition (CCVD), arc discharge and laser
ablation remain the three major synthesis routes for CNT produc-
tion. CCVD process is expected to strongly decrease the production
costs of CNT since it is easy to scale up and suitable for continuous
operation. Besides, it offers a higher rate of carbon growth and ease
of controlling reaction conditions. The role of the catalyst is cru-
cial to get high selectivity towards high quality CNT with narrow
diameter distribution [2,3].

On the other hand, catalytic methane decomposition (CMD)is an
alternative route to steam reforming for the production of hydrogen
[4-6]. It is a moderately endothermic reaction (AH>gg = 74.5 kJ/mol
CHy4), which produces hydrogen as a unique gaseous product, avoid-
ing direct CO, formation and also, the subsequent steps of CO
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removal [7]. Several techno-economic studies about this process
[8,9] conclude that economically as well as from the energetic effi-
ciency, this is a much more interesting route than steam reforming.

Hydrogen is a clean fuel that emits no CO, when burned or used
inH, -0, fuel cells, can be stored as a liquid or a gas, is distributed via
pipelines, and has been described as a long-term replacement for
natural gas [10-12]. Therefore, a growing demand is forecast in all
sectors, including petroleum refining where the increasing need to
process heavy and high-sulphur content crude-oil is accompanied
with the lowering of hydrogen co-product in the catalytic reforming
process.

The role of the catalyst is crucial to get high activity and, spe-
cially, selectivity towards CNT formation. Fe, Co, and Ni, as well as
their alloys are the active metals usually utilized in the composition
of the catalyst used in this process [13-16]. Layered double hydrox-
ides (LDHs) are a class of synthetic anionic clays whose structure
can be described as follows: brucite-like layers, Mg(OH),, in which
some of the divalent cations have been isomorphically replaced
by trivalent ones, giving rise to positively charged sheets, electri-
cal neutrality is maintained by the anions located in the interlayer
region in which water molecules are also found [17]. In this kind
of compounds, metal cations can arrange uniformly in the brucite-
like layer at an atomic level. Furthermore, an interesting aspect of
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Table 1

Chemical formulae, crystallite size (D), specific surface area and pore volume for the LDH precursors.

Sample Formulae D (A) Sper (M2 g 1) Vp (cm®g~1)
CZAO [C00.26Zn0 25Alp.49(OH)2 [(CO3 )0.245 119 81 0.2142
CZAW10 [C00.25Zn0.26Alo.49(OH)2 ](CO3 )o.245 190 70 0.1631
CZAW30 [C00_26 Zn0_25A10_49(0H)2 ](C03 )0_245 236 58 0.1134
CZAW60 [CO(),ZG Zﬂo,zﬁAl()Ag (OH )2 ](C03 )0.240 275 59 0.1075
CZAW300 [C00.27Zng26Alo.47(0OH)2]1(CO3 )o.235 421 38 0.0638

LDHs chemistry is their use as catalysts after a controlled thermal
treatment, generally around 450-550 °C [ 18-24]. At these tempera-
ture LDHs lose their layered structure and form mixed metal oxides
with, high surface area, high dispersion of metal cationics and small
crystal size. Since stable metal particles can be obtained by the sub-
sequent reduction of the calcined LDHs [25], it is possible to use
cobalt-containing LDH materials, as alternative catalyst precursors
for the synthesis of multi-walled carbon nanotubes (MWNTs).

In the present contribution we have prepared layered double
hydroxides with Co, Zn and Al in the brucite-type sheets as precur-
sors of mixed oxides in order to stabilise Co%* clusters, modulating
the amount of Co. The microwave radiation was used as a source of
heating to prepare well crystallized materials and in order to avoid
cobalt oxidation [26,27]. This method provides particle size homo-
geneity of the solids obtained and additional advantages: reduction
of the time required and a save in energy [28]. These improve-
ments are a consequence of the fast and homogeneous heating
of the material upon its exposure to the microwave radiation.
Moreover, it has been shown that the microwave-hydrothermal
treatment modifies the properties of the products obtained upon
thermal decomposition of ZnCoAl LDHS [27]. Thus here, Zn, Co,
Al catalysts obtained by thermal decomposition of LDHs submit-
ted to microwave-hydrothermal treatment have been tested in the
methane decomposition reaction. The samples before and after
reaction have been characterized with the aim of studying the effect
of the pre-treatment on the catalytic performances and observing
the changes in the catalyst structure and the type of carbon pro-
duced. Finally, a kinetics model of mechanistic character [23,29] for
explaining the growing mechanism of nanocarbonaceous materials
(NCMs) has been used to analyse the influence of the aging time on
the values of intrinsic kinetics parameters.

2. Experimental

2.1. Synthesis of the solids

The solids were prepared by co-precipitation, by mixing an
aqueous solution containing chlorides of the metal cations (Co, Zn
and Al) in the desired amounts, with an aqueous solution of Na,;CO3
and NaOH at room temperature. The pH of the reaction mixture was
kept at pH 9.5 by adding 1 M NaOH with a pH-Burette 240 from Cri-
son. The molar ratios used were Co%*/Zn2*/AI** =1:1:2. The slurry
obtained was submitted to microwave-hydrothermal treatment at
125°C for 10, 30, 60 and 300 min in a Milestone Ethos Plus mul-
timode cavity microwave oven as reported elsewhere [27]. In all
cases, the precipitates were washed and dried at 40°C in an open
air oven.

The materials were calcined at 500 °C under a nitrogen flow fol-
lowing a 5°Cmin~! ramp, with three steps: at 180°C (1h), 300°C
(1h)and 500°C (11 h), resulting in catalytic materials.

2.2. Characterization of the solids

Element chemical analysis for Co, Zn and Al was carried
out by atomic absorption in a Mark 2 ELL-240 apparatus, in
Servicio General de Andlisis Quimico Aplicado (University of Sala-
manca, Spain). Powder X-ray diffraction (PXRD) patterns were

recorded in a Siemens D-500 instrument using Cu-Ka radiation
(A =1.54050A) and equipped with Diffract AT software. Identifica-
tion of the crystalline phases was made by comparison with the
JCPDS files [30]. UV-vis spectra were recorded following the dif-
fuse reflectance (DR/vis-UV) technique in a PerkinElmer Lambda
35 instrument with a Labsphere RSA-PE-20 integrating sphere and
software UV WinLamb, using 2 nm slits and MgO as reference.
Differential thermal analyses (DTA) were carried out in a DTA-7
instrument from PerkinElmer, in flowing oxygen and/or nitrogen
(from L’ Air Liquide, Spain), at a heating rate of 10°Cmin~!. Spe-
cific surface assessment was carried out in a Gemini instrument
from Micromeritics. The sample (ca. 80-100 mg) was previously
degassed in flowing nitrogen at 110°C for 2h in a FlowPrep 060
apparatus, also from Micromeritics, in order to remove physisorbed
water, and the data were analysed using published software [31].
Temperature-programmed reduction (TPR) analysis was carried out
in a Micromeritics 2900 TPD/TPR instrument. The reducing agent
was Hy/Ar (5vol%) from L' Air Liquide (Spain) and the gas flow
(50 mlmin—1), sample weight (15-20mg), and heating schedule
(10°Cmin~1) were chosen according to the literature [32] to opti-
mize resolution of the curves. Calibration of the instrument was
carried out with CuO (from Merck).

2.3. Catalytic tests

Methane decomposition reaction was carried out in gas phase
by using a thermobalance (CI Electronics Ltd., UK, model MK2)
operated as a differential reactor. This experimental system allows
continuous recording of the sample weight and temperature dur-
ing reaction. Catalyst reduction was carried out in situ at 700 °C for
2 h using a Hy (40%)/N, mixture. Reaction conditions were as fol-
lows — sample weight: 100 mg; temperature: 625 °C; total flow rate:
750 Nml/min; feed composition (%CH4/%H3/%N3): 5/2/93. After
reaction, the reactor was cooled down to room temperature in a
N, atmosphere.

2.4. Catalyst and carbon characterization after reaction

The catalysts as well as the carbon obtained were characterized
by transmission electronic microscopy (TEM) and X-ray diffrac-
tion (XRD). TEM images were carried out in a JEOL-2000 EXII
microscope, in the Electronic Microscopy Service of University of
Zaragoza.The powder X-ray diffraction pattern was recorded within
the range 5-85° (26) by a Rigaku/Max Cu rotatory anode equipment.

3. Results
3.1. Characterization of the catalysts

3.1.1. Characterization of the LDH precursors

The effect of microwave-hydrothermal treatment on the prop-
erties of the LDH precursors is similar to that previously observed
[33].Inall cases, the M2*/M3* and Co/Zn ratios are reasonably coin-
cident with the ratios in the starting solutions (Table 1). A fast
enhancement of the crystallinity is observed during the microwave
treatment because of the rapid volumetric heating [28]. It should be
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Fig. 1. PXRD patterns of the LDH precursors (all peaks, unless those marked, are due
to the hydrotalcite-type phase).

noted the evolution of the PXRD patterns - diffraction lines become
sharper and more symmetric — and the crystallite size (Table 1) from
the fresh to the 300 min irradiated sample (Fig. 1). Small diffraction
peaks are observed at ca. 20=18.6 and 20.3 due to Al(OH)3, since
the M2*/M3* =1/1 ratio is outside of the range of formation of pure
LDHs. Neither segregation of crystalline ZnO nor Co304 phases was
detected; however, the presence of amorphous phases cannot ruled
out. In fact, DR/vis-UV spectra, Fig. 2, shows along the microwave-
hydrothermal treatment a steady increase of the absorption in the
wavelength range from 600 to 800 nm, together with a decrease in
the intensity of the maximum close to 550 nm, pointing to a slight
oxidation of Co%* to Co3*. This behaviour is opposite to results pre-
vious reported [26], and it could be related to the M2*/M3"* ratio of
the LDHs.

The Ostwald ripening mechanism taking place during
microwave ageing also leads to the modification of the textural
properties of the solids. The N, adsorption/desorption isotherms
of all solids belong to the type II of the IUPAC classification for non
porous or macroporous lamellar materials [34]. Furthermore, the
absorption-desorption isotherms exhibit a type H3 hysteresis loop,
attributed to the presence of slit-shaped pores. The narrowing
of the hysteresis loops at increasing periods of time, suggested a
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Fig. 2. DR/vis-UV spectra of the synthesized LDHs.
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Fig. 3. DTA curves for all the samples.

cancelation of the porous structure because of the steady growing
of the LDH particles. The Sggr data, displayed in Table 1, also agree
with the formation of larger particles which leads to a lower aspect
ratio values, that is, lower specific surface values.

Similarly, the thermal stability of the samples depends on the
crystallinity degree of the solids [35,36]. DTA curves (Fig. 3) are
characteristic of Co, Zn, Al LDHs [27]. The profiles show a single
endothermic effect with minimum around 230-250°C, depending
on the specific sample, with two shoulders both at higher and lower
temperatures, indicating that the water loss and the lamellar col-
lapse take place almost simultaneously. Finally, a small exothermic
effect is recorded at ca. 330°C, ascribed to an oxidation process
[37,38]; since this process occurs simultaneously with thermoly-
sis of the solid and carbonate and hydroxyl removal (endothermal),
they cancel each other out to some extent [39]. The fresh sample,
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Fig. 4. PXRD patterns of the calcined samples.
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Table 2

Lattice parameters (a, A) and crystallite size (D, A), both as measured from diffractions (22 0) and (3 1 1), and specific surface area and pore volume for the calcined LDHs.
Sample a(220) a(311) D(220) D(311) Sper (M2 g 1) Vp (cm?g1)
CZAOc 8.070 8.064 81 79 110 0.3089
CZAW10c 8.084 8.086 78 73 121 0.2572
CZAW30c 8.096 8.108 83 77 m 0.1995
CZAW60c 8.096 8.086 65 76 112 0.1969
CZAW300c 8.123 8.108 69 67 105 0.1426

CZAO, shows the broadest endothermic effect, the low temperature
shoulder is rather intense, whereas the one at higher temperatures
is less defined; moreover, the exothermic effect is hardly detected.
For the aged samples, a continuous decrease in the intensity of the
first shoulder is observed; the peak around 330 °C is better resolved
and the intensity of the exothermic effect increases, and the peak
becomes sharper and shifts towards higher temperatures. Note that
the most remarkable differences are found on comparing the fresh
with the short time aged samples.

3.1.2. Characterization of the catalysts

PXRD patterns show the diffraction peaks corresponding to a
spinel-like phase, Fig. 4. The single oxides CoO or ZnO are not
identified by PXRD in the catalysts, although the presence of some
amorphous material or highly dispersed oxide particles cannot be
discounted entirely. As these solids are poorly crystallized, it is not
possible to identify through this technique which spinel phase is
precisely formed. However, the tendency of Co and Zn to form a
spinel-like structure should be taken into account; as the tendency
of cobalt to occupy the octahedral sites is very high, the most feasi-
ble structures to be obtained after the calcination treatment could
be Co304, ZnCo,04 and Co(Co,Al);04 [40]. On comparing the pat-
terns of all the calcined solids and the crystallite sizes calculated
by the Scherrer equation (Table 2), it seems that the better crystal-
lized LDH precursor, the lesser crystalline degree of the calcination
products; however, these differences are not very remarkable.

DR/vis-UV spectra show a high absorption between 400 and
700 nm, and a shoulder which varies depending on the sample is
observed up to 1100 nm, Fig. 5. The spectra are very similar to that of
the Co304 spinel phase [26], as the characteristic broad absorption
in the 600-750 nm range, due to the transition ' Aqg(1) - 1Ty g(I) for
a Co®* species in an octahedral environment, is observed in all the
spectra. The presence of absorption bands due to divalent cobalt
in the spectra cannot be excluded, but the high intensity of the
absorption of the trivalent species mask these bands.

Contrary to the behaviour observed for the LDH precursors, very
similar Sggt (Table 2) values are obtained for all the solids when cal-
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Fig. 5. DR/vis-UV spectra of the calcined solids.

cining the LDHs, ranging from 105 to 120m?2 g~!, regardless of the
surface values measured for their precursors. However, the pore
volume (V}) values depend on the post-treatment of the LDHs. A
steady decrease in V), is observed from sample CZAOc to CZAW300c.
The shape of the N, isotherms is quite different depending on
the specific solids, Fig. 6, in agreement with the results previously
obtained for mixed oxides with very similar chemical composition
and submitted to the same ageing treatment. The CZAOc sample
shows a similar isotherm to that of its LDH precursor. For the sample
CZAW10c, no differences were observed at low relative pressures;
however, the slope raise at high relative pressures indicates an
increased uptake of adsorbate due to adsorption in mesopores,
which leads to multilayer formation until a given pressure where
condensation takes place, accounting for a sharp increase of the
adsorbed volume; the pressure at which this process occurs is
dependent on the pore size, i.e., for large mesopores it is observed
at high pressures. The uptake is shifted towards lower relative pres-
sures for the catalysts derived from the longer microwave treated
precursors (Fig. 6). In addition, the shape of the hysteresis loops is
different before and after the plateau, suggesting the existence of
two kinds of pores. A very narrow H3 hysteresis is observed at high
pressures, while at lower pressures the adsorption and desorption
branches are not parallel, a characteristic behaviour of solids whose
pore structures are complex and tend to be made up of intercon-
nected networks of pores of different size and shape, in which both

Volume Adsorbed (cmag'1)
| a& a

P/p,

Fig. 6. N, adsorption/desorption isotherms of the calcined solids. CZAOc (a),
CZAW10c (b), CZAW30c (c), CZAW60c (d), CZAW300c (e).
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Fig. 7. BJH pore size distribution of all the catalysts.

pore size distribution and pore shape are not well defined [41]. In
order to obtain some clues about the pore size distribution of the
catalysts, the desorption branch is used in the Barret Joiner Halenda
(BJH) method, Fig. 7. The curves reveal significant modifications
in the pore size depending on the ageing treatment the LDH pre-
cursors were submitted to, as it was suggested from the analysis
of the isotherms. Sample CZAOc shows a monomodal distribution
with pores around 4 nm. However, in the catalysts derived from the
LDHs aged for 10, 30 and 60 min smaller and larger pores are devel-
oped with radii around 2.5 and 5 nm. Finally, sample CZAW300c
exhibits a bimodal distribution with pores around 2.5 and 3.5 nm,
with larger contribution to the adsorption from the latter ones. In
order to check the existence of micropores, the t-plot method was
used, but no micropores were detected.

TPR profiles of the catalysts are shown in Fig. 8. Two reduc-
tion maxima are detected for all samples around 450 and 650°C,
pointing to the presence of two cobalt species [41].

The first peak can be ascribed to the reduction of Co304 which
usually occurs in two consecutive steps, Co304 — CoO — Co? [42];
these steps are almost indistinguishable and would explain the
broadening of the first TPR peak. Finally, the peak around 650°C
can be associated to the reduction of Co?* strongly interacting with
ZnAl,04 or forming CoAl,04 [43].

3.2. Catalytic activity and carbon nanofilament growth

The activity results obtained for the different catalysts are shown
in Fig. 9. Carbon formation rate curves have been calculated from
the numerical derivative of the experimental carbon content versus
time curves.

It can be observed that all the catalysts are active in the methane
decomposition reaction but deactivation is observed on prolong-
ing the reaction. Owing to deactivation, the carbon formation rate
curves show an initial period of rapid growth until a maximum is
reached. This period is followed by a decrease in the carbon forma-

" 1T 17 717 7 1T T 1T 71T 7T T1T°7
100 200 300 400 500 600 700 800 900
Temperature (°C)

Fig. 8. TPR profiles of the solids calcined at 500°C.

tion rate. During this period of activity decay, the deactivation rate
is higher than the filament formation rate [42,44].

Furthermore, it is important to emphasize that the microwave-
hydrothermal treatment improves the activity and the stability of
the CoZnAl catalyst. In order to quantify the influence of the operat-
ing conditions over the amount and the formation rate of the NCMs,
we have previously developed a kinetic model for carbon growth

0.5

CzAW60e _CZAW300c

0.4 CZAW10c

0.3

0.2+

Carbon content (g /g cat)

0.1+

0.0

0.00364 7
0.0030 4
0.0024 4
0.0018 4

0.0012

0.0006

CZAOMW\,M’\N e

Carbon growth rate (g/g cat.min)

0.0000

— 7T T T T T T T T
0 50 100 150 200 250 300
time (min)

Fig.9. Evolution with time of the carbon content and carbon growth rate for the CoZ-
nAl catalysts. Reaction temperature: 625 °C; feed composition: 5%CH4/2%H,/93%N5.
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during catalytic hydrocarbon decomposition [29,45]. The mathe-
matical description of this kinetic model takes into account the
main steps of carbon formation and accumulation over the catalyst:
diffusion, nucleation, filament growth and catalyst deactivation.
According to this model, the concentration of carbon accumulated
over the catalyst, m¢ (g C/gcat.), and the carbon formation rate, r¢
(g C/(g cat. min)), can be written as follows [29]:

mc(t) = reylast +a1(1 — exp(=t)) — az(1 — exp(-rpt))] (1)
rc(t) = replas + Yoarexp(—yet) — rpazexp(—rpt)] (2)
where o1 and «; are given by:

_ m(l-as) | _ (o —Ycas),
M= Yl —va) 2T (- ¥) )

The kinetic parameters of the model are - rc,: flux of carbon
formation reached at the steady state, in the absence of catalyst
deactivation, g carbon/(g cat. min), The term r¢, is the product of the
concentration of metallic actives sites times the carbon diffusion
coefficient [29]. rp: intrinsic kinetic rate of methane decompo-
sition over the metallic surface, min~1, ¥4: deactivation kinetic
function, min~! and v/, regeneration kinetic function, min—!. These
four parameters include the dependence on the reaction tempera-
ture (apparent activation energies and pre-exponential factors), the
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Fig. 12. XRD patterns of the samples after reaction.

atmosphere composition (kinetic orders), and the type and compo-
sition of the catalyst (metallic exposed area and intrinsic reactivity).

The term ag represents the residual activity of the catalyst and,
according to the kinetic model, it can be calculated as:

as =(Yr/¥c); Yo =Ya+ VY (4)

Eq. (1) is directly used to fit the experimental data (Fig. 9)
in order to obtain the influence of the microwave-hydrothermal
treatment time on the kinetic parameters. There results are pre-
sented in Figs. 10 and 11. When the catalyst is not aged under
microwave-hydrothermal treatment, rp, parameter related to the
intrinsic methane decomposition rate, is greater (Fig. 11).

However, ¥4 (i.e., deactivation function) is also very high and
the regeneration effect (1) is low (Fig. 10). As a consequence, the
catalyst loses its activity after ca. 150 min and the residual activity
is very close to zero.

On the other hand, the greater is the time of the microwave-
hydrothermal treatment, the higher are the deactivation and
regeneration effects. As a result, although rp decreases, the carbon
content obtained is very similar but the residual activity is higher
for the solids irradiated longer times.

The mechanism of formation of CNF that has generally been
accepted includes methane adsorption on the surface of the
reduced metal, gradual dehydrogenation of methane, with the
abstraction of the first hydrogen atom from molecularly adsorbed
methane as the rate-determining step, conversion of the adsorbed
methane to adsorbed surface carbon via surface reactions, subse-
quent segregation of surface carbon into the layers near the surface,
diffusion of carbon through metal particles, and then precipita-
tion on the rear side of the metal particle [45-48]. De Chen et al.
[22] proved that, during methane decomposition reaction, MWNT
formation rate and encapsulating carbon formation rate (i.e., deac-
tivation rate) deeply depend of metallic size developed after the
reduction stage, detecting the existence of an optimal Ni particle
size which optimizes the reaction yield. Small Ni particles show
low rate of MWNT growth and also rapid encapsulation, as a result
of the low driving force produced for carbon diffusion through
the Ni crystals [22]. Large Ni crystals have low activity due to the
low metallic dispersion. Consequently, surface coverage of carbon
increases, enhancing the formation of encapsulating coque and,
therefore, the deactivation. This consideration, could explain the
observed variation of the rate of MWNT formation, and accord-
ingly of the kinetic parameters, with the samples treated at different
microwave-hydrothermal treatments, see Figs. 10 and 11.
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Fig. 13. TEM images of the samples after reaction at 625 °C with 5%CH4/2%H,/93%N,. Catalyst: CZAOc.

As the microwave-hydrothermal treatment increases, initially
is observed a strong diminution of 14, a lower decrease of rp. and
an increase of the . These variations are consequence of the net
increase of the reaction rate showed in Fig. 10. Definitely, the effect
of the particle size is consequence of the delicate equilibrium that
occurs at the metallic surface between the carbon diffusion through
the particles that form the MWNT and that in the model is repre-
sented by ¢, and rp, and the encapsulating effect of the carbon that
remains at the surface causing the deactivation, which determine
the value of 4.

The rate of carbon precipitation at the rear side of the parti-
cles, and therefore, of MWNT growth is determined by the degree
of interaction metal-support. If this interaction is modified there
is a change in the rate of all the stages of diffusion-precipitation
favouring the MWNT growth, if the diffusion is enhanced, or by
the contrary favouring the deactivation, if the accumulation of
encapsulating coke is promoted. In this last case, if the amount
of encapsulating coke increases could increase the rate of gasi-
fication with the hydrogen present in the reaction atmosphere,
which is considered by the model as an increase of the parameter

Y.

3.3. Catalyst and carbon characterization after reaction

The XRD patterns of the reaction products (Fig. 12) show metallic
Co?, formed during the reduction process, and a spinel struc-
ture, which indicates that the initial structure of the catalysts
does not undergo any substantial degradation during the reac-
tion. In addition, carbonaceous materials (amorphous carbon and
polyaromatic carbon typical of graphene-based materials such as
carbon nanofibers and multiwall nanotubes) can be observed. The
quantities of each type of carbonaceous materials depend on the
duration of microwave-hydrothermal treatment [42,49]. The fila-
mentous morphology of the carbon products is demonstrated by
the TEM images in Figs. 13 and 14. When the catalyst is not aged
under microwave-hydrothermal treatment, the carbon nanofil-
aments produced correspond to herringbone carbon nanofibers
(diameter ~14nm). In this type of nanofibers, the graphene lay-
ers are oriented oblique to the filament axis [50]. On the other
hand, multi-walled carbon nanotubes (diameter ~20-30 nm) can
be observed in the sample after reaction with the 300 min aged
catalyst. In this case, a lower formation of amorphous carbon is
observed, in accordance with the higher activity of the catalysts,

=

Fig. 14. TEM images of the samples after reaction at 625 °C with 5%CH4/2%H,/93%N,. Catalyst: CZAW300c.
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Fig. 9. This fact, as was pointed out above, is due to both a diminu-
tion of the intrinsic kinetic deactivation constant and an increase
of the kinetic regeneration constant. The results obtained in this
work indicate that the microwave-hydrothermal treatment induce
some change in the metal-support interaction affecting the catalyst
activity, stability and selectivity to different NCMs obtained.

4. Conclusions

A series of CoZnAl catalysts has been studied in this work.
The microwave-hydrothermal treatment determines the chemico-
physical properties of CoZnAl catalysts obtained by calcination of
LDHs at 500°C. The treatment affects to the distribution of the
cations within the layers of the precursors because of an improved
order. This effect is also observed in the catalysts. The kinetic study
of carbon growth from the catalytic decomposition of methane indi-
cates that the treatment improves the activity and the stability of
the CoZnAl catalyst. However, remarkable differences between the
different aged catalysts are not found. This observation is in agree-
ment with the results obtained by characterization, the greater
changes in the properties are observed for the sample aged for the
shortest period of time. On the other hand, the transmission elec-
tron microscopy results show that the carbon products obtained
also depend on the duration of microwave-hydrothermal treat-
ment, producing a change of the type of nanofilaments formed
(herringbone carbon nanofibers or multi-walled carbon nanotubes)
and of the quantity of amorphous carbon produced.

The kinetic model developed for carbon filaments formation is
based in the reaction mechanism [29]. It fits satisfactorily the exper-
imental data and allows uncoupling an investigating the influence
of the microwave-hydrothermal treatment time on each physical
stage involved on the process of carbon filaments growth.
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