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Carbonaceous materials as catalysts for decomposition of methane
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Abstract

Thermo-catalytic decomposition of methane over different carbonaceous materials was studied by monitoring the mass gain with time. The
initial decomposition rates as well as the long-term behaviour of the catalyst (i.e. the carbon mass that the catalyst can accumulate before
deactivation occurs) were determined for a wide range of carbon blacks (CB) with different textural properties and surface chemistry, and for
a commercial activated carbon (AC). The commercial carbon black BP2000 showed the highest amount of carbon deposited, 6.13 g Cyep/g C,
before deactivation while the higher initial carbon formation rate (r,) among the different samples tested was obtained for the activated carbon
CG Norit (85.9 mg Cycp/g C, min). The relationship between the characteristics of the carbonaceous materials and their efficiency as catalysts
were also evaluated. The amount of carbon deposited until deactivation shows a linear relationship with the total pore volume of the fresh
catalysts. A good correlation is also found between the initial reaction rate and the concentration of oxygenated groups desorbed as CO after a

temperature-programmed desorption (TPD) experiment.
© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

Thermo-catalytic decomposition, TCD, of natural gas, with
carbon being captured as a solid of added value product, appears
as an interesting alternative to steam reforming for hydrogen pro-
duction [1-5]. Two different nature catalysts have been used for
this process: metallic and carbonaceous catalysts [6-9]. Carbon
catalysts were proposed as an alternative to metallic catalysts
[10-16] because they offer several advantages: (i) higher fuel
flexibility and no sulphur poisoning; (ii) lower price; (iii) the
carbon formed can be used as catalyst precursor, so that the
process is self-sustained.

TCD of methane using carbonaceous catalysts was studied
extensively by our research group using a bench scale fixed
bed reactor designed for studying carbonaceous materials of
different origin/nature [13—15]. In a second step, the kinetic
parameters for two selected commercial carbonaceous materi-
als, an activated carbon (CG Norit) and a carbon black (BP2000),
were obtained using a thermobalance to monitor the mass gain
with time [16]. This method overcomes the plugging problems
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that occur when fixed bed reactors are used [17,18]. This method
has been widely used to study the TCD of methane when metal
catalysts were used [19-22], but no references have been found
related to the use of carbon catalysts. We reported [16] that
the methane decomposition over carbonaceous catalysts was a
half-order reaction, and the activation energies were 141 kJ/mol
and 238 kJ/mol, for the activated carbon and the carbon black,
respectively.

In present work using the thermobalance, the initial decom-
position rates as well as the long-term behaviour of the catalysts
(that is, the carbon mass that the catalyst can accumulate before
deactivation occurs), have been determined for a wide range of
carbon blacks (CB) with different textural properties and surface
chemistry. The findings are also reported for a commercial acti-
vated carbon (AC) used in our previous works at bench scale. The
AC showed an acceptable initial reaction rate but became rapidly
deactivated, while the CB with a high surface area provided more
stable and sustainable hydrogen production.

Besides this, the fresh catalysts have been characterized by
measuring their textural properties and surface chemistry, as well
as their crystallinity and morphology. This was done in order to
study the relationship between the characteristics of the car-
bonaceous materials and their efficiency as catalysts in more
detail.
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Table 1
Proximate and ultimate analysis of the samples
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C H N S o2 Moisture Ash Volatile matter
CG Norit 70.2 2.87 0.13 0 26.76 9.78 2.77 11.74
Fluka 05120 86.7 0.29 0.58 0.55 12.41 2.66 6.34 1.95
XC72 99.2 0.12 0.15 0.61 0.54 0.26 0.04 0.8
BP1300 83.7 0.52 0.37 0.8 15.41 6.94 1.89 10.11
BP2000 97.1 0.2 0.16 0.73 2.56 0.5 1.02 1.65
BP1100 94.7 0.2 0.32 0.82 4 1.51 1.61 4.16

4 Calculated by difference.

2. Experimental
2.1. Samples

Five different commercial carbon black samples, XC72,
BP1100, BP1300, BP2000 (Cabot), Fluka 05120, and a com-
mercial active carbon (CG Norit) were used as catalysts for the
TCD of methane. Table 1 shows the ultimate and proximate anal-
ysis of the samples. The CG Norit sample presents the highest
oxygen content.

2.2. Experimental set-up

Methane decomposition experiments were conducted in a
Cahn TG 151 Thermogravimetric Analyzer. This experimental
set-up allows for continuous recording of sample weight changes
and temperature during reaction. At atmospheric pressure, the
thermobalance can operate up to 1000 °C. The thermobalance
consists of three main sections: the hardware (pressure balance,
furnace, stand), the software (electronic components and dis-
play) and the external flow, pressure and temperature controllers.
An internal quartz tube sealed at both ends with O-rings sepa-
rates the reactor chamber from the furnace. The loading and
unloading of the sample is accomplished by opening the joint
and lowering the furnace with the help of an automatic eleva-
tor. The temperature inside the reactor chamber is measured and
controlled by a 1/8 in. Chromel-Alumel thermocouple located
just below the sample holder. The sample holder is a quartz bas-
ket (14 mm diameter and 8 mm height) to reduce mass transfer
resistance around the solid sample. Operating conditions were:
carbon weight 30 mg, methane flow rate: 3 1/h.

The samples released tar and water during the first stage
of the runs. In order to stabilize the catalyst, they were pre-
treated under nitrogen at the reaction temperature before the
reaction tests until a constant weight was reached. The desired
temperature was reached using a heating rate of 20 °C/min.

2.3. Characterization techniques

The textural properties of the fresh samples were measured
by Ny adsorption at 77 K in a Micromeritics ASAP2020 appa-
ratus. The specific surface was calculated by applying the BET
method to the N; adsorption isotherms. The total pore volume of
the samples was measured by Hg porosimetry in a Pore Master
Quantachrome apparatus.

The amount of CO and CO; released was determined by
temperature-programmed desorption (TPD). First, the profiles
of released CO and CO, were obtained in a fixed bed reactor
heated under a constant flow of He (30 ml/min) at a heating rate
of 10°C/min (up to a temperature of 1050 °C). The eluted gas
was collected in separated gas sampling bags corresponding to
consecutive temperature ranges of 100 °C and analyzed by gas
chromatography. The total amount of CO and CO; released was
calculated by integrating the area under of the concentration
curve versus volume.

Powder X-ray diffraction (XRD) patterns for the study of
the crystalline chemical species in both fresh and used catalysts
were obtained using a Bruker AXS D8 Advance apparatus.

The morphological appearance of the fresh catalyst and
the deposited carbon has been studied by scanning electron
microscopy (SEM). The samples analyzed were embedded in
an epoxy resin, cut into slides and polished with diamond paste
to an optical finish. This was done in order to observe the cross-
sectional area of the particle samples before and after TCD
reaction.

3. Results and discussion
3.1. Activity tests

In previous work [16], we stated that during TCD of methane,
the maximum amount of carbon that the carbon catalyst can
accumulate before deactivation is not dependant on the tem-
perature reaction. This is unlike what happened when metal
catalysts were used, which are very sensitive to the operation
conditions [23]. However, the kinetic constants are increased
with an increase in the reaction temperature, which provokes
an enhancement in the reaction rate. The thermobalance runs
were carried out in isothermal conditions (900 °C) for all the
catalysts tested. As we have previously mentioned, the ther-
mobalance allows us to measure directly the weight changes
as the methane is decomposed and the carbon is deposited into
the carbon samples. Table 2 summarizes the most important
parameters extracted from the activity runs carried out at 900 °C
in the thermobalance: maximum amount of carbon deposited
per initial catalyst mass before deactivation (Cgep/Co)deact and
initial reaction rate (r,). Fig. 1 shows the change of the carbon
deposited with time, expressed as the mass ratio of the deposited
carbon to the initial carbon catalyst (Cgep/C,), for the BP2000
and XC72 samples (Fig. 1a) and for the BP1100, BP1300, Fluka
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Table 2
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Features of the carbonaceous samples used in thermobalance run at 900 °C

(Cdep/co)deact ro (mg Cdep/g Co min)
CG Norit 0.70 85.9
Fluka05120 0.49 17.8
XC72 2.74 6.4
BP1300 1.45 24.5
BP2000 6.13 9.4
BP1100 0.78 15.5

(a) 18

16+

05120 and CG Norit samples (Fig. 1b) tested at 900 °C. The runs
were carried out in the thermobalance until the mass gain was
almost negligible. It was observed that the commercial carbon
black BP2000 shows the highest amount of carbon deposited (it
can accumulate 6.13 g Cgep/g C,). For the other samples tested,
the amount of carbon deposited was lower, ranging from 1.4 to
2.7 g Cyep/g Co when BP1300 and XC72 were used, to 0.5-0.7
when BP1100, Fluka and CG Norit were used.

Fig. 2 shows the evolution of the carbon formation rate,
expressed as mg Cgep/g C,, min, for the BP2000 and XC72 sam-
ples (Fig. 2a) and for the BP1100, BP1300, Fluka 05120 and
CG Norit samples (Fig. 2b). The evolution of the formation rate
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Fig. 1. (aandb) Evolution with time of the carbon deposited for different carbon
catalysts. Reaction temperature: 900 °C.
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Fig. 2. (a and b) Evolution of the carbon formation rate along time r,
(g carbon/g cat min) versus time (min) for different carbon catalysts. Reaction
temperature: 900 °C.

was calculated from the derivative of the data plotted in Fig. 1.
The highest initial carbon formation rate (r,) among the differ-
ent samples tested was obtained from the activated carbon CG
Norit (85.9 mg Cgep/g Co, min), but this high rate was followed
by a rapid deactivation, following an exponential decay. The
carbon black samples tested presented lower r,, ranging from
6.4 for the XC72 to 24.5 for the BP1300. These samples present
a different trend in comparison to the activated carbon: at the
beginning of the run a relative high initial carbon formation rate
was observed. For the Fluka 05120, XC72 and BP2000 samples,
the r, then increased until a maximum was reached. Meanwhile,
for the BP1100 and BP1300, a steady state was observed, fol-
lowed in all cases by a progressive decline in the reaction rate
for all the samples until negligible values of mass gained were
obtained.

In previous work, we stated a possible explanation for the
form of the kinetic curve of the BP2000 sample [16], which
can also be extended to all the carbon black samples used in
the present work. The curves can be divided into three main
zones. Zone (1) corresponds to the exponential decay in the
reaction rate: this decay may be due to the decrease in the surface
oxygenated groups. It has been previously reported [13—15] that
the oxygen surface groups play a key role in the initial reaction
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Table 3
Surface chemistry and textural properties of the fresh carbonaceous samples

Sger (m*/g)  V, (cm/g)  CO(cm’/g)  CO;, (cm¥/g)
CG Norit 1300 0.947 28.13 3.98
Fluka05120 788 0.74 497 0.02
XC72 223 1.49 6.51 0.30
BP1100 251 0.70 7.87 6.57
BP1300 495 0.71 13.82 9.84
BP2000 1337 3.06 8.23 3.75

rate. Evidence for the importance of the surface oxygen groups
is given below. Zone (2) reflects a pseudo steady state, which
is governed by the activity of the crystallites produced from
methane. This would correspond to the time in which the original
surface area is covered by the carbon crystallites produced from
methane, and thus the maximum of the reaction rate due to the
crystallites growth is obtained. Zone (3) shows an exponential
decay due to the lack of surface area/pore volume where the
carbon crystallite could be decomposed.

For the Fluka 05120, BP2000 and XC72 samples in the
pseudo steady state, the increase in the rate of methane decom-
position due to the increase in the amount of crystallites from
methane decomposition is balanced by the decrease in the rate
of methane decomposition of the original carbon black sam-
ple. This explains the maximum of the kinetic curve. However,
for BP1100 and BP1300, this maximum is not present and a
shoulder appears.

3.2. Relationship between the catalysts performance and
their properties

The performance of carbon materials as catalysts is deter-
mined by both their texture and surface chemistry [24]. Thus,
the textural properties (determined from N; adsorption at 77 K
and Hg porosimetry), and the surface chemistry (determined
from the groups desorbed as CO and CO; in TPD experiments
of the fresh samples) have been studied.

3.2.1. Textural properties

Table 3 shows the textural properties (BET area and pore vol-
ume) and surface chemistry of the fresh carbon catalyst samples
tested in the TCD of methane. In previous work, a good correla-
tion was observed between the amount of carbon accumulated
and the BET surface area when different AC were tested in a
fixed bed reactor during an 8 h run [13]. In particular, the pore
size distribution (especially the mesopore area) was a key factor
in defining the long-term behaviour of the catalyst. On the con-
trary, when different nature carbon samples were studied using a
bench scale fixed bed reactor [14], we observed that similar sur-
face areas do not necessarily imply similar carbon deposition.
In general, it is accepted that the surface area decreases with
the reaction time [25-28], owing to pore blocking by carbon
deposition. All of these relationships have to be considered very
carefully when carbon catalysts of different natures/families are
compared. In the present work, the textural properties of the
samples tested in the TCD of methane are related to the total

T T T T T Y d i T T T
1400 =
1 [ ] - SBET(H;',Q) L3
12004 A Vp (cmg)
10004 S
—_ 1 2 a
& 800 !
c c
5 1 3
I 600 @
A J )
L1 3
4004 (_d_w
2004
0 T T T T T ¥ T O
0 1 2 3 4 5 6 7
Cc'ep.'CO

Fig. 3. Carbon deposited per initial catalyst mass for the runs carried out at
900 °C until deactivation versus surface area (left axis) and versus total pore
volume (right axis) of the fresh catalyst.

mass of carbon that the carbonaceous samples can accumulate
before deactivation occurs, whatever the time needed for the
deactivation.

Fig. 3 shows the carbon deposited per initial catalyst mass
until deactivation (that is, the long-term efficiency of the cata-
lyst), versus both surface area (left axis) and pore volume (right
axis). For example, BP2000 and CG Norit show similar surface
areas, but the amount of carbon deposited differs by an order of
magnitude. However, when carbon deposited per initial catalyst
mass until deactivation is plotted versus total pore volume, a
linear relationship is observed.

An estimation of the maximum carbon yield that each mate-
rial can accommodate can be performed, following the ideal
internal diffusion model [29]: this model is based on the assump-
tion that carbon is deposited exclusively inside the particle so
that there is no change in starting volume of the granules. On
the contrary, in the ideal external diffusion model, the carbon is
deposited exclusively on the outer surface of the support grains.

It is known that the theoretical density for graphite is
2.26 cc/g, although most graphite materials will have a lower
density due to the presence of structural imperfections such as
porosity, lattice vacancies and dislocations [30]. From the pore
volume total data, we have calculated the theoretical amount of
carbon supposed as graphite that the carbon catalysts are able to
accumulate. Fig. 4 shows that a good correlation exists between
both parameters, which confirms the important role that the total
pore volume plays in the long-term behaviour of the catalyst. The
fact that all the points lay over the curve that represent the ideal
filling model, highlights that only a fraction of the volume is
filled by carbon from the methane decomposition. This could
be attributed to blockage of the narrower pores, which hinder
the methane diffusion to the active surface of the carbonaceous
sample and reduce the effective pore volume in which the carbon
can be deposited.

3.2.2. Surface chemistry

TPD has become one of the most outstanding techniques for
the evaluation of the surface chemistry in carbon materials [31].
In previous studies, we reported [13,15] the relationship that
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ideal model
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Fig. 4. Cyep/C, calculated versus Cqep/C, measured assuming that the total pore
volume is occupied by graphite (d=2.26 cc/g).

exists between the amount of oxygenated surface groups (OSG)
desorbed as CO and CO; after a TPD experiment and the initial
activity rate for the fresh catalysts. However, the role and the
nature of these oxygenated groups are not yet well understood.

In this work, a more accurate correlation has been found when
comparing the OSG desorbed as CO and CO» from the carbon
material after treatment under Ny at 850 °C. As mentioned in
Section 2, the carbonaceous catalyst samples released water and
tar during the first stage of the runs. This way, no interference
with the more labile OSG (which should not affect the catalyst’s
activities because that they are desorbed during the heating step)
is assured. Table 3 shows the amount of CO and CO; released
during TPD runs calculated from the integration of the areas
under the curves. Fig. 5 shows the initial conversion rate of
the catalysts as a function of the concentration of oxygenated
groups: groups desorbed as CO (left axis) and groups desorbed as
CO3;, (right axis). It can be observed that a good correlation exists
between the amount of CO desorbed and the initial reaction rate.
The CG Norit presents a high number of groups desorbed as CO,

CO (cm®fg)

0 20 40 60 80 100
r (mngep/gCD*mln)

Fig. 5. Initial decomposition rate versus amount of surface oxygenated groups
desorbed in TPD runs as CO (left axis) and CO; (right axis).
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Fig. 6. CO profile obtained by TPD.

which explains the high initial carbon deposition rate. The effect
of this group only occurs at the beginning of the run, which also
explains the first stage of the curves observed in Fig. 2, in which
the carbon deposition rates decay rapidly at the beginning of the
tests.

However, as it can be seen from Fig. 5, the presence of
oxygenated groups desorbed as CO; did not affect the initial
decomposition rate.

Fig. 6 shows the profiles of the CO desorbed during the TPD
runs for each catalyst. It can be observed from the CO pro-
files that, not only is the amount of OSG different but so is the
nature of these groups. It is known that the nature of the surface
groups can be determined from the desorbing temperature pro-
file [32,33]. From the analysis of Fig. 6 it can be concluded that
the OSG desorbed as CO (at temperatures above 800 °C), plays
an important role in methane decomposition. According to the
literature [32], these groups could be assigned to quinines and
carbonyl groups. A more detailed work is in progress in which
the nature of these groups and their evolution during the reaction
is being investigated.

3.3. Characterization of the catalyst and the deposited
carbon

3.3.1. XRD

In a previous work, the differences between the XRD spectra
of the fresh and deactivated CG Norit catalysts were studied [15].
No substantial difference in the crystallinity of either sample was
observed due to the mild contribution of the carbon deposited
from methane to the final carbon sample (about 40% of the final
carbon sample). It was concluded that the deactivation mecha-
nism could not be associated with differential structural changes.
In the present work, the XRD spectra of both fresh and deac-
tivated BP2000 samples are presented. Fig. 7 shows the XRD
spectra of both samples. The changes in the crystallinity of the
fresh and deactivated samples can be clearly observed. As we
have previously mentioned, BP2000 samples can accumulate up
to 6 g C/g C,, thus the contribution of the deposited carbon to the
final sample weightis 85%. The XRD profiles presented in Fig. 7
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Fig. 7. XRD spectra of the fresh and deactivated BP2000 sample.

show that the fresh BP2000 sample has a disordered structure.
However, the deactivated sample presents a more ordered one,
which arises from the reflexion present at ~27° (002) and at
~78° (101), typical of carbons with an ordered structure. This
fact can be explained by considering that carbon deposited from
methane has a more graphitic structure (dog2 = 0.3536 nm) than

200um’ .

Fig. 8. (a and b) SEM of the fresh and deactivated CG Norit sample.

a fresh sample. The presence of huge amount of amorphous car-
bon in the XRD spectra can be attributed to a carbon material
with a turbostratic structure.

In our previous work [14], the most ordered CB samples were
less catalytically active when compared to CB with a similar
surface area. From the XRD spectra, we can conclude that the
more graphitic ordered structure of the deposited carbon does
not favour the catalyst activity of the sample.

3.3.2. SEM

SEM characterization of the samples was carried out by
exploring the surface of the fresh and used carbon catalysts.
SEM images of similar samples are available in the literature.
However, the external appearance of the samples before and after
the TCD run did not change. In the case of BP2000, although
the size of primary particles is known to be ca. 15 nm, from the
beginning of the reaction 0.5—-1 mm spheres are formed by the
aggregation of many primary particles. As the run progressed,
a gradual increase in the apparent density was observed, rang-
ing from 0.240 g/cm? for the fresh catalyst to 1.100 g/cm? for
the deactivated carbon catalyst. This indicates that carbon from
methane is deposited into the catalyst’s particle. To gain knowl-
edge about the possible mechanisms that lead to the catalyst’s

Fig. 9. (a and b) SEM of the fresh and deactivated BP2000 sample.
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deactivation, an embedded polymer matrix containing deacti-
vated carbon particles was prepared.

Fig. 8a shows the cross-sectional area of a fresh CG Norit
particle. The open macroporosity of the activated carbon can
be clearly observed. Fig. 8b shows the cross-sectional area of a
deactivated CG Norit particle. It can be observed that most of
the open area is occupied by carbon deposits, which provoke the
deactivation of the catalyst.

Fig. 9a shows the cross-sectional area of a representative
fresh particle of BP2000 carbon black. It has a rounded shape,
although it is not completely spherical. The cross-sectional area
of the deactivated BP2000 particle is spherical in shape (Fig. 9b),
with a diameter ranging from 800 to 1200 pwm. It can be observed
that the inner volume of the spherical particle is disposed as
concentric layers, which look like micro onions.

4. Conclusions

The commercial carbon black BP2000 results in the highest
amount of carbon deposited, 6.13 g Cgep/g C,, before deactiva-
tion. The highest initial carbon formation rate (r,) among the
different samples tested was obtained from the activated carbon
CG Norit, (85.9mg Cgep/g Co min). The relationship between
the characteristics of the carbonaceous material and its efficiency
as a catalyst was also evaluated: the amount of carbon deposited
until deactivation shows a linear relationship with the total pore
volume of the fresh catalysts and a good correlation is also found
between initial reaction rate and the concentration of oxygenated
groups desorbed as CO after a TPD experiment.
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