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Because of its ecological character, the reaction of catalytic decomposition of methane
(CDM) is expected to be an important future method of hydrogen generation. However, the
main drawback of this technology is a relatively fast deactivation of the catalyst used, as
a consequence of its pores blocking by the low-active methane-originated carbon deposit.
This paper reports on an attempt of restricting the catalyst deactivation by introducing into
the reaction system ethyl alcohol capable of forming in situ a potentially active in this
reaction carbonaceous deposit. The catalyst used was activated carbon obtained from the
waste material (hazelnut shells). The reactions of methane and ethanol decomposition
were performed by the alternate method (for certain time methane was introduced into the
reactor, and then it was replaced by ethanol). Three temperatures of the reactions were
applied (750, 850 or 950 °C) and another variable was the duration of the ethanol decom-
position. As follows from the results, an addition of ethanol has diverse effect on the
catalytic activity of activated carbon and the amount of hydrogen formed depends on the
temperatures of methane and ethanol decompositions and on the time of the reagent
dosing.
Copyright © 2012, Hydrogen Energy Publications, LLC. Published by Elsevier Ltd. All rights
reserved.

1. Introduction

these processes significant amounts of carbon oxides are
formed as by-products, so alternative solutions have been

A perspective of fossil fuels depletion and harsh norms
restricting emission of harmful compounds into the atmo-
sphere have prompted the search for new and safe for the
environment energy sources. One of the most promising
conceptions is the use of hydrogen, characterised by high
calorific value and pro-ecological character (the only product
of hydrogen combustion is pure water) [1].

Atpresent the production of hydrogen on industrial scale is
mainly based on the processes of methane steam reforming
and partial oxidation of refinery residues [2,3]. However, in
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searched for. One of such alternative suggestions is genera-
tion of hydrogen in the catalytic decomposition of methane
(CDM). As follows from literature data, a high methane
conversion to hydrogen is mostly obtained over the catalysts
containing transition metals [4—8]. Unfortunately, these
catalysts undergo gradual deactivation as a consequence of
formation of a low-active carbonaceous deposit originating
from methane decomposition [6]. Because of relatively high
price of such catalysts their regeneration is desirable. It has
been shown that regeneration of a deactivated catalyst by
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oxygen, carbon dioxide or steam permits restoration of its
initial activity [7,9—11]. However, according to Villacampa
et al., the used catalyst after regeneration with the use of
oxygen is fully active but in a very short time it gets deacti-
vated again [7]. Moreover, the process of regeneration is
a source of significant amounts of carbon oxides [10,12].

An alternative to expensive catalysts based on transition
metals are those based on activated carbon [12—18].
Although their activity in CDM reaction is lower [19], they
show a number of attractive properties such as low price,
resistance to potential polluting substances present in the
gas directed to the reactor and high thermal resistance [20].
Because of fast deactivation also carbon catalysts are
sometimes subjected to regeneration e.g. by steam [20] or
carbon dioxide [21,22]. Another solution for maintain high
degree of methane to hydrogen conversion in CDM reaction
is the in situ formation of a catalytically active carbonaceous
deposit. It is practically realised by introduction of some
additives to the reaction system. Muradov performed a series
of CDM reactions in the presence of different hydrocarbons,
e.g. propane, ethylene and acetylene, introduced into the
reactor in a continuous or cyclic way [12,23]. The same
author reported that the carbonaceous deposit formed from
methane decomposition showed low activity in CDM [12]. His
another observation was that admixture of methane with
propane did not lead to an increase in the methane conver-
sion. It was explained by the fact that the carbon crystallites
obtained from the same family of hydrocarbons (alkanes) are
likely to have the same size and structure, so to show
a similar activity in CDM reaction. A different result was
observed when ethylene was introduced in pulses. In this
situation the amount of hydrogen produced considerably
increased, which was attributed to the good catalytic prop-
erties of the carbonaceous deposit formed in decomposition
of ethylene [13].

The influence of ethylene addition on CDM process has
also been studied by our group [24], but in our experiment
ethylene was supplied to the reactor simultaneously with
methane, making 10 or 20% of the mixture content. We noted
that with increasing amount of ethylene in the reaction
mixture, the content of hydrogen in the effluent gases
increases. At the highest temperature applied (950 °C) and at
a 20% contribution of ethylene in the mixture with methane,
the amount of hydrogen produced was practically at the same
level throughout the whole process. A similar phenomenon
was reported when propylene was used as an admixture in
CDM reaction [25].

Unfortunately, such reagents as ethylene or propylene are
expensive and therefore in our earlier work ethylene was
obtained in situ in the reaction of oxidative coupling of
methane and this process was subsequently combined with
the CDM in one reactor [26]. In this study an attempt was
made to obtain ethylene in situ from ethanol. The supply of
ethanol is high (as bioethanol) and it is relatively cheap [27].
It undergoes decomposition on carbon catalysts in low
temperatures (starting from about 120 °C) with formation of
ethylene, diethyl ether and acetic aldehyde [28—30]. In higher
temperatures the decomposition of ethanol is mainly realised
over inorganic catalysts (nickel catalyst [31], iron catalyst [27],
molybdenum carbide supported on silica or carbon nanotubes

[32]). In this process also hydrogen, methane, ethane, acetal-
dehyde and diethyl ether were formed besides ethylene. No
information was found on the use of carbon catalysts in
ethanol decomposition in high temperature.

The main aim of the paper was to investigate the influence
of ethanol on catalytic decomposition of methane. This
influence was studied with the alcohol dosed into the reaction
system alternately with methane. The activated carbon
obtained from hazelnut shells was applied as a catalyst.

2. Experimental
2.1. Preparation of catalyst

Activated carbon obtained from hazelnut shells was tested in
the reaction of methane and ethanol decomposition. At the
first stage carbon precursor was subjected to mechanical
treatment in order to get particles of the size < 0.5 mm, then to
chemical activation with KOH (precursor to activating agent
ratio of 1:1). The activation was performed at 800 °C for 45 min
in the nitrogen atmosphere. The activated material was
washed with a 5% solution of HCl, next with distilled water
and then dried overnight at 120 °C.

2.2. Characterisation of carbon catalyst

Textural properties of the catalyst were determined by
nitrogen adsorption at —196 °C on a Micromeritics Sorp-
tometer ASAP 2010. The apparent specific surface area (Sggr)
was found from the linear form of BET isotherm, while the
micropore volume (Vmicro) and external surface area of the
catalyst (Sext) were calculated using the t-plot method [33].
The total pore volume (Vo) Was obtained from the N, amount
adsorbed at a relative pressure close to unity. CHNS elemental
analysis was made on an Elemental Analyser Vario EL III. The
transmission FTIR spectra of selected samples were acquired
using a Bruker IFS 66v/S spectrometer by adding 256 scans at
2 cm™ ! resolution. Pressed KBr pellets at a sample/KBr ratio of
1:400 were used. XPS measurements were performed on an
ESCALAB-210 spectrometer made by VG Scientific (GB), with
the use of Al Ka radiation at the Constant Analyzer Energy
CAE = 25 eV. The XPS spectra were smoothed and the Shirley
background was subtracted. The calibration was carried out to
the main C 1 s peak at 284.8 eV. The XPS C 1 s peaks were
deconvoluted into individual spectral lines, treated as asym-
metric sums of the Gauss—Lorentz functions. The ratio of the
Gauss to the Lorentz lines of 20:80% was assumed. The
following binding energies and their assignment to particular
species was taken, according to literature data: 284.8 eV (C—C,
C—H), 286.3 eV (C—0), 287.5 €V (C=0, O—C—0), 289.0 eV
(0=C—0) and 291.3 eV (n—=* transition) [34—36]. EPR analysis
was performed on an S/EX spectrometer made by RADIOPAN,
Poland. Prior to measurements the samples were heated at
60 °C for about 12 h at <10 2 Pa and carefully weighted. The
EPR spectra were recorded in the form of the first derivative of
absorption at room temperature and at microwave power of
0.7 mW. The microwave radiation from X range of 9.4 GHz
frequency and magnetic field modulation of 100 kHz were
applied.
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2.3. Catalytic measurements

The process of methane decomposition was performed dosing
alternately methane and ethanol to a vertical fixed-bed quartz
reactor. The procedure of the reaction was as follows. For the
first hour methane was introduced into the reactor at the rate
of 10 cm®/min, and at every 5 min the post-reaction mixture
was subjected to chromatographic analysis (TCD detector,
argon as a carrier gas). Then the methane supply was cut off
and after rinsing the reactor with argon (10 cm®/min) ethanol
was introduced into the gas stream. Ethanol was dosed into
the reactor by a syringe pump at the rate of 1.4 cm>/h for 15, 30
or 60 min. After this time of ethanol decomposition, the
reactor was rinsed with argon once again and the cycle of
methane/ethanol decomposition was repeated until the total
duration of methane decomposition of 4 h was reached. To get
the data for comparison, the methane decomposition was also
performed without ethanol and in another process alone
ethanol was decomposed. In all processes the catalyst was
used in the amount of 50 mg and the temperature of the
process was either 750, 850 or 950 °C.

3. Results and discussions
3.1.  Characterisation of carbon catalyst

The carbon precursor (hazelnut shells) and the activated
carbon from it were subjected to proximate and elemental
analysis. The results are presented in Table 1, while Table 2
shows the data on textural properties of the activated
carbon. As follows from the data, the content of ash in the
precursor and in the activated carbon is low, which is highly
favourable as some mineral compounds could catalyse
methane decomposition and hence lead to false results. A
considerable content of moisture and volatile matter in the
precursor was responsible for the low yield of activated
carbon (merely 14.5%). The same data have also shown that
the process of chemical activation of the initial material by
KOH leads to an increase in the carbon content and removal of
a considerable amount of oxygen and hydrogen. In the cata-
lyst obtained carbon makes over 90%, S, N and H occur in trace
amounts but oxygen is present in a relatively high amount.
The precursor activation by KOH led to obtaining carbon of
relatively high apparent specific surface area of almost
1100 m%g (Table 2). As follows from a small value of Sey
parameter (meso- and macropores surface area), the greatest
contribution to Sgeris brought by micropores. The microporous

Table 1 — Proximate and elemental analyses of carbon
precursor and activated carbon (wt.%).

Sample Moisture Ash® Volatile ¢¢ H? N s¢ 09
matterdaf

Precursor 11.0 0.8 77.1 509 6.4 0.1 0.0 41.8

Activated 0.0 0.4 0.0 90.5 06 09 0.1 75

carbon

daf stands for dry ash free, d stands for dry basis.

character of the catalyst structure is also confirmed by the ratio
of micropores volume to total pores volume.

3.2. Catalytic activity of activated carbon

3.2.1. Decomposition of pure methane

The first stage of the study was realisation of the methane
alone decomposition. The reaction was conducted at three
temperatures of 750, 850 or 950 °C and its results are presented
in Fig. 1. At the lowest of the three temperatures, the
maximum degree of methane conversion (at the beginning of
the process) was low and amounted only to 3.4%. With
increasing temperature of the reaction this parameter
increased and at 950 °C the conversion of methane was the
greatest and equal close to 26%. This dependence is related to
the position of the equilibrium constant of the methane
decomposition reaction as with increasing temperature it is
shifted towards products formation [24].

With increasing time of the process, the methane conver-
sion decreases as a result of pore blocking by the carbonaceous
deposit formed [24,37]. This phenomenon takes place at all
temperatures applied but deactivation of the catalystis fasterat
higher temperatures. For example, at 850 °C the minimum
methane conversion is reached after about 70 min, while at
950°C — already after about 20 min. Bai et al. explain this fact by
a rapid deposition of carbon at higher temperatures [37]. Thus,
the resultant methane conversion depends both on the reac-
tion temperature, as well as on the degree of catalyst deacti-
vation. So, itis possible that for certain time on stream, the drop
in catalytic activity of carbon (caused by its fast deactivation)
can lead to lower methane conversion than that achieved at
lower temperature. This case occurs for methane decomposi-
tion at 850 and 750 °C after 70 min but also for this reaction at
950 and 850 °C after 20 min. A similar phenomenon has also
been observed in our previous study [22]. Despite a fast and
drastic deactivation of carbon, at 950 °C the catalyst activity
gets stabilised at a higher level than at the other temperatures
studied. Stabilisation of the degree of methane conversion (or
its small increase after stabilisation) means that the carbona-
ceous deposit formed as a result of methane decomposition
shows a certain catalytic activity in the reaction studied,
however its activity is lower than that of the proper catalyst.
Similar conclusions have been reached by other authors [24,37].

3.2.2. Decomposition of methane and ethanol at the same
temperature
As indicated by the results of Muradov [12,23] and our earlier
studies [24,26] introduction of additional substances into the
methane decomposition reaction system (by either pulse or
continuous method) can significantly restrict the deactivation
of the carbon catalyst used. Therefore, at the next stage of our
study methane decomposition was performed in the presence
of a compound capable of formation of carbonaceous deposit
potentially active in CDM reaction. The choice of ethanol as
such an additive followed from the fact that one of the prod-
ucts of its decomposition is ethylene, which has been shown
to restrict deactivation of a carbon catalyst [24,26].
According to Table 3, the decomposition of ethanol over
the carbon catalyst studied in temperatures 750—950 °C leads
to formation of hydrogen, methane, carbon oxide, carbon
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Table 2 — Textural properties of selected samples: initial activated carbon, catalysts spent in methane decomposition and

catalysts spent in ethanol-assisted methane decomposition reactions (after 4 h on stream).

Sample Sger [m%/g] Sext [m%/g] Viot [cm?/g] Vinicro [cm?/g]
Activated carbon 1090 9 0.54 0.51
M-750 °C 71 6 0.05 0.03
M-850 °C 10 9 0.04 0.00
M-750 °C_E-750 °C (60min) 10 7 0.03 0.00
M-850 °C_E-850 °C (60min) 21 21 0.17 0.00
M-850 °C_E-950 °C (60min) 10 9 0.04 0.00

M stands for methane decomposition, E stands for ethanol decomposition.

dioxide, water and trace amounts of ethane and acetaldehyde,
besides ethylene. Particularly important seems to be the
presence of water and carbon dioxide as these compounds
can gasify the carbonaceous deposit which additionally
increases the catalyst activity [20—22].

In this study CDM process was conducted by introducing
ethanol alternately with methane into the reaction system. In
the first stage of the study, the decompositions of methane
and ethanol were carried out at the same temperatures of
750 °C, 850 °C or 950 °C. Fig. 2 presents the results obtained at
the lowest temperature of 750 °C (the arrows mark the time at
which ethanol was begun to be introduced). For the sake of
clarity of the figures, the time of catalyst regeneration by
ethanol and the time of purging the reactor with Ar after
ethanol pulses are not included in the plot. As follows from
the figure, the pulse introduction of ethanol to the system
results in a reduction of the catalyst activity in CDM reaction.
This effect is particularly pronounced after the first (60 min)
and second (120 min) introduction of ethanol. Moreover, the
longer the time of ethanol dosing, the greater the carbon
catalyst deactivation. The lowest methane conversion noted
was just about 0.14% (after a 4-h cycle of methane decompo-
sition (60 min)/ethanol decomposition (60 min)), which made
less than 4% of the initial methane conversion.

These results were quite surprising to us as we expected to
get an improvement in the catalytic activity of the activated

26
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Fig. 1 — Methane conversion versus time on stream at
different temperatures.

carbon after introduction of ethanol, similarly as observed for
methane decomposition in the presence of ethylene [24].
However, it should be emphasised that the decomposition of
ethanol over a carbon catalyst is much more complex as
besides ethylene also other products are formed. Moreover,
according to Table 3 data, the content of ethylene in the
products formed from ethanol decomposition is the greatest
when the decomposition takes place at 750 °C and decreases
with increasing temperature of this process. As ethylene
formed in decomposition of ethanol immediately undergoes
further partial decomposition, it can be assumed that the
higher the content of ethylene in the post-reaction gases, the
lower the degree of its decomposition. Thus, the results prove
that in the ethanol-assisted decomposition of methane the
amount of ethylene undergoing decomposition with genera-
tion of the catalytically active carbonaceous deposit is small.
Moreover, according to Table 2, in the process of methane
alone decomposition, the specific surface area decreases
drastically from 1090 m?/g to 71 m%g. The decomposition of
methane at alternate dosing of ethanol leads to an even
greater decrease in the specific surface area to 10 m?%g.
Therefore, we cannot exclude that the catalytic activity of the
sample covered with a low-active deposit coming from
decomposition of methane alone and of a greater surface area
will be higher than that of the catalyst covered with a more
active deposit coming from ethanol decomposition but

4.0 1

—u— M-750°C
—#— M-750°C_E-750°C (15 min)
—o0— M-750°C_E-750°C (30 min)
—b>— M-750°C_E-750°C (60 min)

354 %

Methane conversion [%)]

Time on stream [min]

Fig. 2 — Ethanol-assisted decomposition of methane at
750 °C.
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Table 3 — Composition of post-reaction mixture after ethanol decomposition over activated carbon in different

temperatures (after 4 h on stream; feed composition: 20% ethanol + 80% nitrogen).

Temperature Concentration [mol %]

H, CH,4 CcO CO, CoHy CoHe H,O CH3CHO C,HsOH
750 °C 14.02 9.29 9.11 0.00 4.16 0.46 5.56 0.54 0.44
850 °C 17.53 11.29 10.41 0.85 3.09 0.00 3.97 0.00 0.00
950 °C 23.43 8.51 9.72 0.66 0.00 0.00 1.64 0.00 0.00

characterized by low specific surface area. It seems probable,
especially that the ratio of the two surface areas is 1:7.

The effect of ethanol on methane conversion at 850 °C is
completely different. The cyclic introduction of ethanol into
the reaction system leads to a successive increase in the
methane conversion degree (Fig. 3). When ethanol decompo-
sition is run for 15 or 30 min, an increase in the methane
conversion is small in relation to that in the reaction without
alcohol addition, but when it is run for 1 h, this increase is
much greater. Thus, as expected, the addition of ethanol had
a favourable influence on the catalytic properties of the acti-
vated carbon used. This influence seems to be related to the
amount of the catalytically active ethanol-originated carbo-
naceous deposit (according to Table 3, the degree of ethylene
decomposition is in these conditions higher than at 750 °C).
Moreover the specific surface area of the catalyst after
decomposition of methane is close to that after ethanol-
assisted decomposition of methane (Table 2). So, the cata-
lytic activity of the activated carbon studied cannot substan-
tially depend on the changes in the specific surface area, as
probably is the case at 750 °C.

The data presented in Table 3 imply that at 950 °C the total
ethylene decomposition takes place, which should result in
a considerable improvement in the catalytic activity of acti-
vated carbon in CDM process after introduction of ethanol.
However, according to Fig. 4, this is not the case. After the
first dose of ethanol, only a small increase in methane
conversion is observed, and introduction of ethanol in the two

—=— M-850°C

—#— M-850°C_E-850°C (15 min)
—o— M-850°C_E-850°C (30 min)
—b— M-850°C_E-850°C (60 min)

Methane conversion [%]

T T —1T 1 1 T 1T T T 1T T "1
0 20 40 60 80 100 120 140 160 180 200 220 240
Time on stream [min]

Fig. 3 — Ethanol-assisted decomposition of methane at
850 °C.

subsequent doses either do not change or even decreases the
catalyst activity. Extension of the time of ethanol dosing has
only slight effect on methane conversion and the dosing time
increase from 30 to 60 min has practically no effect. These
observations are most probably a result of graphitisation of
both methane-originated and ethanol-originated deposit
taking place at high temperature. It is known from literature
that the degree of graphitisation of carbonaceous deposit
increases with increasing temperature and time of heating
[18,38]. On the other hand, graphite—like materials show
much lower catalytic activity in CDM than the carbon mate-
rials of a low degree of structural ordering [39], which can
explain the above observations.

3.2.3.  Decomposition of methane and ethanol at different
temperatures
In order to get a better insight into the methane decomposi-
tion at the alternate dosing of ethanol, at the next stage of the
study the decomposition of methane and ethanol were carried
out at different temperatures. As at 750 °C the influence of
ethanol on CDM process was negative (Fig. 2), in the following
part of investigations the decomposition of methane was
performed at 850 or 950 °C. At each of these temperatures the
duration of ethanol dosing into the reactor was 60 min, as for
such a duration of dosing the influence of ethanol on methane
conversion was the greatest (Figs. 3 and 4).

Fig. 5 shows the results of ethanol-assisted CDM at
850 °C. The higher the temperature of ethanol decomposi-
tion, the more pronounced the increase in methane

28 —u— M-950°C

1 —#«— M-950°C_E-950°C (15 min)
—o0—M-950°C_E-950°C (30 min)
—>— M-950°C_E-950°C (60 min)

Methane conversion [%)]

0 -———TT—T 77T T T 7
0 20 40 60 80 100 120 140 160 180 200 220 240
Time on stream [min]

Fig. 4 — Ethanol-assisted decomposition of methane at
950 °C.
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Fig. 5 — Methane conversion at the methane
decomposition temperature of 850 °C and at different

temperatures of ethanol decomposition. Ethanol dosing
duration of 60 min.

conversion. The most pronounced effect on the catalyst
activity had the decomposition of ethanol at 950 °C. This
observation was rather surprising as when both processes
were conducted at 950 °C the introduction of ethanol was
only a little effective, which was explained by graphitisation
of the carbonaceous deposit (Fig. 4). However, the graphiti-
sation of the methane-originated deposit at 950 °C is greater
than at 850 °C [38]. Moreover, the graphitization degree of
the solid carbon obtained from decomposition of ethylene or
acetylene is lower than that obtained from methane [38].
This means that for the methane decomposition at 850 °C/
ethanol decomposition at 950 °C, the resultant catalytic
activity of the methane-originated + ethanol-originated
deposits is greater than that obtained when both processes
are conducted at 950 °C.

Methane conversion for CDM at 950 °C and at alternate
dosing of methane and ethanol are shown in Fig. 6. After the
first cycle of methane decomposition (950 °C)/ethanol
decomposition (750 °C) the methane conversion increases.
The decomposition of alcohol after 120 and 180 min does not
result in a further increase in methane conversion (the cata-
lyst activity is stabilised at a certain level) which can be
a consequence of small amounts of the ethanol-originated
deposit formed (Table 3). The periodical decomposition of
ethanol at 850 °C gives a clear and gradual increase in the
activated carbon activity. The highest degree of methane
conversion obtained in these conditions was 13% (after
180 min). When both processes are run at 950 °C the results
are not so good, despite the greatest amount of ethanol-
originated deposit formed, which can be related to the above
mentioned graphitisation.

3.2.4. FTIR, XPS and EPR measurements of fresh and spent
carbon catalysts

In order to get a better insight into a possible reason for
changes in conversion of methane in the processes studied,

28, —a—M-950°C

26 ——M-950°C_E-750°C (60 min)
—o—M-950°C_E-850°C (60 min)
—b—M-950°C_E-950°C (60 min)

24
22
20
184
164
14 ]
12
10
.
6
]
3 —
0 20 40 60 80 100 120 140 160 180 200 220 240

Time on stream [min]

Methane conversion [%)]

Fig. 6 — Methane conversion at the methane
decomposition temperature of 950 °C and at different
temperatures of ethanol decomposition. Ethanol dosing
time of 60 min.

selected samples were subjected to FTIR, XPS and EPR inves-
tigations. Results of the FTIR analysis are presented in Fig. 7.
Unfortunately, activated carbon as a “black material” is
characterised by low transmittance of infrared radiation and
that is why the spectra of the catalysts are devoid of details.
The majority of the spectra show practically only one band at
1600 cm™?, assigned to the stretching vibrations of aromatic
structures or coupled carbonyl groups [39]. The spectra of
some samples also show a weak band in the range
1000—1300 cm ™. This band is difficult for interpretation as it
appears as a result of overlapping of a few bands (fingerprint
region, C—O stretching, bending vibrations of O—H from
alcohol, phenol or carboxyl groups) [40,41]. The spectra of the
catalysts after decomposition of methane alone and after
alternate decomposition of methane and ethanol are very

a) Activated carbon
b) M-750°C
c) M-850°C

d) M-750°C_E-750°C (60 min)
) M-850°C_E-750°C (60 min)

T

T T T T T T u T T

T T
4000 3500 3000 2500 2000 1500 1000

Wavenumber [cm'1]

Fig. 7 — FTIR spectra of selected samples.
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C-C,C-H

T T
285 290
Binding energy [eV]

Fig. 8 — XPS C 1 s spectrum of the initial activated carbon.

similar. It means that the introduction of ethanol into the
CDM system did not result in the introduction of new groups
into the catalyst structure (in particular oxygen functional
groups).

Besides carbon and some small amount of oxygen, the
activated carbon does not contain significant amounts of
other elements (Table 1). For this reason, XPS analysis was
performed only on the C 1 s spectrum. An exemplary C 1 s
spectrum with its deconvolution into particular components
is shown in Fig. 8. The dominant peak is the so-called
graphite peak at 284.8 eV linked to carbon polyaromatic
structures. According to literature, the full width at half
maximum (FWHM) of this peak is related to the heterogenity
of the graphene layers [42]. The more homogeneous the
graphene layers are (small concentration of defects, high
degree of graphitization) the narrower is the graphite peak
[42,43]. Serrano et al. have proved that exists direct correla-
tion between FWHM of graphite peak and the catalytic
activity of carbon in CDM reaction [36], which was an inde-
pendent confirmation of the Muradov’'s opinion that
different defects of the carbon structure are the main active
sites for methane decomposition over carbon catalysts
[12,44].

Values of FWHM of graphite peak of selected samples are
collected in Table 4. Analysis of these data shows that after

methane alone decomposition at 750 °C the FWHM of graphite
peak increases, which means that the carbonaceous deposit
formed has a less ordered structure than the initial activated
carbon. In spite of this, the catalytic activity of the catalyst
decreases, which should be related to the earlier-mentioned
drastic decrease in the specific surface area caused by the
catalyst pore blocking by the carbonaceous deposit formed.
When CDM was run at the alternate dosing of ethanol at
750 °C the carbonaceous deposit formed is a bit more ordered
than the initial activated carbon and causes an even greater
decrease in the specific surface area. Both processes (increase
of carbon structure ordering and drop in the surface area) lead
to a decrease in the catalytic activity. A certain increase in the
structural ordering and a great decrease in the specific surface
area take place after decomposition of methane alone at
850 °C, which also result in low catalytic activity. Introduction
of ethanol into the CDM system at 950 °C leads to a further
increase in the degree of ordering of the carbonaceous
deposit, but in this case it results in a certain enhancement of
the catalytic activity (Fig. 5). This observation implies that the
specific surface area (pore blocking) and degree of ordering of
the carbon catalyst structure are important but only one
factors influencing its catalytic activity. For instance, in our
earlier work we have suggested that the permeability of
carbonaceous deposit layer for methane also affects the
catalytic activity of activated carbon [22].

Table 4 presents also results of EPR analysis of selected
samples. According to some authors, the width of EPR line is
related to the number of structural defects in carbon materials
[45]. By far the greatest peak-to-peak line width is found in the
spectrum of the initial activated carbon, which suggests the
highest concentration of defects (the lowest structural
ordering). The initial activated carbon is also characterised by
the highest concentration of paramagnetic spins, which can
suggest that some types of defects stimulate their appearance.
After the decomposition of methane alone both at 750 and
850 °C, the EPR line width of the catalyst decreases, while the
ethanol-assisted decomposition of methane in the alternate
mode of ethanol dosing leads to an increase in the EPR line
width (relative to the values obtained after decomposition of
methane alone). The changes in spin concentration show the
same pattern. It should be noted that the spectroscopic
splitting factor (g-value) of the samples studied is close to the
value obtained for graphite which is 2.0031 [46]. Unfortu-
nately, it is difficult to find any correlation of the above rela-
tions with the catalytic activity of the samples studied or with
the earlier discussed XPS results. The most probable expla-
nation is that the catalytic processes take place only on the

Table 4 — Results of EPR and XPS analyses of selected samples.

Sample g-value Peak-to-peak Spin concentration FWHM of XPS Cl1s peak
line width [mT] [10'® spin/g] component at 284.8 eV [eV]

Activated carbon 2.0046 2.06 55.9 1.97

M-750 °C 2.0026 1.54 3.4 2.02

M-750 °C_E-750 °C (60 min) 2.0052 1.60 21.6 1.96

M-850 °C 2.0034 1.97 7.8 1.92

M-850 °C_E-950 °C (60 min) 2.0036 1.99 11.4 1.86
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catalyst surface (also XPS analysis brings data on the surface),
while EPR measurements refer to the bulk sample, and the
bulk structure can be significantly different from that of the
surface.

4, Conclusions

In this study the microporous activated carbon obtained from
hazelnut shells was tested as a catalyst in the catalytic
decomposition of methane (CDM). This catalyst was active in
the process but it underwent fast deactivation as a conse-
quence of formation of a low-active carbonaceous deposit on
its surface. Modification of the process involving the alternate
decomposition of methane and ethanol caused changes in the
catalyst activity. One of the products formed as a result of
ethanol decomposition was ethylene, whose decomposition
led to generation of carbonaceous deposit active in the CDM
process. When the two reactions (the decomposition of
methane and ethanol) were run in the same temperatures, the
highest methane conversion was observed at 850 °C. When
the above reactions took place at different temperatures, the
most effective was the process with methane decomposition
at 850 °C, while ethanol decomposition at 950 °C. The duration
of ethanol dosing also affects the catalyst activity, the longer
the duration the greater the effect, which is related to the
greater amount of carbonaceous deposit formed on the cata-
lyst surface.
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