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Abstract

Methane and higher hydrocarbons were directly decomposed to hydrogen and carbon over molten magnesium. Hydrogen and micrometer size
carbon particles were formed as products. The catalyst losses activity because of the evaporation of metal Mg. The activity of the catalyst can be
recovered by heating the upper cold section of the reactor to slide Mg back to the reactor bed. Mg,C; was identified as reaction intermediate in the
reaction. Compared to the reforming process, the hydrocarbon direct decomposition process produces CO-free hydrogen, does not emit CO, to
environment, generates useful carbon powder, and is also an energy-saving approach for hydrogen preparation. To form each molar of hydrogen
by methane direct decomposition only consumes about 65.1% of the energy as that needed in the steam reforming of methane. The reaction is also
proved to be useful in the decomposition of waste polyolefins, such as ploy olefin plastic and rubber.

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

As a fuel benign to the environment, hydrogen has attracted
much attention in recent years. Currently, hydrogen is commer-
cially produced from the steam reformation of natural gas [1]
and coal [2] or from the dehydrogenation processes in petroleum
industry [3-5]. There have been other investigations into the
processes of hydrogen generation, such as the steam reforma-
tion of glucose [6,7] and methanol [8,9], and alcohol partial
oxidation [10-11]. These processes, however, were found to be
energy consuming and the hydrogen produced usually contains
CO, making the direct application of the generated hydrogen
in proton exchange membrane fuel cells dissatisfactory. It was
also proven that hydrogen could be produced from the photo-
catalytic decomposition of biomass [12—-13] and water [14] as
well as the enzyme-catalyzed decomposition of sugar [15,16].
However, the hydrogen production rate is not high enough to
meet the commercial requirement. High efficient catalysts or
enzyme are needed to bring the arts to industrialization. There are
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reports on hydrogen generation via methane direct decomposi-
tion over solid catalysts [17-19], but the lifetime of the catalysts
are usually short. Better technology is required to deal with
the hurdles. There are advantages to generating hydrogen via
the decomposition of hydrocarbons such as natural gas, poly-
olefin wastes, and asphaltum, which is shown as follows: (1)
these are cheap hydrocarbons easily available, (2) carbon that
finds wide industrial applications (such as in smelting indus-
try) is formed as a by-product, and (3) no CO is produced along
with hydrogen, thus high-purity hydrogen is obtained as an ideal
fuel for fuel cells. In addition, polyolefins as waste are difficult
to degrade naturally and so this process can solve two prob-
lems simultaneously. Traditional methods such as direct burying
and burning are known to be problematic. There have been
reports on degradation by means of pyrolysis [20,21], which
found the resulting end-products to be difficult to handle and of
little value. It is highly desirable, therefore, to find a technol-
ogy for the direct decomposition of hydrocarbons to high-purity
hydrogen and carbon. To achieve such a goal, we have derived
a high-temperature homogeneous catalytic system using molten
magnesium as catalyst. In this approach, the active metal sites
are not poisoned due to the ready diffusion of the liquid
metal.
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2. Experimental
2.1. Methane decomposition over Mg

The stainless steel reactor(s) system is shown in Fig. 1. By
means of the system, one can conduct either one-stage or two-
stage reaction. In the former, reactant gas was fed in from Port a
(by shutting Valve 1 and opening Valve 2) and gas samples were
taken from Port 2 for analysis. In the two-stage case, reactant
gas was fed in from Port b (by opening Valve 1 and shutting
Valve 2) and gas samples were taken from both Ports 1 and 2
for analysis. The gas samples were analyzed on GC (Agilent
6890N) and GC/MS (Agilent 6890N/5973N).

2.2. Polymers and asphaltum decomposition over Mg

In this method, a two-stage reactor system was designed to
carry out the reaction. In the first reactor, 2.0 g of magnesium
mixed with 2.0 g of polymers or asphaltum was loaded and
another 2.0 g of magnesium was loaded in the second reactor.
Before the reaction, inert gas argon (5 ml/min) was used to flush
the reactors for 20 min to remove air from the two reactors. An
oven with temperature-control program was employed to regu-
late the heating of the reactors. The second reactor was heated
from 20 to 700 °C in 30 min before being kept at 700 °C. The first
reactor was heated in stages: (i) from 20 to 250 °C in 30 min, (ii)
to 500 °C at arate of 1 °C min~!, (iii) to 700 °C within 30 min at
the same heating rate as stage (ii), and (iv) finally kept at 700 °C
for 30 min for complete polymers decomposition.

2.3. In situ FTIR diffusion-reflection

The in situ FTIR diffusion-reflection analysis was performed
on a Nicolet NEXUS 670 spectrometer with a Harrick reactor
cell HVC-DRP (Harrick Scientific Corporation). The metal Mg
powder sample 0.200 g was loaded into the reactor cell. The
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Fig. 1. Reactor system. The stainless steel reactors have i.d. of 16 mm, o.d. of
18 mm, and length of 200 mm and the gas leading tubings have o.d. of 4 mm and
i.d. of 3 mm.

reactor cell was heated to 400°C in vaccum (2.5 x 10~* Pa)
for the removal of adsorbed impurities. A background spectrum
was first recorded as reference of future spectra. Then the cell
was isolated from pumping and CH4 was passed into the cell at
400 °C to reach a pressure of 1.0 atm; spectra were recorded at
different time periods as indicated.

3. Results and discussion

In this work, molten magnesium was employed to catalyze
the decomposition of hydrocarbon in stainless steel reactor(s)
shown in Fig. 1. By means of the reactor system, one can con-
duct either one-stage or two-stage reaction (see Section 2). In
methane decomposition, the control experiment showed that
when without catalyst, methane started to decompose at 500 °C
and with the increase of reaction temperature, the methane con-
version increased and reached 5.1% at 700 °C (Fig. 2). In the
presence of molten Mg, the methane decomposed at 300 °C and
methane conversion was much higher than the case without cata-
lyst. However, the equilibrium conversion of methane calculated
from thermal dynamics is much higher than the cases of both
with and without catalyst. The equilibrium methane conversion
is 84.1% at 700 °C. Therefore, it is possible to obtain higher
methane conversion by finding high efficient catalyst.

For the one-stage approach, we monitored the decomposi-
tion of methane at 700 °C for 123 h. Hydrogen concentration was
above 42% in the first 75 h and then declined gradually to around
28% at the 123 h (Fig. 3). In the two-stage approach, higher
hydrogen concentration was achieved. As shown in Fig. 3b, a
hydrogen concentration higher than 42% (the rest is methane)
was obtained after the first reactor, and after the second reactor,
hydrogen concentration was above 60%. In ethane decompo-
sition under similar conditions, hydrogen concentration was
higher than 70% within a period of 95 h (Fig. 3c) and methane
was the only gaseous by-product. In the methane and ethane
decomposition reactions, fluffy carbon species was found accu-
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Fig. 2. Methane conversion at different temperature. (@) Without catalyst, (A)
over molten Mg, and (M) the equilibrium conversion of methane according to
thermal dynamic calculation.
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Fig. 3. The decomposition of methane as in (a) one-stage and (b) two-stage approach under conditions of 5.0 ml/min of methane, 4.0 g Mg (in each reactor), and
700 °C. (c) The decomposition of ethane as in a one-stage approach under conditions of 5.0 ml/min of ethane, 4.0 g of Mg, and 700 °C.

mulated on the surface of molten Mg (see Fig. 4 for photographic
images of carbon). Hence the periodic removal of carbon should
be easy. In the decomposition of methane and ethane, the cat-
alytic activity decreased significantly after 100 h of reaction due
to Mg evaporation. The activity could be recovered once the Mg
condensed at the upper cold section of the reactor was allowed
to slide back to the reactor by a simple action of heating.

The results of XRD (D8 Advance Brucker) analysis revealed
that the substance condensed at the cold section at the top of
the reactor was metal Mg crystal and the powder collected
from the bottom of the reactor was a mixture of carbon and
Mg (Fig. 5). The results of EDS analysis (X-ray energy dis-
persive spectroscopy, INCA Energy 300, Oxford Instruments)
confirmed that the black powder was composed of carbon and a
small amount of Mg. The XRD result (Fig. 5c) of the black pow-
der revealed that the carbon was amorphous. The overall results
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Fig. 4. Carbon formed in methane decomposition.

so far proved that in the interaction of methane with molten Mg,
hydrogen and carbon were formed.

We found that the molten Mg catalyst also works well for
the decomposition of polyolefins (polyolefin plastic and rubber)
and asphaltum. The decomposition of the materials was car-
ried out in a two-stage manner. The first reactor (loaded with
2.0g of Mg and reactant) was for preliminary decomposition
and the second (loaded with 2.0 g of Mg) for deep decomposi-
tion. The polyolefins and asphaltum decomposed into hydrogen,
alkanes, alkenes, and substituted aromatics in the first reactor
(see Supplementary material). These primary products farther
decomposed into hydrogen, carbon, and methane in the second
reactor (Table 1). After decomposition, hydrogen concentration
in the gas phase was above 70.0% and fluffy carbon was collected
in both of the reactors.

In order to explore the reaction mechanism, we conducted
the following experiment. After 10h of reaction between
methane (5.0ml/min) and Mg (4.0g) at 700°C, the reac-
tor was purged with high-purity argon (5.0 ml/min) until no
methane was detected in the effluent. Then the reactor was
cooled down to room temperature and water (2.0 ml/h) was
introduced to the reactor (for the initiation of hydrolysis reac-

Table 1

Results of asphaltum and polyolefins decomposition over molten Mg

Reactant W (g)? V (ml)® Xu, (%)° Xcn, (%)
Asphaltum 1.00 305 70.0 30.0
Plastic 0.50 640 734 26.4
Rubber 0.50 337 80.4 19.6

? The amount of hydrocarbon reactant.

b The total volume of gas collected.

¢ The molar concentration of hydrogen in collected gas.

4 The molar concentration (%) of methane in the collected gas.
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Fig. 5. Top figure: XRD patterns of (a) Mg before reaction, (b) substance col-
lected from the upper cold section, and (c) black powder from the bottom of the
reactor; bottom figure: the picture of Mg before and after reaction.
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Fig. 6. In situ FTIR of CH4 decomposition over Mg (10 mg). The reactor cell
was heated to 400°C in vaccum (2.5 x 104 Pa) for the removal of adsorbed
impurities. A background spectrum was first recorded as reference of future
spectra. Then the cell was isolated from pumping and CHy4 was passed into the
cell at 400 °C to reach a pressure of 1.0 atm; spectra were recorded at different
time periods as indicated.

tion); the gas phase was then analyzed by GC/MS. Besides Ar
and H», we detected methane and propyne in trace amounts.
It is generally accepted that metal carbide is formed when a
metal is heated in a suitable hydrocarbon [22]; below 500 °C
metal Mg reacts with carbon to form MgC, whereas between
500 and 700°C, there is the formation of MgyCs. We pro-
pose that under the reaction conditions adopted in this study,
there was the formation of Mg,C and Mg,C3z. We find that
the information related to the thermal stability of Mg,C and
Mg,C3 is not available in open literature (possibly due to
the difficulty in obtaining pure Mg,C and Mg,C3z samples).
Based on the fact that only traces of methane and propyne
were detected in the hydrolysis experiment, we deduce that
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Scheme 1. Possible reaction pathways.
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Mg,C and MgpC3z are not stable at 700 °C. At such high
temperature, Mg>,C and MgrC3; decompose to Mg and car-
bon.

In the in situ FTIR diffusion-reflection study of methane inter-
action with Mg powder at 400 °C (Fig. 6, also the experiment in
Fig. 2 shows that CHy starts to decompose at 300 °C for reasons
of protecting the FTIR cell, the FTIR studies were carried out
at 400 °C), we found bands at 2296, 2343, 2357 and 2384 cm™!
attributable to —C=C— triple bond stretch vibrations of adsorbed
species [23]. The in situ FTIR measurement is consistent with
the hydrolysis reaction. Both studies showed that there is the
formation of Mgy(=C—C=C-) species in the methane decom-
position over Mg catalyst. Compared to hydrogen and carbon,
magnesium is more electropositive and the breaking of C—C
and C—H bonds should involve the valence electrons of magne-
sium as indicated in Scheme 1. With the evolution of hydrogen
gas and the decomposition of the magnesium carbides, metal-
lic magnesium is regenerated. This type of catalytic interaction
provides a new approach for the cleavage of C—C and C—H
bonds.

4. Conclusion

In conclusion, we demonstrated that molten Mg is an efficient
catalyst for the homogeneous decomposition of hydrocarbons
such as methane, ethane, polyolefins (plastic and rubber),
and asphaltum for the generation of CO-free hydrogen and
amorphous carbon. In the decomposition of polyolefins and
asphaltum, methane is the only gaseous by-product and can
be recycled back to the reactor for hydrogen and carbon gen-
eration. The approach is environmentally friendly and could
be developed as a more advantageous technology for hydrogen
generation and/or polyolefin degradation.
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