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bstract

Methane and higher hydrocarbons were directly decomposed to hydrogen and carbon over molten magnesium. Hydrogen and micrometer size
arbon particles were formed as products. The catalyst losses activity because of the evaporation of metal Mg. The activity of the catalyst can be
ecovered by heating the upper cold section of the reactor to slide Mg back to the reactor bed. Mg2C3 was identified as reaction intermediate in the
eaction. Compared to the reforming process, the hydrocarbon direct decomposition process produces CO-free hydrogen, does not emit CO2 to

nvironment, generates useful carbon powder, and is also an energy-saving approach for hydrogen preparation. To form each molar of hydrogen
y methane direct decomposition only consumes about 65.1% of the energy as that needed in the steam reforming of methane. The reaction is also
roved 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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. Introduction

As a fuel benign to the environment, hydrogen has attracted
uch attention in recent years. Currently, hydrogen is commer-

ially produced from the steam reformation of natural gas [1]
nd coal [2] or from the dehydrogenation processes in petroleum
ndustry [3–5]. There have been other investigations into the
rocesses of hydrogen generation, such as the steam reforma-
ion of glucose [6,7] and methanol [8,9], and alcohol partial
xidation [10–11]. These processes, however, were found to be
nergy consuming and the hydrogen produced usually contains
O, making the direct application of the generated hydrogen

n proton exchange membrane fuel cells dissatisfactory. It was
lso proven that hydrogen could be produced from the photo-
atalytic decomposition of biomass [12–13] and water [14] as
ell as the enzyme-catalyzed decomposition of sugar [15,16].

owever, the hydrogen production rate is not high enough to
eet the commercial requirement. High efficient catalysts or

nzyme are needed to bring the arts to industrialization. There are
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eports on hydrogen generation via methane direct decomposi-
ion over solid catalysts [17–19], but the lifetime of the catalysts
re usually short. Better technology is required to deal with
he hurdles. There are advantages to generating hydrogen via
he decomposition of hydrocarbons such as natural gas, poly-
lefin wastes, and asphaltum, which is shown as follows: (1)
hese are cheap hydrocarbons easily available, (2) carbon that
nds wide industrial applications (such as in smelting indus-

ry) is formed as a by-product, and (3) no CO is produced along
ith hydrogen, thus high-purity hydrogen is obtained as an ideal

uel for fuel cells. In addition, polyolefins as waste are difficult
o degrade naturally and so this process can solve two prob-
ems simultaneously. Traditional methods such as direct burying
nd burning are known to be problematic. There have been
eports on degradation by means of pyrolysis [20,21], which
ound the resulting end-products to be difficult to handle and of
ittle value. It is highly desirable, therefore, to find a technol-
gy for the direct decomposition of hydrocarbons to high-purity
ydrogen and carbon. To achieve such a goal, we have derived

high-temperature homogeneous catalytic system using molten
agnesium as catalyst. In this approach, the active metal sites

re not poisoned due to the ready diffusion of the liquid
etal.

mailto:hgx2002@hnu.cn
dx.doi.org/10.1016/j.molcata.2007.12.018
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. Experimental

.1. Methane decomposition over Mg

The stainless steel reactor(s) system is shown in Fig. 1. By
eans of the system, one can conduct either one-stage or two-

tage reaction. In the former, reactant gas was fed in from Port a
by shutting Valve 1 and opening Valve 2) and gas samples were
aken from Port 2 for analysis. In the two-stage case, reactant
as was fed in from Port b (by opening Valve 1 and shutting
alve 2) and gas samples were taken from both Ports 1 and 2

or analysis. The gas samples were analyzed on GC (Agilent
890N) and GC/MS (Agilent 6890N/5973N).

.2. Polymers and asphaltum decomposition over Mg

In this method, a two-stage reactor system was designed to
arry out the reaction. In the first reactor, 2.0 g of magnesium
ixed with 2.0 g of polymers or asphaltum was loaded and

nother 2.0 g of magnesium was loaded in the second reactor.
efore the reaction, inert gas argon (5 ml/min) was used to flush

he reactors for 20 min to remove air from the two reactors. An
ven with temperature-control program was employed to regu-
ate the heating of the reactors. The second reactor was heated
rom 20 to 700 ◦C in 30 min before being kept at 700 ◦C. The first
eactor was heated in stages: (i) from 20 to 250 ◦C in 30 min, (ii)
o 500 ◦C at a rate of 1 ◦C min−1, (iii) to 700 ◦C within 30 min at
he same heating rate as stage (ii), and (iv) finally kept at 700 ◦C
or 30 min for complete polymers decomposition.

.3. In situ FTIR diffusion-reflection
The in situ FTIR diffusion-reflection analysis was performed
n a Nicolet NEXUS 670 spectrometer with a Harrick reactor
ell HVC-DRP (Harrick Scientific Corporation). The metal Mg
owder sample 0.200 g was loaded into the reactor cell. The

ig. 1. Reactor system. The stainless steel reactors have i.d. of 16 mm, o.d. of
8 mm, and length of 200 mm and the gas leading tubings have o.d. of 4 mm and
.d. of 3 mm.

s
h
w
d

F
o
t

sis A: Chemical 283 (2008) 153–157

eactor cell was heated to 400 ◦C in vaccum (2.5 × 10−4 Pa)
or the removal of adsorbed impurities. A background spectrum
as first recorded as reference of future spectra. Then the cell
as isolated from pumping and CH4 was passed into the cell at
00 ◦C to reach a pressure of 1.0 atm; spectra were recorded at
ifferent time periods as indicated.

. Results and discussion

In this work, molten magnesium was employed to catalyze
he decomposition of hydrocarbon in stainless steel reactor(s)
hown in Fig. 1. By means of the reactor system, one can con-
uct either one-stage or two-stage reaction (see Section 2). In
ethane decomposition, the control experiment showed that
hen without catalyst, methane started to decompose at 500 ◦C

nd with the increase of reaction temperature, the methane con-
ersion increased and reached 5.1% at 700 ◦C (Fig. 2). In the
resence of molten Mg, the methane decomposed at 300 ◦C and
ethane conversion was much higher than the case without cata-

yst. However, the equilibrium conversion of methane calculated
rom thermal dynamics is much higher than the cases of both
ith and without catalyst. The equilibrium methane conversion

s 84.1% at 700 ◦C. Therefore, it is possible to obtain higher
ethane conversion by finding high efficient catalyst.
For the one-stage approach, we monitored the decomposi-

ion of methane at 700 ◦C for 123 h. Hydrogen concentration was
bove 42% in the first 75 h and then declined gradually to around
8% at the 123 h (Fig. 3). In the two-stage approach, higher
ydrogen concentration was achieved. As shown in Fig. 3b, a
ydrogen concentration higher than 42% (the rest is methane)
as obtained after the first reactor, and after the second reactor,
ydrogen concentration was above 60%. In ethane decompo-

ition under similar conditions, hydrogen concentration was
igher than 70% within a period of 95 h (Fig. 3c) and methane
as the only gaseous by-product. In the methane and ethane
ecomposition reactions, fluffy carbon species was found accu-

ig. 2. Methane conversion at different temperature. (�) Without catalyst, (�)
ver molten Mg, and (�) the equilibrium conversion of methane according to
hermal dynamic calculation.
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ig. 3. The decomposition of methane as in (a) one-stage and (b) two-stage ap
00 ◦C. (c) The decomposition of ethane as in a one-stage approach under cond

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

The results of XRD (D8 Advance Brucker) analysis revealed
hat the substance condensed at the cold section at the top of
he reactor was metal Mg crystal and the powder collected
rom the bottom of the reactor was a mixture of carbon and

g (Fig. 5). The results of EDS analysis (X-ray energy dis-

ersive spectroscopy, INCA Energy 300, Oxford Instruments)
onfirmed that the black powder was composed of carbon and a
mall amount of Mg. The XRD result (Fig. 5c) of the black pow-
er revealed that the carbon was amorphous. The overall results

Fig. 4. Carbon formed in methane decomposition.
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h under conditions of 5.0 ml/min of methane, 4.0 g Mg (in each reactor), and
of 5.0 ml/min of ethane, 4.0 g of Mg, and 700 ◦C.

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

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

In order to explore the reaction mechanism, we conducted
he following experiment. After 10 h of reaction between

ethane (5.0 ml/min) and Mg (4.0 g) at 700 ◦C, the reac-
or was purged with high-purity argon (5.0 ml/min) until no
ethane was detected in the effluent. Then the reactor was
ooled down to room temperature and water (2.0 ml/h) was
ntroduced to the reactor (for the initiation of hydrolysis reac-

able 1
esults of asphaltum and polyolefins decomposition over molten Mg

eactant W (g)a V (ml)b XH2 (%)c XCH4 (%)d

sphaltum 1.00 305 70.0 30.0
lastic 0.50 640 73.4 26.4
ubber 0.50 337 80.4 19.6

a The amount of hydrocarbon reactant.
b The total volume of gas collected.
c The molar concentration of hydrogen in collected gas.
d 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.

Fig. 6. In situ FTIR of CH4 decomposition over Mg (10 mg). The reactor cell
was heated to 400 ◦C in vaccum (2.5 × 10−4 Pa) for the removal of adsorbed
impurities. A background spectrum was first recorded as reference of future
s
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Scheme 1. Possible rea
pectra. Then the cell was isolated from pumping and CH4 was passed into the
ell at 400 ◦C to reach a pressure of 1.0 atm; spectra were recorded at different
ime periods as indicated.

ion); the gas phase was then analyzed by GC/MS. Besides Ar
nd H2, we detected methane and propyne in trace amounts.
t is generally accepted that metal carbide is formed when a
etal is heated in a suitable hydrocarbon [22]; below 500 ◦C
etal Mg reacts with carbon to form MgC2 whereas between

00 and 700 ◦C, there is the formation of Mg2C3. We pro-
ose that under the reaction conditions adopted in this study,
here was the formation of Mg2C and Mg2C3. We find that
he information related to the thermal stability of Mg2C and
g2C3 is not available in open literature (possibly due to
he difficulty in obtaining pure Mg2C and Mg2C3 samples).
ased on the fact that only traces of methane and propyne
ere detected in the hydrolysis experiment, we deduce that

ction pathways.
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g2C and Mg2C3 are not stable at 700 ◦C. At such high
emperature, Mg2C and Mg2C3 decompose to Mg and car-
on.

In the in situ FTIR diffusion-reflection study of methane inter-
ction with Mg powder at 400 ◦C (Fig. 6, also the experiment in
ig. 2 shows that CH4 starts to decompose at 300 ◦C for reasons
f protecting the FTIR cell, the FTIR studies were carried out
t 400 ◦C), we found bands at 2296, 2343, 2357 and 2384 cm−1

ttributable to C C triple bond stretch vibrations of adsorbed
pecies [23]. The in situ FTIR measurement is consistent with
he hydrolysis reaction. Both studies showed that there is the
ormation of Mg2( C C C ) species in the methane decom-
osition over Mg catalyst. Compared to hydrogen and carbon,
agnesium is more electropositive and the breaking of C C

nd C H bonds should involve the valence electrons of magne-
ium as indicated in Scheme 1. With the evolution of hydrogen
as and the decomposition of the magnesium carbides, metal-
ic magnesium is regenerated. This type of catalytic interaction
rovides a new approach for the cleavage of C C and C H
onds.

. Conclusion

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

This work was supported by the excellent young scientist-
upporting program of the Chinese Ministry of Education

[

sis A: Chemical 283 (2008) 153–157 157

Project NCET-04-0775). We thank C.G. Sun for XRD analysis
nd Dr. He Sheng Zhai for SEM and EDS analysis.

ppendix A. Supplementary data

Supplementary data associated with this article can be found,
n the online version, at doi:10.1016/j.molcata.2007.12.018.

eferences

[1] T. Ando, et al., Energy Fuels 17 (2003) 971.
[2] Y. Sekine, K. Ishikawa, E. Kikuchi, M. Matsukata, Energy Fuels 19 (2005)

326.
[3] K.D. Uitti, US Patent 4,009,217 (1977).
[4] H.H. Sardina, US Patent 4,628,136 (1986).
[5] D.K. Kim, J. Longland, M. George, US Patent 5,053,572 (1991).
[6] R.D. Cortright, R.R. Davda, J.A. Dumesic, Nature 418 (2002) 964.
[7] G.W. Huber, J.W. Shabaker, J.A. Dumesic, Science 300 (2003) 2075.
[8] S. Velu, K. Suzuki, M. Okazaki, M.P. Kapoor, T. Osaki, F. Ohashi, J. Catal.

194 (2000) 373.
[9] B. Lindstrom, L.J. Pettersson, Int. J. Hydrogen Energy 26 (2001) 923.
10] G.A. Deluga, J.R. Salge, L.D. Schmidt, X.E. Verykios, Science 303 (2004)

993.
11] S. Velu, K. Suzuki, M. Okazaki, M.P. Kapoor, F. Ohashi, T. Osaki, Appl.

Catal. A 213 (2001) 47.
12] T. Kawai, T. Sakata, Nature 286 (1980) 474.
13] J.A. Laverne, L. Tandon, J. Phys. Chem. B 107 (2003) 13623.
14] J.A. LaVerne, J. Phys. Chem. B 109 (2005) 5395.
15] J. Woodward, K.A. Cordray, R.J. Edmonston, M. Blanco-Rivera, S.M.

Mattingly, B.R. Evans, Energy Fuels 14 (2000) 197.
16] J. Woodward, M. Orr, K. Cordray, E. Greenbaum, Nature 405 (2000) 1015.
17] K. Otsuka, H. Ogihara, S. Takenka, Carbon 41 (2003) 223.
18] S. Takenaka, Y. Shigeta, E. Tanabe, K. Otsuka, J. Catal. 220 (2003) 468.
19] J.I. Villacampa, C. Royo, E. Romeo, J.A. Montoya, P. Del Angel, A.

Monzón, Appl. Catal. A 252 (2003) 363.
20] H. Huang, L. Tang, C.Z. Wu, Environ. Sci. Technol. 37 (2003) 4463.
21] C. Ludlow-Palafox, H.A. Chase, Ind. Eng. Chem. Res. 40 (2001) 4749.
22] F.A. Cotton, G. Wilkinson, Advanced Inorganic Chemistry, 5th edition,
1988, p. 154, p. 239.
23] D. Lin-Vien, N.B. Colthup, W.G. Fateley, J.G. Grasseli, Infrared and Raman

Characteristic Frequencies of Organic Molecules, Academic Press, San
Diego, 1991, pp. 95–103.

http://dx.doi.org/10.1016/j.molcata.2007.12.018

	Hydrogen generation by direct decomposition of hydrocarbons over molten magnesium
	Introduction
	Experimental
	Methane decomposition over Mg
	Polymers and asphaltum decomposition over Mg
	In situ FTIR diffusion-reflection

	Results and discussion
	Conclusion
	Acknowledgments
	Supplementary data
	References


