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PROCESS FOR PRODUCING HYDROGEN 
FROM HYDROCARBONS 

FIELD OF THE INVENTION 

0001. The present invention relates to a process to convert 
light hydrocarbons to hydrogen. In particular the present 
invention relates to a process to catalytically convert methane 
to co-produce hydrogen and graphite particles. 

BACKGROUND ART 

0002 Hydrogen can be used in internal combustion 
engines or more favourably in proton-exchange-membrane 
fuel cells to generate power so that the exhaust emission is 
simply water vapour. Recent studies have suggested that, 
regardless of the Source of hydrogen, a complete Switch to 
hydrogen fuel-cell vehicles in the transportation sector would 
likely lead to a significant improvement in health, air quality 
and climate. The benefits were derived from a complete elimi 
nation of common vehicle exhaust emissions. 
0003. The study, however, did not address the effect of 
greenhouse gases when hydrogen was derived from fossil 
fuels. It is widely recognized that the conventional methods of 
producing hydrogen from fossil fuels invariably produce car 
bon dioxide (natural gas steam reforming and coal gasifica 
tion) and that in the long term hydrogen has to be produced by 
renewable sources such as Solar energy and biomass. In the 
short- and mid-term future when hydrogen will be derived 
from fossil fuels, geosequestration of carbon dioxide is tech 
nically possible but is complicated by uncertain long-term 
environmental ramifications. 
0004. The route from fossil fuels to hydrogen does not 
necessarily involve the unavoidable production of carbon 
oxides (CO) which fundamentally challenges the raison 
d'etre of the hydrogen economy. 
0005 Natural gas can be solid catalytically cracked into 
both hydrogen gas and Solid carbon according to Equation 
(1). 

CH->C+2H- (1) 

AH-29s K-74.81 kJ/mol. AG-29sk 50.72 kJ/mol 
0006. However, in practice two problems prevent catalytic 
conversion of methane to hydrogen from being practically 
viable. 
0007 Firstly, the conversion efficiencies are low and the 
carbon generated during catalytic conversion of methane 
quickly deactivates the catalyst and caulks up the cracking 
reactor. The lifetime of the catalyst is very short, typically of 
the order of a few hours. It is well established that the higher 
the conversion efficiency of the system, the quicker the cata 
lyst is depleted. 
0008 Secondly, the carbon generated is known to be 
essentially amorphous when activated carbon is used as the 
catalyst. The amount of amorphous carbon which would be 
generated would be approximately 75% of the mass of meth 
ane undergoing catalytic conversion. A huge stockpile of 
amorphous carbon is potentially unstable and provides dis 
posal and management considerations. 
0009. By a judicious use of selected catalysts, it is possible 
to produce a spectrum of carbon quarries, such as carbon 
fibres and carbon nanotubes. It is possible to obtain graphi 
tized carbon as the carbon by-product, which has an estab 
lished market and is known to be very stable, but the catalyst 
life span is known to be short. 
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0010. There is a significant need for new and improved 
processes for catalytic conversion of methane, and other light 
hydrocarbons, to hydrogen and a carbon by-product which is 
stable and commercially valuable. 
0011. The preceding discussion of the background art is 
intended to facilitate an understanding of the present inven 
tion only. It should be appreciated that the discussion is not an 
acknowledgement or admission that any of the material 
referred to was part of the common general knowledge in 
Australia as at the priority date of the application. 

SUMMARY OF THE INVENTION 

0012. In its broadest aspect, the invention provides a pro 
cess for producing hydrogen from a hydrocarbon gas, in 
particular a process for catalytically converting light hydro 
carbons to hydrogen Substantially without co-production of 
carbon dioxide. The present invention also provides a process 
for producing graphitic particles. 
0013 Additionally, the present invention also provides a 
process and apparatus for generating electricity from light 
hydrocarbons substantially in the absence of carbon dioxide 
emission. 
0014. Accordingly, in a first aspect of the invention there is 
provided a process for producing hydrogen from a hydrocar 
bon gas comprising contacting at elevated temperature the 
hydrocarbon gas with a catalyst to catalytically convert the 
hydrocarbon gas to hydrogen and Solid carbon; 
wherein, the catalyst comprises one or both of the following: 

0.015 (a) a calcined Fe-containing catalyst; or 
10016) (b) a bimetallic M, Ni-type catalyst supported on 

a Substrate. 
0017. In the preferred embodiment of the invention, M can 
be a transition metal or a lanthanide, preferably Mo or Laas 
further described herein. 
0018 Previously, the hydrocarbon to hydrogen conver 
sion process has been hindered by catalysts that are quickly 
caulked up reducing the efficiency or stopping Such conver 
sion reactions. However, the inventors of the present inven 
tion made the Surprising and important discovery that using 
the catalysts described herein in the process of the invention, 
hydrogen is produced with a carbon product comprising gra 
phitic particles including spherical and onion-like graphitic 
particles which can disassociate from the catalyst during the 
conversion process, thereby significantly reducing caulking 
through avoiding build up of carbon product on the catalyst. 
0019. In one embodiment of the invention, the hydrocar 
bongas is contacted with the calcined Fe-containing catalyst 
at a temperature in a temperature range of from 500° C. to 
1200°C. In a preferred embodiment, the hydrocarbon gas is 
contacted with the calcined Fe-containing catalyst at a tem 
perature in a temperature range of from 650° C. to 1100° C. 
Even more preferably, the hydrocarbon gas is contacted with 
the calcined Fe-containing catalyst at a temperature in a tem 
perature range of from 800° C. to 1100° C. 
0020. In some embodiments of the invention, an efficiency 
of the catalytic conversion with calcined Fe-containing cata 
lyst is in a range of from about 0.3 to about 0.95. In particular, 
conversion efficiencies of greater than 0.4 are obtained where 
the elevated temperature is about 800° C. or higher. These 
conversion efficiencies may be sustainable over periods-50 
h. 
0021. In one embodiment, the process for producing 
hydrogen from a hydrocarbon gas further comprises contact 
ing the hydrocarbon gas with a calcined Fe-containing cata 
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lyst at elevated pressure to catalytically convert the hydrocar 
bon gas to hydrogen and solid carbon. The hydrocarbon gas 
may be contacted with the calcined Fe-containing catalyst at 
a pressure in a pressure range of from 1.75 bar to 10 bar, 
though greater pressures may also be utilised. 
0022. In one embodiment of the invention, the Fe-contain 
ing catalyst may be selected from a group comprising stain 
less steel, carbon steel, rare earth doped stainless steel, low 
carbon stainless steel, and iron-containing metal alloys, in 
particular iron-containing metal alloys with a catalytic acti 
vator. The catalytic activator may be selected from a group 
consisting of nickel, molybdenum, ruthenium, tantalum, lan 
thanide metals, and titanium. 
0023. In another embodiment the Fe-containing catalyst 
has a high Surface area and may be mesh-like, filamentous, 
perforated or porous. In a preferred embodiment, the Fe 
containing catalyst is a stainless steel mesh. 
0024 Prior to bringing the hydrocarbon gas into contact 
with the Fe-containing catalyst, said catalyst may be calcined 
at a temperature greater than 700° C. for a period of from 
about one to two hours. In some embodiments, calcinations 
may be conducted in the presence of moisture to accelerate 
corrosion on the Surface of the catalyst. 
0025. After calcining, the calcined Fe-containing catalyst 
may be reduced at elevated temperatures, preferably in the 
presence of a reducing agent Such as hydrogen. 
0026. Alternatively, the calcined Fe-containing catalyst 
may undergo reduction with methane contained in the hydro 
carbon gas concurrently with the catalytic conversion of 
hydrocarbon gas into hydrogen and Solid carbon. 
0027. In a preferred embodiment of the invention, wherein 
the catalyst comprises a bimetallic M, Ni-type catalyst Sup 
ported on a substrate, M can be a transition metal or a lan 
thanide, preferably Mo or La. The MoNi-type catalyst has a 
formula of Mo, Ni, MgO wherein x=0.05-0.1, Y=0.01-0.05, 
and Z=0.4-0.5. The LaNi-type catalyst has a formula of La 
Ni, MgO wherein x=0.05-0.1, Y=0.01-0.1, and Z-08-09. 
0028. In an embodiment of the invention, the bimetallic 
M, Ni-type catalyst is supported on a substrate which may 
display catalytic activity. Further, the substrate is mesh-like, 
filamentous, perforated or porous. In the preferred embodi 
ment, the bimetallic M. Ni-type catalyst is supported on 
stainless steel mesh. Said Substrate may comprise a calcined 
Fe-containing catalyst Such as described herein. 
0029. In one embodiment of the invention the light hydro 
carbon is contacted with the supported bimetallic M, Ni-type 
catalyst at a temperature of 400° C. to 950° C., and is cata 
lytically converted to hydrogen and Solid carbon. In another 
embodiment of the invention the light hydrocarbon is con 
tacted with the supported bimetallic M. Ni-type catalyst at a 
temperature of 500° C. to 850° C., and is catalytically con 
verted to hydrogen and solid carbon. Conversion efficiencies 
are typically between 30-75%, with conversion efficiencies of 
50-70% observed at temperatures of 500° C. to 850° C. 
0030) Surprisingly, the above conversion efficiencies are 
sustainable over prolonged periods (>120 h) with negligible 
depletion of the bimetallic catalyst throughout the conversion 
process. 
0031. The light hydrocarbon may be one or more chemical 
compounds that contain only carbon and hydrogen, having a 
carbon number of 6 or less. Preferably, the light hydrocarbon 
is methane 
0032. In a second aspect of the invention, there is provided 
a process for producing hydrogen from a hydrocarbon gas 
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further comprises contacting the hydrocarbongas with a cata 
lyst comprising one or both of the following: 

0033 (a) a calcined Fe-containing catalyst; or 
(0034 (b) a bimetallic M. Ni-type catalyst supported on 

a Substrate; 
at elevated pressure to catalytically convert the hydrocarbon 
gas to hydrogen and solid carbon. 
0035. The solid carbon generated in the present invention 
may be in the form of graphitic particles. Preferably, the solid 
carbon is generated in the form of Substantially spherical or 
onion-like graphitic particles. 
0036. The spherical graphitic particles are of substantially 
uniform size. In general, the mean diameter of the graphitic 
particles is <200 nm. The diameter of the mean substantially 
spherical graphitic particles may also be 0.4-4 um. 
0037 Thus, the process of the present invention further 
includes the step of thermally treating the recovered spherical 
graphitic particles and converting the amorphous carbon 
material to high quality graphite. 
0038. Thus, in a third aspect of the present invention there 

is provided a process for producing graphitic particles com 
prising contacting at elevated temperature hydrocarbon gas 
with a catalyst to catalytically convert the hydrocarbon gas to 
hydrogen and graphitic particles; 
0039 wherein, the catalyst comprises one or both of the 
following: 

0040 (a) a calcined Fe-containing catalyst; or 
(0041) (b) a bimetallic M. Ni-type catalyst supported on 

a Substrate. 
0042. While not wishing to be bound by theory, the inven 
tors opine that the spherical or onion-like morphology of the 
graphitic particles formed during catalytic conversion of the 
light hydrocarbon facilitates ready detachment of the gra 
phitic particles from the Supported catalyst, thus preventing 
fouling or depletion of the catalyst and extending the period 
under which the catalytic conversion reaction may proceed. 
In this respect, the graphitic particles may be recovered in a 
gaseous stream comprising hydrogen and the graphitic par 
ticles. 
0043. The process of the invention may comprise the fur 
ther step of thermally treating the recovered graphitic par 
ticles and converting any ambientamorphous carbon material 
to high quality graphite. 
0044 Additionally, the present invention also provides a 
process and apparatus for generating electricity from light 
hydrocarbons substantially in the absence of carbon dioxide 
emission. 
0045. In a fourth aspect of the invention there is provided 
a process for generating electricity from light hydrocarbons 
substantially in the absence of carbon dioxide emission, the 
process comprising the steps of 

0046 (i) contacting at elevated temperature the hydro 
carbon gas with a catalyst to catalytically convert the 
hydrocarbon gas to hydrogen and solid carbon; 

0047 (ii) separating and recovering the hydrogen gen 
erated in step a); 

0.048 (iii) using a first portion of recovered hydrogen in 
a fuel cell to generate electricity; and 

0049 (iv) combusting a second portion of recovered 
hydrogen to generate elevated temperature in step a); 

wherein, the catalyst comprises one or both of the following: 
0050 (a) a calcined Fe-containing catalyst; or 
10051 (b) a bimetallic M, Ni-type catalyst supported on 

a Substrate. 
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0052 Preferably, the process comprises the additional 
step of: 

0053 (v) providing hydrogen feedstock for ammonia 
synthesis (Haber process). 

0054. In a fifth aspect of the invention there is provided an 
apparatus for generating electricity from light hydrocarbons 
substantially in the absence of carbon dioxide emission, the 
apparatus comprising: 

0055 (i) a catalytic reactor comprising a catalyst, 
wherein the catalytic reactor is configured to receive a 
hydrocarbon gas and contact said gas with said catalyst 
under elevated temperature to catalytically convert the 
hydrocarbon gas to hydrogen and Solid carbon; 

0056 (ii) a separator to separate and recover hydrogen 
generated in the catalytic reactor, and 

0057 (iii) a fuel cell configured to receive and use a first 
portion of recovered hydrogen to generate electricity; 

wherein the catalytic reactor is adapted to receive and com 
bust a second portion of recovered hydrogen to generate 
elevated temperatures therein; and 
wherein, the catalyst comprises one or both of the following: 

0.058 (a) a calcined Fe-containing catalyst; or 
10059) (b) a bimetallic M. Ni-type catalyst supported on 
a Substrate. 

0060. The generation of electricity in the absence of car 
bon dioxide emissions by the process defined above facili 
tates a relative reduction in greenhouse gas emissions in com 
parison to prior art electricity generation processes. 
0061 According to a sixth aspect of the invention there is 
provided a method of creating a financial instrument tradable 
under a greenhouse gas Emissions Trading Scheme (ETS). 
the method comprising the step of exploiting a process for 
generating electricity from light hydrocarbons Substantially 
in the absence of carbon dioxide emission defined by the third 
aspect of the invention. 
0062. In a seventh aspect of the invention there provided a 
method of creating a financial instrument tradable under a 
greenhouse gas Emissions Trading Scheme (ETS), the 
method comprising the step of exploiting an apparatus for 
generating electricity from light hydrocarbons Substantially 
in the absence of carbon dioxide emission defined by the 
foregoing aspect of the invention. 
0063 Preferably, the financial instrument comprises one 
of either a carbon credit, carbon offset or renewable energy 
certificate. 

BRIEF DESCRIPTION OF THE FIGURES 

0064 FIG. 1 shows a graphical representation of methane 
conversion efficiencies of a calcined catalyst which has 
undergone autoreduction with methane and an uncalcined 
catalyst over a prolonged period; 
0065 FIG. 2 is an X-ray diffraction (XRD) pattern of 
graphitic carbon particles produced with the calcined catalyst 
described with reference to FIG. 1; 
0066 FIG.3 is a Scanning Electron Micrograph (SEM) of 
200 nm onion-like graphitic particles produced in accordance 
with the process of the present invention; 
0067 FIG. 4 is a schematic representation of an apparatus 
for generating electricity from light hydrocarbons Substan 
tially in the absence of carbon dioxide emission; and 
0068 FIG. 5 shows a graphical representation of cracking 
efficiency, chain efficiency and fraction of recovered hydro 
gen used for combustion versus cracking temperature. 
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0069 FIGS. 6a and 6b show two Scanning Electron 
Micrographs (SEM) of a bimetallic M, Ni-type catalyst sup 
ported on a stainless steel mesh magnified x90 and x200, 
respectively; 
0070 FIG. 7 shows the conversion efficiencies of the 
LaNi-type and MoNi-type catalysts at different temperatures: 
0071 FIG. 8 shows the lifespan analysis of the LaNi-type 
and MoNi-type catalysts: 
(0072 FIG.9 shows X-ray diffraction (XRD) signatures of 
0.5um graphitized carbon particles produced with LaNi-type 
and MoNi-type catalysts: 
0073 FIG. 10 shows a Scanning Electron Micrograph 
(SEM) of 0.5 um globular particles of highly graphitized 
carbon magnified x25,000, produced in accordance with the 
process of the present invention; 
(0074 FIG. 11 shows a SEM of the particles shown in FIG. 
10 magnified x40,000; 
(0075 FIG. 12 shows a SEM of 4 um spherical particles of 
graphitic carbon magnified x2,000, produced in accordance 
with the process of the present invention; 
(0076 FIG. 13 shows the XRD signature of the 4 um 
graphitized carbon particles; 
0077 FIG. 14 shows the methane conversion and total 
Volume of a loaded and passive catalyst of the example: 
0078 FIG. 15 shows the methane conversion and total 
Volume of a water catalyst of the example; 
(0079 FIG. 16 shows an SEM image of the water sub 
merged mesh of the water catalyst of the example: 
0080 FIG. 17 shows a graph of the conversion efficiency 
of the water catalyst of the example over time; 
I0081 FIG. 18 shows the XRD signature of the cracked 
carbon; 
I0082 FIG. 19 a and b shows SEM images of the harvested 
carbon; and 
I0083 FIG.20a and b shows TEM images of the harvested 
carbon. 

DETAILED DESCRIPTION OF THE PREFERRED 
EMBODIMENTS OF THE INVENTION 

General 

I0084 Those skilled in the art will appreciate that the 
invention described herein is susceptible to variations and 
modifications other than those specifically described. The 
invention includes all such variation and modifications. The 
invention also includes all of the steps, features, formulations 
and compounds referred to or indicated in the specification, 
individually or collectively and any and all combinations or 
any two or more of the steps or features. 
I0085. Each document, reference, patent application or 
patent cited in this text is expressly incorporated herein in 
their entirety by reference, which means that it should be read 
and considered by the reader as part of this text. That the 
document, reference, patent application or patent cited in this 
text is not repeated in this text is merely for reasons of con 
ciseness. None of the cited material or the information con 
tained in that material should, however be understood to be 
common general knowledge. 
I0086. Manufacturer's instructions, descriptions, product 
specifications, and product sheets for any products mentioned 
herein or in any document incorporated by reference herein, 
are hereby incorporated herein by reference, and may be 
employed in the practice of the invention. 
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0087. The present invention is not to be limited in scope by 
any of the specific embodiments described herein. These 
embodiments are intended for the purpose of exemplification 
only. Functionally equivalent products, formulations and 
methods are clearly within the scope of the invention as 
described herein. 
0088. The invention described herein may include one or 
more range of values (e.g. size, concentration etc). A range of 
values will be understood to include all values within the 
range, including the values defining the range, and values 
adjacent to the range which lead to the same or Substantially 
the same outcome as the values immediately adjacent to that 
value which defines the boundary to the range. 
0089. Throughout this specification, unless the context 
requires otherwise, the word “comprise' or variations such as 
“comprises” or “comprising, will be understood to imply the 
inclusion of a stated integer or group of integers but not the 
exclusion of any other integer or group of integers. 
0090. Other definitions for selected terms used herein may 
be found within the detailed description of the invention and 
apply throughout. Unless otherwise defined, all other scien 
tific and technical terms used herein have the same meaning 
as commonly understood to one of ordinary skill in the art to 
which the invention belongs. 
0091. The term ‘M’ as used herein, is intended to mean 
metal. 
0092 Reference to cited material or information con 
tained in the text should not be understood as a concession 
that the material or information was part of the common 
general knowledge or was known in Australia or any other 
country. 
0093. Throughout the specification and claims, unless the 
context requires otherwise, the word “comprise' or variations 
such as “comprises” or “comprising, will be understood to 
imply the inclusion of a stated integer or group of integers but 
not the exclusion of any other integer or group of integers. 
0094. Features of the invention will now be discussed with 
reference to the following non-limiting description and 
examples. 
0095. In a general form, the invention relates to a process 
for producing hydrogen from a hydrocarbon gas, in particular 
a process for catalytically converting light hydrocarbons to 
hydrogen Substantially without co-production of carbon 
dioxide. 
0096. The hydrocarbon gas may be any gas stream that 
comprises light hydrocarbons. Illustrative examples of 
hydrocarbon gas include, but are not limited to, natural gas, 
coal seam gas, associated gas, landfill gas, and biogas. The 
composition of the hydrocarbon gas may vary significantly 
but it will generally comprise one or more light hydrocarbons 
from a group comprising methane, ethane, ethylene, propane, 
and butane. 
0097 While each of the foregoing light hydrocarbons may 
undergo catalytic conversion to hydrogen Substantially with 
out coproduction of carbon dioxide, in accordance with the 
process of the present invention, methane almost always 
exists in the highest concentration in the foregoing gas 
StreamS. 

0098. Accordingly, it will be appreciated that in a pre 
ferred embodiment of the invention, the hydrocarbon gas 
Substantially comprises methane. 
0099. The process for producing hydrogen from a hydro 
carbon gas comprises contacting at elevated temperature the 
hydrocarbon gas with a catalyst to catalytically convert the 
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hydrocarbon gas to hydrogen and Solid carbon, wherein, the 
catalyst comprises one or both of the following: 

0.100 (a) a calcined Fe-containing catalyst; or 
10101 (b) a bimetallic M, Ni-type catalyst supported on 

a Substrate. 

0102 The process of the present invention may be con 
ducted in a catalytic reactor of a type known to those skilled 
in the art. The catalyst may be disposed in a reaction portion 
of the catalytic reactor in a manner in which the hydrocarbon 
gas can be contacted with the catalyst. For example, the 
catalyst may be disposed in within the reaction portion of the 
catalytic reactor and Subjected to a flow of hydrocarbon gas 
therethrough. Alternatively, the catalyst may be suspended in 
a bed of quartz wool disposed within the reaction portion of 
the catalytic reactor and subjected to a flow of hydrocarbon 
gas therethrough. 
0103) In a preferred embodiment of the invention, hydro 
carbon gas may be contacted with calcined Fe-containing 
catalyst at a temperature in a temperature range of from 500 
C. to 1200° C., preferably at a temperature in a temperature 
range of from 650° C. to 1100°C., and even more preferably 
at a temperature in a temperature range of from 800° C. to 
1100° C. 

0104 One of the most significant advantages of the 
present invention is the improved conversion efficiency of the 
process. Conversion efficiencies, as shown in FIG. 1, are 
typically in a range of from about 0.3 to about 0.95. 
0105. In particular, conversion efficiencies of greater than 
0.4 are obtained where the elevated temperature is about 800° 
C. or higher. 
0106 Surprisingly, in contrast to the prior art, the above 
conversion efficiencies are Sustainable over prolonged peri 
ods (>50 h) throughout the process. Conversion efficiencies 
are sustainable for periods of up to 320 h and appear to be 
limited only by caulking up of the calcined Fe-containing 
catalyst by solid carbon deposits thereon which prevents any 
further passage of hydrocarbon gas through said catalyst. 
0107 The inventors have found that conducting the pro 
cess under pressure also improves the conversion efficiencies 
of the reaction described in Equation (1). The improvement in 
conversion efficiency is Surprising because one would expect 
that pressurization would lower the thermodynamic limiting 
efficiency. However, while not wishing to be bound by theory, 
the inventors opine that pressurization has an ameliorating 
effect on the kinetics of the reaction described in Equation (1) 
Therefore, the process for producing hydrogen from a hydro 
carbon gas may further comprise contacting the hydrocarbon 
gas with a calcined Fe-containing catalyst at elevated pres 
Sure to catalytically convert the hydrocarbon gas to hydrogen 
and solid carbon. The hydrocarbon gas may be contacted with 
the calcined Fe-containing catalyst at a pressure in a pressure 
range of from 1.75 bar to 10 bar, though greater pressures may 
also be utilised. 

0108. The Fe-containing catalyst may be selected from a 
group comprising stainless steel, carbon steel, rare earth 
doped stainless steel, low carbon stainless steel, and iron 
containing metal alloys, in particular iron-containing metal 
alloys with a catalytic activator. The catalytic activator may 
be selected from a group consisting of nickel, molybdenum, 
ruthenium, tantalum, lanthanide metals, and titanium. 
0109 The calcined Fe-containing catalyst may be mesh 
like, perforated, porous or filamentous. The topology of the 
Substrate is chosen to facilitate passage of a stream of light 
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hydrocarbon therethrough, provide a large Surface area: mass 
ratio, and allow efficient mass-heat transfer during the pro 
cess of the present invention. 
0110. Additionally, the preferred topologies for the sub 
strate facilitate ready separation of solid carbon from said 
catalyst either during or after the catalytic conversion process, 
thereby preventing fouling of said catalyst over prolonged 
reaction periods. In a preferred embodiment, the Fe-contain 
ing catalystis a stainless steel mesh, such as for example a 316 
stainless steel mesh. 
0111. The catalyst may be prepared by calcining it at a 
temperature greater than 700° C. for a period of from about 
one to two hours. In some embodiments, calcination may be 
conducted in the presence of moisture to accelerate corrosion 
on the Surface of the catalyst. In a typical calcination, the 
catalyst may be subjected to a 1 hour period in which it is 
heated to a temperature greater than 700° C., whereupon it is 
held at that temperature for a 2 h period, and then allowed to 
cool to ambient temperature over an 18-24 h period. 
0112 Prior to calcining, the catalyst may be optionally 
treated to prepare the surface of the catalyst. Oily residues and 
contaminants may be removed, for example, by washing the 
catalyst in a solvent such as ethanol, optionally in an ultra 
soundbath for a short period of time (5-15 min), then washing 
in distilled water. Additionally, the surface of the catalyst may 
be etched with acid (e.g. 30 vol% nitric acid at 80 C.) then 
washed with distilled water. 
0113. While not wishing to be bound by theory, the inven 
tors assert that calcining the catalyst advantageously creates a 
greater Surface area on the catalyst, therefore improving the 
efficiency of the catalytic conversion of light hydrocarbons to 
hydrogen and carbon. It is thought that calcining the catalyst 
desensitises the catalyst material, facilitates the separation of 
iron and chromium metal atoms in the solid FeCr solution of 
the alloy and the diffusion of Fe in the form of iron oxides 
(Fe2O/FeC), or as mixed FeCroxide species to the surface of 
the catalyst. In this way, the crystallinity of iron oxides and 
mixed metal oxides at the Surface of the catalyst is increased, 
thereby resulting in an increased surface area available for 
catalysis. 
0114. Furthermore, the increased crystallinity of iron 
oxides or mixed metal oxides at the surface of the catalyst is 
also thought to provide additional sites on which solid carbon 
particles may grow during catalytic conversion of the hydro 
carbon gas. 
0115. After calcining, the calcined Fe-containing catalyst 
may be reduced at elevated temperatures, preferably in the 
presence of a reducing agent Such as hydrogen. 
0116. Alternatively, the calcined Fe-containing catalyst 
may undergo reduction with methane contained in the hydro 
carbon gas concurrently with the catalytic conversion of 
hydrocarbon gas to hydrogen and Solid carbon. 
0117 The current production methods for formation of 
graphitic particles having an onion-like morphology (some 
times referred to as Bucky onions) are exceptionally expen 
sive and energy intensive. Such materials may have ready 
application as Solid State lubricants for wear prevention, anti 
corrosion agents, particularly in high temperature applica 
tions such as in the aerospace industry, Solid fuel propellants, 
and as a Substrate for lithium ion intercalation as found in 
lithium ion batteries. 
0118 Serendipitously, the inventors have found that by 
employing the process of the present invention it is also 
possible to co-produce Solid carbon in the form of graphitic 
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particles, in particular solid carbon in the form of onion-like 
graphitic particles. The term "onion-like' as used herein 
refers to a plurality of substantially concentric polyhedric or 
spherical shells. 
0119 The term may include continuous or fragmented 
shells and may be based upon fullerene-type graphitic mate 
rial. 
I0120 FIGS. 2 and 3 are an X-ray diffraction (XRD) pat 
tern and Scanning electron microscope (SEM) micrograph, 
respectively, of solid carbon generated on the surface of the 
catalyst used in the catalytic conversion of methane to hydro 
gen. 
I0121 The XRD pattern confirms that the solid carbon is in 
a Sp Sp hybridised state and that it has a highly graphitic 
character. 
0.122 The SEM micrograph demonstrates that the gra 
phitic particles Substantially have an onion-like morphology, 
although a small amount of filamentous graphite is also 
present in the sample. It is evident from FIG. 3 that the 
graphitic particles are of generally uniform size. 
I0123 Typically, the mean diameter of the graphitic par 
ticles is <200 nm. 
0.124. The graphitic particles may be harvested in a batch 
wise manner by detaching them from the catalyst when the 
catalytic conversion reaction has reached completion. 
0.125. It will be appreciated that continuous harvesting of 
the graphitic particles as they are generated on the Surface of 
the catalyst throughout the catalytic conversion process may 
result in the further lengthening of the period under which the 
catalytic conversion process may proceed. 
0.126 Additionally, the present invention also provides a 
process and apparatus for generating electricity from hydro 
carbon gas Substantially in the absence of carbon dioxide 
emission. 
I0127. Referring to FIG. 4, there is shown an apparatus 10 
for generating electricity from hydrocarbon gas Substantially 
in the absence of carbon dioxide emission. 
I0128. The apparatus 10 includes a catalytic reactor 12 
provided with a calcined Fe-containing catalyst 14, a separa 
tor 16 to separate and recover hydrogen generated in the 
catalytic reactor, a fuel cell 18 configured to receive and use a 
first portion of recovered hydrogen to generate electricity, and 
one or more heat exchangers 20. Illustrative examples of heat 
exchangers Suitable for the apparatus include, but are not 
limited to, boiler economisers. 
I0129. The catalytic reactor 12 is configured to receive a 
hydrocarbon gas and contact said gas with said catalyst under 
elevated temperature to catalytically convert the hydrocarbon 
gas to hydrogen and solid carbon. 
0.130. The catalytic reactor 12 is also configured to receive 
and combust a second portion of recovered hydrogen togen 
erate elevated temperatures therein. The second portion of 
recovered hydrogen is combined with an amount of air that is 
about 10% in excess of the stoichiometric amount required to 
ensure complete combustion. The heat released at tempera 
ture T per mole of hydrogen is given by: 

Bi, 2 2 1 1 Alask +X RA (T-298) + (T-298)-D-(-5) 
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where i refers to H20, 0, and N2 respectively, p 1 (p-0. 
05, and (p =(0.79/0.21)0.55. The coefficients A, B, and D, 
can be found in Table 1. 

TABLE 1. 

Coefficients A, B, C and D for the CHA. C. H. H.50, O, and N. 

A. B C D 

CH 1.702 9.081 x 10 -2.164 x 10 O 
C (graphite) 2.063 5.140 x 10 O -1.057 x 10 
H2 3.249 4.220 x 10 O 8.300 x 10 
H2O (vapour) 3.470 1.45 x 10 O 0.121 x 10 
O 3.639 0.506 x 10 O -0.227 x 10 

0131. In general, a combustion temperature greater than 
the cracking temperature is required, as the excess heat will 
cater for conduction and radiation heat losses within the cata 
lytic reactor 12 during the catalytic conversion reaction. 
Accordingly, the amount of recovered hydrogen required to 
Support the combustion can be calculated as: 

Ahcombustion,t + (3) 

A. (30)+Pe1(T-IT-301 1.15 ch (30) + 2 T - (T-30) - 
R 

D (; 1 figy CH4 T T 30 
H2 Q(T+100)x 

0.132. It will be appreciated that one or more economizers 
20 may be installed as required to bring the temperature of 
approach of the recovered methane rich stream to within 30° 
C. of the cracking temperature. The hydrocarbon gas may be 
passed through the catalytic reactor 12 and contacted with the 
calcined Fe-containing catalyst 14 under elevated tempera 
ture to catalytically convert the hydrocarbon gas to hydrogen 
and solid carbon as described in the foregoing specification. 
0133. In practice, it is unlikely that there will be complete 
conversion of all the hydrocarbon gas passing through the 
catalytic reactor 12 in a single pass, and therefore a mixture of 
hydrogen and methane is withdrawn from the reactor 12 and 
passed to the separator 16 to separate and recover the hydro 
gen generated in the catalytic reactor 12. The separator 16 
may be any separator Suitable for separating and recovering 
hydrogen from a gaseous mixture of methane and hydrogen. 
An illustrative example of a suitable separator 16 includes a 
pressure Swing adsorption separator. 
0134. A portion of the recovered hydrogen is directed to 
the catalytic reactor 12 where it is combusted as has been 
previously described. The remaining portion of the recovered 
hydrogen is directed to a fuel cell to generate electricity. The 
methane (or light hydrocarbon) rich stream from the separa 
tor 16 is pressurized and recycled back to the catalytic reactor 
12 to reduce hydrocarbon gas losses. 
0135) In FIG. 5, the catalytic cracking efficiency, overall 
methane to electricity conversion efficiency (chain conver 
sion efficiency) and the fraction of hydrogen needed for com 
bustion as functions of cracking temperature are described. 
0136. The chain conversion efficiency for overall methane 

to electricity conversion is defined as the ratio of the net 
electrical power generated from the methane-to-hydrogen 
and-then-to electricity process to the heat of reaction avail 
able from the following reaction: 
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Heat of reaction at 298K=-408.83 kJ/mol 
0.137 The threshold temperature that makes the process 
viable is about 646°C. The overall efficiency curve exhibits a 
broad optimum range where it is possible to both enhance the 
graphitic nature of the carbon and achieve near maximum 
overall conversion of methane into electricity at about 24%. 
At about the broad optimum conversion efficiency, 48% to 
49% of the hydrogen produced is needed for combustion. 
0.138. In a further embodiment of the invention, the cata 
lyst is a bimetallic M. Ni-type catalyst supported on a sub 
strate, where M is Mo or La. The MoNi-type catalyst has a 
formula of Mo, Ni, MgO wherein x=0.05-0.1, Y=0.01-0.05 
and Z=0.4-0.5. The LaNi-type catalyst has a formula of La 
Ni, MgO wherein x=0.05-0.1, Y=0.01-0.1, and Z-08-09. 
0.139 Preferably, the substrate is mesh-like, perforated, 
porous or filamentous. The topology of the Substrate is chosen 
to facilitate passage of a stream of light hydrocarbon there 
through, provide a large Surface area:mass ratio, and allow 
efficient mass-heat transfer during the process of the present 
invention. 
0140. Additionally, the preferred topologies for the sub 
strate facilitate ready separation of solid carbon from the 
Substrate-supported catalyst either during or after the cata 
lytic conversion process, thereby preventing fouling of the 
catalyst over prolonged reaction periods. 
0.141. In this particular embodiment, the bimetallic 
M, Ni-type catalyst is supported on a stainless steel mesh 
such as for example 100 mesh 55304 and 883.16. The bime 
tallic M. Ni-type catalyst can also be supported on nickel 
mesh. 
0142. Additionally, it is thought the conversion efficiency 
of the process of the invention may be assisted by catalytic 
activity demonstrated by the Supporting Substrate. 
I0143. The bimetallic M, Ni-type catalyst is prepared by 
loading a catalyst precursor Solution onto the Surface of the 
Substrate, and then converting the catalyst precursor to the 
bimetallic M, Ni-type catalyst by heat treatment under 
reducing conditions. 
0144. Typically, a surface of the substrate is treated before 
the catalyst precursor Solution is loaded onto the Surface of 
the substrate. The surface of the substrate is roughened to 
increase its surface area and improve adhesion of the catalyst 
precursor solution, and later the bimetallic M. Ni-type cata 
lyst, to the surface of the substrate. With respect to the stain 
less steel mesh Substrate, the Surface of the mesh Strands can 
be adequately roughened by purging the mesh with fine 
sands. 

0145 The roughened surface is then treated in a dilute acid 
bath to clean the surface and to forman acid salt film thereon 
prior to treatment with a catalyst precursor Solution. For 
example, the substrate may be dipped into a hot diluted nitric 
acid solution for about 10 seconds. In this way, a nitrate film 
is formed over the surface of the substrate. 
0146 The catalyst precursor solution comprises stoichio 
metric concentrations of Ni and M salts. In respect of the 
La, Ni-type catalyst, the catalyst precursor solution typically 
comprises stoichiometric concentrations of nitrate salts of Ni 
and La, such as for example Ni(NO), La(NO), in an 
aqueous weak acid solution, such as for example, citric acid. 
Citric acid also plays an important role in the gel formation. 
Typically, the concentration of nitric acid in the catalyst pre 
cursor solution is about 5%. In respect of the Mo, Ni-type 
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catalyst the catalyst precursor Solution typically comprises 
Stoichiometric concentration of ammonium molybdate and 
Ni(NO). 
0147 The catalyst precursor solution is prepared by dis 
solving the Ni and M salts at desired stoichiometric concen 
trations in the aqueous acid solution, typically with stirring at 
ambient temperature for 5 hand at 60° C. for 2 h. Typically, 
the total initial metals concentration is about 0.1 M. The 
catalyst precursor solution is then stirred at 80° C. until the 
Solution becomes a homogenous viscous syrup. 
0148. The treated substrate is coated with the viscous cata 
lyst precursor solution, dried at 80° C. for 1 h under an inert 
atmosphere, and then calcined at 800° C. in air for 5 h to form 
the oxidized M. Ni-type catalyst. 
10149. It is preferable to remove weakly attached M.Ni 
type catalyst from the substrate. Typically, the weakly 
attached M.Ni-type catalyst can be removed from the sub 
strate by gently puffing the Substrate with compressed air and 
washing in an ultrasonic bath. 
0150 Interestingly, the inventors have noted that the 
MoNi-type catalyst appeared to be more strongly attached to 
the stainless steel mesh substrate than the LaNi-type catalyst. 
0151. Preferably, the loaded catalyst is then treated in a 
stream of diluted hydrogen (5% H in nitrogen) for 1 hat 600° 
C. to obtain metallic active sites. 

0152 FIGS. 6a and 6b show two Scanning Electron 
Micrographs (SEM) of a bimetallic M, Ni-type catalyst sup 
ported on a stainless steel mesh magnified x90 and x200, 
respectively. 
0153. The catalytic conversion process of the present 
invention is conducted in a reactor of a type known to those 
skilled in the art. 
0154 The supported bimetallic catalyst is disposed in a 
reaction portion of the reactor in a manner in which the light 
hydrocarbon can be contacted with the supported bimetallic 
catalyst. For example, the Supported bimetallic catalyst can 
be disposed on a substantially horizontal surface of the reac 
tor and subjected to a transverse flow of light hydrocarbon at 
about 1 atm. 
0155 Alternatively, the supported bimetallic catalyst can 
be suspended in a bed of quartz wool disposed within an 
interior of the reactor and subjected to a longitudinal flow of 
light hydrocarbon at about 1 atm. 
0156 The catalytic conversion process of the present 
invention can be conducted at alternative pressures, and 
indeed Subatmospheric pressures favour the equilibrium 
position of the reaction: 

0157 Nevertheless, lower and upper limits of the operat 
ing pressure will be determined by mass transfer effects and 
limitations in the reactor design. On the other hand, elevated 
pressures may improve the quality of the graphitic by-prod 
uct. 

0158. The process of the present invention can be con 
ducted at temperatures of 400° C. to 950° C., preferably at 
temperatures of 500° C. to 850° C. 
0159. One of the most significant advantages of the 
present invention is the improved conversion efficiency of the 
process. Conversion efficiencies, as shown in FIG. 7, are 
typically between 30-75%, with conversion efficiencies of 
55-70% typically observed attemperatures of 500° C. to 850° 
C. 
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0160 The inventors have noted that the LaNi-type catalyst 
demonstrates about 10-15% higher conversion efficiency 
than the MoNi-type catalyst (FIGS. 7 & 8). Furthermore, use 
of the LaNi-type catalyst affords a higher degree of graphiti 
sation in the resulting solid carbon by-product (FIG. 9). 
0.161 Surprisingly, the above conversion efficiencies are 
sustainable over prolonged periods (>120 h) with negligible 
depletion of the bimetallic catalyst throughout the conversion 
process (FIG. 8). 
0162 Serendipitously, the inventors have found that by 
employing the process of the present invention it is also 
possible to co-produce solid carbon in the form of substan 
tially spherical particles of graphite. 
(0163. It is evident from FIGS. 10 to 12 that the spherical 
graphitic particles are of generally uniform size. Typically, 
the mean diameter of the spherical graphitic particles is 0.5-4 
lm. 
(0164. The inventors have noted that the mean diameter of 
the spherical graphitic particles can be controlled by varying 
the configuration of the Supported catalyst within the reactor. 
0.165 Spherical graphitic particles with a mean diameter 
of 0.5 um and displaying high graphitization are typically 
produced in a configuration wherein the Supported bimetallic 
catalyst is disposed on a Substantially horizontal Surface of 
the reactor and subjected to a transverse flow of light hydro 
carbon at about 1 atm. On attaining a mean diameter of 0.5 
um, the graphitic particles detach themselves from the Sup 
ported catalyst and no further growth of the graphitic particles 
is observed. 
0166 Spherical graphitic particles with a mean diameter 
of 4 um and comprising a portion of amorphous carbon mate 
rial are typically produced in a configuration wherein the 
Supported bimetallic catalyst can be suspended in a bed of 
quartz wool disposed within an interior of the reactor and 
subjected to a longitudinal flow of light hydrocarbon at about 
1 atm. On attaining a mean diameter of 0.5um, the graphitic 
particles appear to detach themselves from the Supported 
catalyst but further growth is observed. 
0.167 While not wanting to be bound by theory, the inven 
tors opine that filaments of quartz wool in close proximity to 
the supported bimetallic catalyst retain "embryonic' (-0.5 
um) graphitic particles, and because of the close proximity of 
the retained particles to the Supported catalyst, the particles 
continue to grow, albeit with a portion of amorphous carbon. 
0168 Spherical graphitic particles with a mean diameter 
at the higher end of this range displayed a more diffuse XRD 
signature as shown in FIG. 13. The amorphous carbon mate 
rial can be readily converted to high quality graphite by ther 
mal treatment of the recovered spherical graphitic particles at 
temperatures beyond 2500° C. 
0169. As will be evident from the foregoing description, 
the process and apparatus of the present invention facilitates 
a reduction of greenhouse gas emissions in comparison with 
conventional technologies for generation of electricity from 
hydrocarbons. 
0170 A financial instrument tradable under a greenhouse 
gas Emissions Trading Scheme (ETS) may be created by 
exploitation of the apparatus 10 (FIG. 4) of the present inven 
tion or by employing the processes of the present invention. 
The instrument may be, for example, one of either a carbon 
credit, carbon offset or renewable energy certificate. Gener 
ally, Such instruments are tradable on a market that is arranged 
to discourage greenhouse gas emission through a cap and 
trade approach, in which total emissions are capped, per 
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mits are allocated up to the cap, and trading is allowed to let 
the market find the cheapest way to meet any necessary emis 
sion reductions. The Kyoto Protocol and the European Union 
ETS are both based on this approach. One example of how 
credits may be generated by using the gas liquefaction plant 
follows. A person in an industrialised country wishes to get 
credits from a Clean Development Mechanism (CDM) 
project, under the European ETS. The person contributes to 
the establishment of an electricity generation plant compris 
ing one or more apparatuses according to the present inven 
tion or an electricity generation plant employing the pro 
cesses of the present invention. Credits (or Certified Emission 
Reduction Units where each unit is equivalent to the reduc 
tion of one metric tonne of CO or its equivalent) may then be 
issued to the person. The number of CERs issued is based on 
the monitored difference between the baseline and the actual 
emissions. It is expected by the applicant that offsets or cred 
its of a similar nature to CERs will be soon available to 
persons investing in low carbon emission energy generation 
in industrialised nations, and these could be similarly gener 
ated. 

Examples 

(0171 Materials and Methods 

Preparation of a Loaded and Passive Catalyst 
(0172 Mesh 316SS having an 0.16 mm Aperture and 0.1 
mm wire diameter was cut into 20x40 mm sections and rolled 
width-wise. The mesh was then ultra-sonicated in ethanol for 
15 min and then distilled water for 5 min. 
0173 Loading syrup was made up by dissolving 2.0563g 
LaN3O9.6H2O, 0.0658 g Mg(NO3)2.6H2O, 1.1652 g 
Ni(NO3)2.6H2O, and 0.2926g CoN2O6.6H2O into 50 ml of 
distilled water at 90 C and 60 rpm, and once dissolved, adding 
25g of citric acid. The solution was heated until it became 
syrup-like (~30 ml), and then poured into a large ceramic dish 
(30 ml) in which 8 meshes were placed. This was referred to 
as the loaded catalyst. 
0.174. In a smaller empty ceramic dish (20 ml), a further 8 
meshes were placed, and this was referred to as the passive 
catalyst. 
0175 Both ceramic dishes were placed on a stainless steel 
tray side by side and placed in the center of a calcination tube 
furnace (Modultemp vacuum horizontal tube furnace—50 
mm diameter 1 m length). The furnace tube end that was 
closest to the small dish was left open and the other end was 
closed completely. The calcination furnace was heated to 
900° C. at a steady rate over 1.5 hrs, then the temperature was 
maintained at 900° C. for 2 hrs, after which time it was 
allowed to cool to room temperature. 

Cracking 
0176 A single catalyst was placed in a /4" OD SS reactor 
tube and heated to 900° C. whilst under the flow of 20 ScCm 
Nitrogen for 2 hrs. The temperature of the furnace was 
reduced to 800° C., and methane was passed into the reactor 
at 1.5 ScCm. 

Preparation of a Water Catalyst 
(0177 Mesh 316SS having a 0.16 mm Aperture and 0.1 
mm wire diameter was cut into 20x40 mm sections and rolled 
width-wise. The mesh was ultra-sonicated in ethanol for 15 
minand then distilled water for 5 min. This was referred to as 
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the water catalyst. The washed meshes were then placed in 
a stainless steel tray (60 ml) which was filled with distilled 
water and placed in the centre of the calcination tube furnace 
(Modultemp vacuum horizontal tube furnace—50 mm diam 
eter 1 m length). One end of the calcination furnace was 
opened and the other was closed. The calcination furnace was 
heated to 900° C. at a steady rate over 1.5 hrs, kept constant at 
900° C. for 2 hrs, after which time is was allowed to cool to 
room temperature. 

Cracking 

0.178 A single catalyst was placed in a /4" OD SS reactor 
tube and heated to 900° C. whilst under the flow of 20 ScCm 
Nitrogen for 0.5 hrs. The temperature was maintained at 900 
C. and methane was passed into the reactor at 1.5 scem. 

Analysis of Catalyst Performance 
0179 The conversion efficiency of the loaded and passive 
catalysts were monitored over time and compared (FIGS. 14 
and 15). 
0180. The water submerged mesh of the water catalyst was 
analysed by Scanning Electron Microscopy (SEM) (FIG.16) 
and the conversion efficiency of the water catalyst was moni 
tored over time and compared to that of uncalcined mesh 
(FIG. 17). 
0181. Once cracked carbon was obtained, its X-ray dif 
fraction (XRD) signature was determined according to rou 
tine procedures in the art (FIG. 18), and the harvested carbon 
visualized using SEM (FIG. 19a and b) and Transmission 
Electron Microscopy (TEM) (FIG.20a and b). 

1. A process for producing hydrogen from a hydrocarbon 
gas comprising contacting at elevated temperature the hydro 
carbon gas with a catalyst to catalytically convert the hydro 
carbon gas to hydrogen and Solid carbon; 

wherein the catalyst comprises one or both of the follow 
ing: 

(a) a calcined Fe-containing catalyst; or 
(b) a bimetallic M. Ni-type catalyst supported on a sub 

Strate. 

2. The process according to claim 1, wherein the hydrocar 
bongas is contacted with the calcined Fe-containing catalyst 
at a temperature in a temperature range of from 500° C. to 
1200° C. 

3.-4. (canceled) 
5. The process according to claim 1, wherein the hydrocar 

bon gas may be contacted with the calcined Fe-containing 
catalyst at a pressure in a pressure range of from 1.75 bar to 10 
bar. 

6. The process according to claim 1, wherein the Fe-con 
taining catalyst may be selected from a group comprising 
stainless steel, carbon steel, rare earth doped stainless steel, 
low carbon stainless steel, and iron-containing metal alloys. 

7. The process according to claim 1, wherein the Fe-con 
taining catalyst is an iron-containing metal alloy with a cata 
lytic activator. 

8. The process according to claim 7, wherein the catalytic 
activator may be selected from a group consisting of nickel, 
molybdenum, ruthenium, tantalum, lanthanide metals, and 
titanium. 

9.-10. (canceled) 
11. The process according to claim 1, wherein prior to 

bringing the hydrocarbon gas into contact with the Fe-con 
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taining catalyst, said catalyst is calcined at a temperature 
greater than 700° C. for a period of from about one to two 
hours. 

12. The process according to claim 11, wherein after cal 
cining, the calcined Fe-containing catalyst may be reduced at 
elevated temperatures. 

13. (canceled) 
14. The process according to claim 12, wherein the cal 

cined Fe-containing catalyst may undergo reduction with 
methane contained in the hydrocarbon gas concurrently with 
the catalytic conversion of hydrocarbon gas into hydrogen 
and solid carbon. 

15.-17. (canceled) 
18. The process according to claim 1, wherein M is a 

transition metal or a lanthanide. 
19. The process according to claim 18, wherein M is Mo or 

La. 
20. The process according to claim 19, wherein the Mo 

Ni-type catalyst has a formula of Mo, Ni, MgO, wherein 
x=0.05-0.1, y=0.01-0.05, and Z=0.4-0.5. 

21. The process according to claim 19, wherein the La Ni 
type catalyst has a formula of La, Ni, MgO, wherein x=0.05 
0.1, y=0.01-0.1, and Z=0.8-09. 

22. (canceled) 
23. The process according to claim 1, wherein the substrate 

is mesh-like, filamentous, perforated or porous. 
24. (canceled) 
25. The process according to claim 1, wherein the substrate 

comprises a calcined Fe-containing catalyst. 
26. The process according to claim 1, wherein the hydro 

carbon gas is catalytically converted to hydrogen and carbon 
by contacting the hydrocarbon gas with the Supported bime 
tallic M, Ni-type catalyst at a temperature of 400° C. to 950 
C. 

27-30. (canceled) 
31. The process according to claim 1, wherein there is 

negligible depletion of the bimetallic catalyst throughout the 
conversion process. 

32. The process according to claim 1, wherein the hydro 
carbon gas is one or more chemical compounds that contain 
only carbon and hydrogen, having a carbon number of 6 or 
less. 

33. The process according to claim 1, wherein the hydro 
carbon gas comprises methane. 
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34. (canceled) 
35. The process according to claim 1, wherein the solid 

carbon is generated as graphitic particles. 
36. The process according to claim 35, wherein the gra 

phitic particles are Substantially spherical. 
37.-39. (canceled) 
40. The process according to claim 36, wherein the mean 

diameter of the spherical graphitic particles is 0.4-4 um 
41. (canceled) 
42. A process for producing graphitic particles comprising 

contacting at elevated temperature hydrocarbon gas with a 
catalyst to catalytically convert the hydrocarbon gas to hydro 
gen and graphitic particles; 

wherein the catalyst comprises one or both of the follow 
1ng: 

(a) a calcined Fe-containing catalyst; or 
(b) a bimetallic M. Ni-type catalyst supported on a sub 

Strate. 

43.-45. (canceled) 
46. The process according to claim 42 further comprising 

the further step of thermally treating the recovered graphitic 
particles and converting any ambient amorphous carbon 
material to high quality graphite. 

47. A process for generating electricity from light hydro 
carbons substantially in the absence of carbon dioxide emis 
Sion, the process comprising the steps of 

(i) contacting at an elevated temperature hydrocarbon gas 
with a catalyst to catalytically convert the hydrocarbon 
gas to hydrogen and solid carbon; 

(ii) separating and recovering the hydrogen generated in 
step a); 

(iii) using a first portion of recovered hydrogen in a fuel cell 
to generate electricity; and 

(iv) combusting a second portion of recovered hydrogen to 
generate elevated temperature in step a); 

wherein the catalyst comprises one or both of the follow 
1ng: 
(a) a calcined Fe-containing catalyst; or 
(b) a bimetallic M, Ni-type catalyst supported on a sub 

Strate. 

48.-51. (canceled) 


