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ABSTRACT

Embodiments of the present disclosure also provide for a
Supported fused Fe catalyst, a method of making the Sup
ported fused Fe catalyst, methods of hydrocarbon decompo
sition, and the like.
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SUPPORTED IRON CATALYSTS, METHODS
OF MAKING, METHODS OF
HYDROCARBON DECOMPOSITION
CROSS-REFERENCE TO RELATED
APPLICATIONS

0001. This application is a Continuation-In-Part Patent
Application of and claims the benefit of and priority to U.S.
Utility patent application having Ser. No. 13/746,936, having
the title “A process for the decomposition of methane can be
controlled to form ethane or hydrogen with a solid carbon
product, filed on Jan. 22, 2013, which claims priority to U.S.
Patent Application No. 61/589,689, filed Jan. 23, 2012, both
of which are hereby incorporated by reference in its entirety.
BACKGROUND

0002 Methane catalytic decomposition (hereinafter
MCD) has been widely studied as an alternative way of meth
ane steam reforming (MSR) to produce hydrogen, because
MCD reaction does not produce CO or CO as by-products,
the need for water-gas shift and CO2-removal stages, as
required in conventional MSR, is eliminated. Further, except
the pure hydrogen produced from this process, the co-pro
duced carbon nanomaterials (CNMs) have also been investi
gated extensively because of their excellent properties and
great potentials for many utilization purposes.
0003. However, because of the catalysts deactivation
issue, this process is still far away from the industrialization.
Since the main products of MCD are solid carbon and hydro
gen gas, the formed carbon will definitely cover the active
metal Surface and/or block the Support pore, thus finally deac
tivate the catalyst. Some have regenerated the catalysts by
burning off the deposited carbon. However, this kind of
regeneration of deactivated catalysts will lead to CO produc
tion and also may result in contamination of hydrogen. There
fore, the design of a stable MCD catalyst is the priority for this
process.

to produce the product, wherein the metal catalyst is a Sup
ported fused Fe catalyst, wherein the supported fused Fe
catalyst is a fused Fef Al2O catalyst.
0008. An embodiment of the present disclosure provides
for a method for hydrocarbon catalytic decomposition,
among others, that includes: heating a Supported fused Fe
catalyst to about 750° C. under an inert gas; flowing a hydro
carbon across the Supported fused Fe catalyst; and decom
posing the hydrocarbon to produce H. In an embodiment, the
method can also include: heating the Supported fused Fe
catalyst to the reduction temperature of the supported fused
Fe catalyst; and flowing H over the supported fused Fe cata
lyst to reduce the supported fused Fe catalyst.
BRIEF DESCRIPTION OF THE DRAWINGS

0009. Many aspects of the present disclosure can be better
understood with reference to the following drawings.
(0010 FIG. 1 illustrates XRD results over prepared fresh
Fe/Al2O catalysts with fusion method: A: 5 wt % Fe/Al2O:
B: 10 wt % Fe/AlO: C: 20 wt % Fe/Al-O; D: 35 wt %
Fe/AlO: E: 40 wt % Fe/AlO: F: 50 wt % Fe/AlO; G: 65
wt % Fe/Al2O.
0011 FIG. 2 illustrates a comparison of XRD results over
prepared fresh Fe/Al2O catalysts with different methods.
0012 FIG. 3 is a graph illustrating a comparison of activ
ity between fused and impregnated Fe—Al-O catalysts.
Reaction condition: 750° C. SV 7.5 L/h.g.
I0013 FIG. 4 is a graph that illustrates H-TPR profiles
over fused Fe/Al-O samples.
(0014 FIG. 5 illustrates STEM and EDX analyses over
Fe/Al2O, with 65 wt.% Fe loading.
(0015 FIGS. 6A to 6D illustrate graphs of different reac
tion modes: 6A900° C. H-reduction; 6B 750° C. H-re
duction; 6C 500° C. H-reduction; 6D 750° C. CH-re
duction.

0016 FIG. 7 is a graph that illustrates Fe—Al-40 catalyst
composition change during 750° C. CH-reduction with time
On Stream.

SUMMARY

0004 Embodiments of the present disclosure also provide
for a Supported fused Fe catalyst, a method of making the
supported fused Fe catalyst, methods of hydrocarbon decom
position, and the like.
0005. An embodiment of the present disclosure provides
for a composition, among others, that includes: a Supported
fused Fe catalyst, wherein the supported fused Fe catalyst is a
fused Fe/Al-O catalyst.
0006 An embodiment of the present disclosure provides
for a method of making the Supported fused Fe catalyst,
among others, that includes: physically grinding and mixing
a Fe nitrate and a Support nitrate; calcining under static air
from about room temperature to 350° C. for about 2 to 4h
with a 3 to 8°C/min latter; reducing the temperature down to
room temperature under air flow; and grinding the final
sample to fine powder to form the supported fused Fe catalyst.
0007 An embodiment of the present disclosure provides
for a method of selectively producing hydrogen or ethane
from methane, among others, that includes: selecting a tem
perature Suitable for a metal catalyst and a feed gas including
methane to produce a product having a controlled hydrogen/
ethane ratio, predominately hydrogen and a solid carbon
product or predominately ethane and hydrogen; contacting
the feed gas with the metal catalyst at the selected temperature

0017 FIG. 8 is a graph that illustrates the influence of
GHSV over catalysts MCD performance.
0018 FIG. 9 is a graph that illustrates the influence of
pre-treatment over catalysts MCD performances.
(0019 FIG. 10 is a graph that illustrates CMD over red
mud. Reaction condition: 900°C., SV 7.5 L/h.g.
0020 FIG. 11 is a graph depicting thermodynamic mini
mization of Gibbs free energy assuming a system with the
following components: CH (gas), CH (gas), H2 (gas), and
C (graphite) at 1 bar, 30 bar and 50 bar.
DETAILED DESCRIPTION

0021. Before the present disclosure is described in greater
detail, it is to be understood that this disclosure is not limited

to particular embodiments described, as Such may, of course,
vary. It is also to be understood that the terminology used
herein is for the purpose of describing particular embodi
ments only, and is not intended to be limiting, since the scope
of the present disclosure will be limited only by the appended
claims.

0022. Where a range of values is provided, it is understood
that each intervening value, to the tenth of the unit of the lower
limit (unless the context clearly dictates otherwise), between
the upper and lower limit of that range, and any other stated or
intervening value in that stated range, is encompassed within
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the disclosure. The upper and lower limits of these smaller
ranges may independently be included in the Smaller ranges
and are also encompassed within the disclosure, Subject to
any specifically excluded limit in the stated range. Where the
stated range includes one or both of the limits, ranges exclud
ing either or both of those included limits are also included in
the disclosure.

0023. Unless defined otherwise, all technical and scien
tific terms used herein have the same meaning as commonly
understood by one of ordinary skill in the art to which this
disclosure belongs. Although any methods and materials
similar or equivalent to those described herein can also be
used in the practice or testing of the present disclosure, the
preferred methods and materials are now described.
0024. As will be apparent to those of skill in the art upon
reading this disclosure, each of the individual embodiments
described and illustrated herein has discrete components and
features which may be readily separated from or combined
with the features of any of the other several embodiments
without departing from the scope or spirit of the present
disclosure. Any recited method can be carried out in the order
of events recited or in any other order that is logically pos
sible.

0025 Embodiments of the present disclosure will employ,
unless otherwise indicated, techniques of chemistry, inor
ganic chemistry, and the like, which are within the skill of the
art. Such techniques are explained fully in the literature.
0026. The following examples are put forth so as to pro
vide those of ordinary skill in the art with a complete disclo
Sure and description of how to perform the methods and use
the compositions and compounds disclosed and claimed
herein. Efforts have been made to ensure accuracy with
respect to numbers (e.g., amounts, temperature, etc.), but
some errors and deviations should be accounted for. Unless

indicated otherwise, parts are parts by weight, temperature is
in C., and pressure is in bar. Standard temperature and
pressure are defined as 0° C. and 1 bar.
0027. Before the embodiments of the present disclosure
are described in detail, it is to be understood that, unless

otherwise indicated, the present disclosure is not limited to
particular materials, reagents, reaction materials, manufac
turing processes, or the like, as Such can vary. It is also to be
understood that the terminology used herein is for purposes of
describing particular embodiments only, and is not intended
to be limiting. It is also possible in the present disclosure that
steps can be executed in different sequence where this is
logically possible.
0028. It must be noted that, as used in the specification and
the appended claims, the singular forms “a,” “an and “the
include plural referents unless the context clearly dictates
otherwise. Thus, for example, reference to “a support'
includes a plurality of supports. In this specification and in the
claims that follow, reference will be made to a number of

terms that shall be defined to have the following meanings
unless a contrary intention is apparent.
General Discussion
A.

0029 Methane, which is the main constituent of natural
gas, is one of the most widespread sources of hydrogen and
carbon in the world. At times, it can be useful to couple
methane into ethane in order to use the gas for other purposes.
At other times, it can be useful to decompose methane

May 12, 2016
directly into hydrogen and carbon. Advantageously, develop
ment of an efficient catalyst that can decompose methane into
both hydrogen and Solid carbon products, such as carbon
black or carbon nanotubes, or methane into ethane, in a selec

tive and controllable manner, can improve economy of hydro
gen production.
0030. In one aspect, a method of selectively producing
hydrogen or ethane from methane includes selecting a tem
perature Suitable for a metal catalyst and a feed gas including
methane to produce a product having a controlled hydrogen/
ethane ratio, predominately hydrogen and a solid carbon
product or predominately ethane and hydrogen and contact
ing the feed gas with the metal catalyst at the selected tem
perature to produce the product.
0031. In another aspect, a method of producing hydrogen
includes contacting a feed gas including methane with a
ruthenium nanoparticle on a silica nanoparticle Support at a
temperature Suitable to produce a product gas including
hydrogen.
0032. In another aspect, a method of selectively producing
hydrogen or ethane includes selecting a first pressure and a
first temperature Suitable to produce hydrogen from methane
or a second pressure and a second temperature Suitable to
produce ethane from methane and contacting a feed gas
including methane with a metal catalyst at the selected tem
perature and selected pressure to produce a product gas
including hydrogen or ethane.
0033. In certain embodiments, the selected temperature
can be a temperature suitable to produce a product having a
hydrogen/ethane ratio of at least 3, at least 5, at least 25, at
least 250 or at least 600. In certain other embodiments, the

selected temperature can be less than 1000°C., less than 800°
C., or greater than 300° C. Selecting the temperature can
include choosing a first temperature for the metal catalyst and
the feed gas to produce a product gas consisting essentially of
hydrogen or a second temperature for the metal catalyst and
the feed gas to produce a product gas consisting essentially of
ethane and hydrogen.
0034. In certain embodiments, metal catalyst can include
ruthenium, nickel, iron, copper, cobalt, palladium, platinum,
or combinations thereof. The metal catalyst can be Supported
on a Solid Support. The Solid Support can include a silicon
oxide, aluminum oxide, titanium oxide, Zirconium oxide,

magnesium oxide, cerium oxide, Zinc oxide, molybdenum
oxide, iron oxide, nickel oxide, cobalt oxide or graphite. The
metal catalyst can include other catalysts described herein.
0035. In certain embodiments, the method can include
separating the hydrogen from the Solid carbon product.
0036. The feed gas can include less than 1000 ppm water
or less than 1000 ppm oxygen containing compounds. The
feed gas can consist essentially of methane and an inert gas.
0037. The method described herein can increase selectiv
ity and efficiency of methane conversion compared to com
petitive processes of oxidative coupling, thermal coupling,
plasma coupling and non-oxidative catalytic coupling, which
are not selective and often require a great deal of energy or
temperatures in excess of 1000° C. While thermal decompo
sition of methane results in production of solid carbon prod
ucts and hydrogen and can reduce or eliminate greenhouse
gas emission, this process typically can require temperatures
greater than 1300° C. for complete conversion. A system that
allows for decomposition of methane to hydrogen and solid
carbon products in a selective manner can significantly
improve the commercial viability of methane conversion.
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0038. At the moment, in Europe, hydrogen is largely pro
duced via steam reforming of methane with 60 million tons of
hydrogen produced and with 500 million tons of CO. This
corresponds to 2% of the world emission of CO. Moreover,
there are already ten hydrogen pipelines in the world mainly
in the Netherlands, Belgium and France. This hydrogen can
also be transported by boat, Supertanker, large cylinders and
roads or by pipelines. Ethane is also a good vector for energy
and the association of ethane and hydrogen is important,
flexibility in the production of hydrogen and ethane is also
important regarding transportation of these two gases.
Although hydrogen can explodeas can propane orgasoline, it
has very high diffusivity in the air so that as soon as it is
produced it can be diluted easily, which can improve the
safety of its use. Indeed, many companies are considering the
use of hydrogen either in combustion engine or better as new
energy source for fuel cell (e.g., in cars). For example, for an
average car trip of 500 km range, the corresponding and
respective energy storage expressed in kg is the following: 33
kilos of conventional fuel; 540kilos of lithium battery, or 6 kg
(at 700 bar) of hydrogen.
0039 Methane can be selectively coupled to form ethane
or selectively decomposed to form hydrogen and a solid car
bon product depending on reaction conditions, such as tem
perature and pressure. These two processes are commonly
known as non-Oxidative coupling and thermo-catalytic
decomposition of methane, respectively. Surprisingly, a
methane coupling catalyst can also be active in thermal
decomposition of methane under different sets of operating
conditions. Advantageously, ethane present with the hydro
gen is easy to separate.
0040. The context of new energy vectors in the next cen
tury shows that large Scale practical Solutions with low carbon
dioxide footprint are really a problem. Therefore, the hydro
gen generation methodology is extremely timely. Its quick
development in the next 20 years will allow emerging tech
nology to become practically feasible. Unexpectedly, meth
ane can be catalytically coupled to ethane and hydrogen at
relatively low temperature or to a higher amount of hydrogen
than ethane at higher temperature.
0041 Moreover, the formation of hydrogen and ethane
does not give carbon dioxide but just carbon, which by its
structure can have added value as carbon black, carbon graph
ite, carbon fiber, or carbon nanotube. Valorization of carbonis

extremely important and can be diversified, giving the carbon
product having an added value to the process of methane
production.
0042 Catalysts and reaction conditions suitable to select
between the two reactions can allow for synthetic flexibility,
which can lead to clean and efficient generation of hydrogen
and/or Solid carbon products. Importantly, the catalyst and
reaction conditions can be selected to avoid rapid deactivation
of the catalyst while maintaining high selectivity for hydro
gen production. In certain embodiments, the structure of the
solid carbon product can be controlled by selecting the tem
perature, pressure and catalyst used in the reaction. The Solid
carbon product can be carbon black, graphene, carbon
microfibers, carbon nanofibers, fullerenes, carbon nanotubes

(CNTs), single-walled carbon nanotubes, multi-walled car
bon nanotubes, or capped carbon nanotubes.
0043. A feed gas including methane is contacted with a
metal catalyst at a selected temperature to produce a selected
product. In the method, contacting methane with a metal
catalyst can include adding the methane to the metal catalyst,

adding the metal catalyst to the methane, or by simulta
neously mixing the methane and the metal catalyst. In the
method, methane can react essentially with itself to couple to
form ethane, or form hydrogen and a solid carbon product
depending on reaction conditions using a single metal cata
lyst. Advantageously, the method can produce a product
including hydrogen or ethane without forming detectable
amounts of carbon-containing products other than alkanes,
for example of alkenes (e.g., ethylene), of alkynes (e.g. acety
lene), of aromatic compounds (e.g., benzene), of carbon mon
oxide and/or of carbon dioxide.

0044. The feed gas including methane can contain at least
1%, at least 10%, or at least 20% methane combined with an

inert gas, such as nitrogen, helium or argon. The moleratio of
methane to catalyst can be from about 10:1 to 100,000:1, from
about 50:1 to 10,000:1, or from about 100:1 to 1,000:1. The

feed gas can be dry, having less than 1000 ppm, less than 100
ppm or less than 10 ppm water. The feed gas can include less
than 1000 ppm water or other oxygen containing compound,
Such as an alcohol, carbon monoxide or carbon dioxide.

0045. The method can be carried out at a selected tempera
ture of about 1200° C. or less, about 1000° C., greater than
about 300° C., greater than about 400°C., greater than about
500° C., greater than about 600° C., from about 600° C. to
about 900° C., from about 650° C. to about 800° C. The

temperature is selected to favor production of hydrogen and a
Solid carbon product from methane or production of ethane
from methane. The ratio of hydrogen to ethane produced can
vary with temperature.
0046. The method can be carried out at a selected pressure
of about 0.1 to about 100 bar, about 0.5 to about 50 bar, about
1 bar, about 5 bar, about 10 bar, about 15 bar, about 20 bar,
about 25 bar, about 30 bar, about 35 bar, about 40 bar, or about

45 bar. The pressure is selected to favor production of hydro
gen and a solid carbon product from methane or production of
ethane from methane. The ratio of hydrogen to ethane pro
duced can vary with pressure.
0047. The method can be carried out as a batch or continu
ous process. The method can be carried out in a gas phase or
a liquid phase system. For example, a fluidized bed reactor
and/or a reactor with a mechanically stirred bed can be used.
Alternatively, a stationary bed reactor or circulating bed reac
tor can be used. The gas phase of the product can be continu
ously removed from the reactor.
0048. The metal catalyst can include at least one metal. In
Some embodiments, the metal catalyst can include two met
als. The metal can be a transition metal, for example, ruthe
nium, nickel, iron, copper, cobalt, palladium, platinum, or
combinations thereof. The catalyst can include a metal com
bined with a metal oxide, such as its own metal oxide. The

metal can be a bimetallic or multi-metallic mixture or alloy.
The catalyst can be activated by reduction with hydrogen at a
temperature of between 200 and 600° C. for a number of
hours. In addition to the catalysts described herein other
catalysts that could be used are described, for example, in
WO2011/107822, which is incorporated by reference in its
entirety.
0049. The metal can be on a solid support. The metal can
be deposited on a surface of the Solid Support, covalently
bonded to the surface of the solid support, or entrapped within
the Solid Support. The Solid Support can, for example, be
chosen from metal oxides, refractory oxides and molecular
sieves, in particular from silicon oxides, aluminum oxides,
Zeolites, clays, titanium oxide, cerium oxide, magnesium
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oxide, niobium oxide, Zinc oxide, molybdenum oxide, iron

B.

oxide, cobalt oxide, tantalum oxide or Zirconium oxide. The

0055. In addition, embodiments of the present disclosure
also provide for a supported fused Fe catalyst, a method of
making the Supported fused Fe catalyst, methods of hydro
carbon decomposition, and the like. Embodiments of the
supported fused Fe catalyst can be used for the industrializa
tion of MCD processes. In particular, the supported fused Fe
catalyst is highly active, has a long useful lifetime, selective,
and is stable, unlike other catalysts in MCD processes. In
addition, the supported fused Fe catalyst can be used in the
Fischer Tropsch process, to synthesize ammonia as well as in
DRM, SRM, POM or their combinations. In particular, the
supported fused Fe catalyst is more efficient than the typical
catalyst used in the preparation methods in DRM.
0056. The deactivation of catalysts by the carbon deposi
tion during the MCD is one of main issues that hinder the
practical utilization of MCD. The present disclosure provides
a supported fused Fe catalyst that is highly stable in the
process of MCD. The present disclosure also provides an
alternative way to activate the catalyst using a reactant gas
(e.g., methane) instead of H. This kind of in-situ activation
method may result advantageous catalyst performance during
the process of MCD.
0057 Embodiments of the present disclosure provide for
Supported fused Fe catalysts. In a particular embodiment, the
Supported fused Fe catalyst is a fused Fe/Al2O catalyst,
which is distinctive from impregnated Fe/Al2O, as described
in more detail below and in the Example. In an embodiment,
the Fe content in the supported fused Fe catalyst can be about
5 to 65 wt % of the supported fused Fe catalyst. In an embodi
ment, the alumina Support can be replaced with one or more
of the following: silica, silica-alumina, Zirconia, titania, Zinc
oxide, magnesia, Zeolite, mesoporous Zeolite, and the like,
and a combination thereof. In an embodiment, the Supported
fused Fe catalyst Fef Al-O has a spinel structure; catalysts
with spinel structure are rarely used in the MCD reaction.
0.058 As described in more detail in the Example, the
XRD profile of the supported fused Fe catalyst does not
include a peak for Al-O as opposed to impregnated Fe/Al2O
catalyst includes a peak for Al-O. In addition, the Supported
fused Fe catalyst has greater activity than impregnated
Fe/Al2O catalyst as shown in FIG. 3. The fused catalyst

metal catalyst can include a metal hydride.
0050. The metal of the metal catalyst, or the support, or
both, can have nanoscale features. For example, the metal can
be in the form of metal nanoparticles having average diam
eters of less than 200 nm, for example, 5 nm, 10 nm, 15 nm,
20 nm, 30 nm, 40 nm, or 50 nm. The nanoparticles can be
spherical or aspherical. The Support can have nanoscale fea
tures of less than 200 nm, for example, 5 nm, 10 nm, 15 nm,
20 nm, 30 nm, 40 nm, or 50 nm. The nanoparticles can be
spherical or aspherical. The Support can be, for example, a
silica nanoparticle. Suitable nanoparticles can be prepared as
described in V. Polshettiwar, et al., Angew. Chem. Int. Ed.
2010, 49,9652-9656, which is incorporated by reference in
its entirety.
0051 Methane decomposition is an endothermic process.
Introduction of high temperature condition in the reactor
system improves the carbon accumulation and increases the
methane conversion by Switching the equilibrium to the right.
Nevertheless, high temperature condition is subjected to
faster deactivation of catalyst. To keep the stability of the
catalyst, lower reaction temperature is applied or with diluted
methane, but these reduce the catalytic activity.
0052 Reaction temperature can have a great influence on
catalyst activity, catalyst lifetime and morphology of the Solid
carbon product that is produced. Temperature elevation can
result in a disproportionately rapid catalyst deactivation. At
high temperature, the catalyst can be in a quasi-liquid State
where the catalyst particles are easily cut into Small particles
and the Small particles that can be easily encapsulated by the
carbon layer formed during methane decomposition, contrib
uting to faster catalyst deactivation. At low temperature, the
catalyst remains in Solid state rather than in quasi-liquid State
and it Sustains the activity of catalysis process. Selection of
the proper catalyst material can result in catalyst Surfaces that
do not foul from carbon deposition during the process. In
certain examples, ruthenium catalysts are particularly Suit
able to avoid fouling from carbon deposition.
0053 Carbon nanotube production can be preferable at
moderate temperature in order to prolong the catalyst life
time, but can result in low methane conversion. Low methane

conversion can be addressed by separation of the methane
hydrogen mixture at the reactor effluent, followed by recy
cling of methane. Alternatively, a membrane reactor can be
used to remove continuously produced hydrogen from meth
ane decomposition reaction. This alternative can increase
methane conversion and enhance the lower temperature reac
tion. Separation of methane from hydrogen product can
increase the operation cost and the hydrogen permeating
membrane makes the reactor structure complex. This catalyst
system and the optimum operating conditions are expected to
contribute effectively towards large-scale production of car
bon nanotubes and hydrogen through methane decomposi
tion reaction by using methane gas as carbon Source.
0054 Thermodynamics calculations based on the minimi
Zation of Gibbs free energy assuming a system with the fol
lowing components: CH (gas), CH (gas), H2 (gas), and C
(graphite) was carried out at various pressures. The results of
the thermodynamics calculation at 1 bar, 30 bar and 50 bar are
shown in FIG. 11.

shows an initial methane conversion of 60%, whilst the

impregnated catalysts showed a much lower methane conver
Sion between 20-35%.

0059. In an embodiment, the supported fused Fe catalyst
can be red mud or red sludge, which is a waste product
generated in the industrial production of aluminum during
Hall-Héroult process. Red mud is composed of a mixture of
solid and metallic oxides. The red color arises from iron

oxides, which comprise up to about 60% (e.g., about 5 to
60%, about 15 to 60%, about 25 to 60%, about 40 to 60%) of
the mass of the red mud. Although not intending to be bound
by theory, the Hall-Héroult process provides a similar envi
ronment similar to that of the fusion method described herein.

In an embodiment, when red mud is used as the Supported
fused Fe catalyst it shows good MCD activity (See FIG. 11 in
the Example).
0060. The present disclosure also discloses a method that
is used to prepare Supported catalysts with strong metal
Support interaction, especially designed to help the formation
of a spinel structure. In an embodiment, the method of making
the Supported fused Fe catalyst includes physically grinding
and mixing a Fe nitrate and a Support nitrate. In an embodi
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ment, the components can be grinded using a grinder and/or
kneader device. In an embodiment the component can be
ground until both the nitrate precursors are homogeneously
mixed. The mixture can then be calcined understatic air from

about room temperature to 300-1100°C. for about 2 to 4h or

catalysts with strong metal-support interaction, especially
designed to help the formation of a spinel structure; a process
for the MCD using the catalyst; a method for the activation of
the catalyst, and that the Fe is the active phase for the MCD,
while the fused FeAl-O is a betterprecursor to provide stable

about 3 h with a 3 to 8° C./min latter or 5°C/min latter. The

Fe that other Fe-oxides.

mixture can be calcined in a muffler. After calcination, the

Materials and General Consideration:

temperature can be reduced to room temperature under air
flow to form the supported fused Fe catalyst. The product can
be grinded into a fine powder of 200-400 um to form the final
product of the supported fused Fe catalyst.
0061. In an embodiment, the support nitrate can be alumi
num nitrate, magnesium nitrate, calcium nitrate, or a combi
nation thereof. The amount of the support nitrate and the Fe
nitrate can be adjusted to produce a Supported fused Fe cata
lyst that has a Fe content of about 5 to 65 wt % of the
Supported fused Fe catalyst.
0062. The present disclosure also discloses a process for
the decomposition of hydrocarbons (e.g., MCD) using the
catalyst disclosed herein. In addition, the present disclosure
further discloses a method for the activation of the catalyst
using H2 or the hydrocarbon.
0063. In an embodiment, hydrocarbon catalytic decompo
sition to form H can be accomplished by heating the Sup
ported fused Fe catalyst to about 400-1000° C. under an inert
gas (e.g., Ar). Subsequently, a hydrocarbon (e.g., methane)
can be flowed across the Supported fused Fe catalyst. A cata
lytic reaction causes the decomposition of the hydrocarbon to
produce H. In a particular embodiment, the flowing the
hydrocarbon across the Supported fused Fe catalyst reduces
(activates) the supported fused Fe catalyst to Fe, which can
react with the hydrocarbon to produce H. In another embodi
ment, the Supported fused Fe catalyst can be pre-activated
using H. Specifically, prior to introduction of the hydrocar
bonto the catalyst, the supported fused Fe catalyst is heated to
the reduction temperature of the supported fused Fe catalyst
at 400-1000° C. and then H is flowed over the supported
fused Fe catalyst to reduce the supported fused Fe catalyst.
Additional details regarding the decomposition of the hydro
carbon are provided in the Example.
0064. In an embodiment, the hydrocarbon can include
saturated and unsaturated hydrocarbons such as C1-C20
alkanes, C2-C20 alkenes, C2-C20 alkynes, and a mixture
thereof, where each can be linear, branched, cyclic, aromatic,
or a mixture thereof. In an embodiment, the hydrocarbon can
be methane.

0065. In an embodiment, the hydrocarbon mixture can be
just the natural gas coming from the ground with simple
dehydration and desulfuration steps.
EXAMPLES

0066 Now having described the embodiments of the dis
closure, in general, the examples describe some additional
embodiments. While embodiments of the present disclosure
are described in connection with the example and the corre
sponding text and figures, there is no intent to limit embodi
ments of the disclosure to these descriptions. On the contrary,

0068. Unless otherwise stated, all reagents were pur
chased from commercial Suppliers and used as received. Iron
nitrate nonahydrate (98%) and Aluminum Nitrate nonahy
drate (99.997%) were purchased from Sigma-Aldrich and
used as received. Fe/Al-O materials (Table 1) were prepared
according to the procedure named as fusion method; a typical
procedure is described as follows:
0069. Physically grinding and mixing Fe nitrate and
Support nitrate
0070 Calcining under static air from R.T. to 350° C. for
3 h with a 5°C/min

0071 Going down to RT under airflow, and then grind
ing the final sample to fine powder
0072 The range of Feloading can be from about 5-65 wt.
%, as determined by elemental analysis.
0073 Elemental analyses were obtained from the service
of Mikroanalytisches Labor Pascher (Remagen, Germany).
XRD patterns were recorded on a Bruker D8 Advanced A25
diffractometer using a Bragg-Brentano geometry with a cop
per tube operating at 40 kV and 40 mA. The catalyst powder
was compacted into disks and mounted in the chamber. The
mean crystallite sizes of Fe and Fe-oxides were calculated
using the Scherrer equation. N adsorption-desorption iso
therms were obtained on a Micromeritics ASAP2420. Prior to

these measurements, the samples were degassed for 2 h at
300°C. The surface areas of the samples were determined by
a multi-point BET analysis method, and pore volumes were
estimated at P/P0.99. H-TPR was performed on an Alta
mira instrument. The catalyst powder (50mg) was placed in
a U-shaped quartz reactor and pre-treated in flowing Ar (50
mL/min) for 0.5 h at 300° C., followed by cooling to room
temperature. The temperature was then raised from room
temperature to 1000° C. at a rate of 10° C./min under a 5%
H/Ar flow (50 mL/min). A thermal conductivity detector
(TCD) was employed to monitor the H consumption. Simi
larly, the O-TPO was applied with the same instrument by
using the 5% O/He instead of H/Arflow. Scanning electron
microscope (SEM) images were taken by the FEI Quanta 200
or 600 FEG environmental scanning electron microscope
(ESEM). TEM images were taken on a Titan G2 transmission
electron microscope (FEI, Hillsboro, Oreg., USA), operating
at 80-300 kV and equipped with a 4 kx4 k charge-coupled
device (CCD) camera (US4000) and energy filter (GIF Tri
diem, Gatan Inc., Pleasanton, Calif., USA). The specimens
were prepared by ultrasonically suspending the sample in
ethanol. A drop of the Suspension was then applied onto clean
holy copper grids and dried in air.
TABLE 1

the intent is to cover all alternatives, modifications, and

equivalents included within the spirit and scope of embodi
ments of the present disclosure.
Example 1
0067. The present disclosure provides a series of Sup
ported Fe catalyst with the Fe loading in the range of 5 to 65
wt.% (catalysts A to G, see Table 1). The present disclosure
also discloses a method that is used to prepare Supported

Example 1 Properties of catalysts A to Gi
Fe loading

Pore volume

Catalysts

wt %

BET m2/g)

cc.g

Pore size (nm)

A.
B
C
D
E

5
10
2O
35
40

145
162
2O3
184
174

O.15
O16
O.24
O.23
O.26

3.68
3.47
4.07
4.OO
4.83
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TABLE 1-continued

Example 1 Properties of catalysts A to Gi
Fe loading

Pore volume

Catalysts

wt %

BET m2/g)

cc.g

Pore size (nm)

F
G

50
65

116
57

O.19
O.20

5.07
11.77

0074 FIG. 1 shows the XRD profiles over the prepared
Fe/Al-O catalysts in this project. The fusion method must be
an excellent way to enhance the interaction between Support
and metal, because no peak was detected for the Al2O,
whereas the peak that belonged to the hercynite FeAl-O can
be strongly detected. As a comparison experiment, a
Fe/Al2O catalyst with 35 wt.% Feloading assigned as H was
prepared by wet incipient impregnation method as follows
0075 Measure water absorption percentage of Y-Al-O
Supports, Y-Al2O (Aeroxide R. Alu C. fumed aluminium

oxides, specific surface area 130+15 m/g) was pur

chased from Evonik Industries. Prior to use, Y-Al-O
was aggregated by treatment with distilled water and
dried in the oven at 120° C. for 2 days. The void volume
ofy-Al2O is 0.5 ml/g, determined by water impregna
tion.

0076 Incipient impregnation with Fe nitrate water solu
tion

0077. Dry 110° C. for over night
0078 Calcination at 450° C. for 8 h with a 5° C./min

amount was varied among 40-240 mg in order to get a differ
ent GHSV of 1.875-15 L/higcat. As shown in FIG. 6, two
reaction modes were adopted here. For mode 1, after loading
the catalyst, the reactor was heated to reduction temperature
with Ar, and then the flowing gas was Switched to H to reduce
the catalyst at selected temperature for 2 h. After this pre
reduction treatment, the gas was Switched back to Ar to heat
or cool or purge the catalyst to 750° C. After this, the gas was
again changed to 10 mL/min reacting CH to start the MCD
reaction for 10 h. For mode 2, the loaded catalyst was directly
heated to 750° C. under Ar, in the absence of hydrogen and
then the gas was switched to 10 mL/min CH to begin the
MCD reaction. The outlet gases were analyzed by an online
GC (Varian 450-GC) and micro GC (Soprane MicroGC
3000).
I0082 For the mode 2 where the catalysts are activated by
methane gas, a semi insitu XRD analyses over the catalysts
composition change during this treatment was conducted in
FIG. 7. It is obviously that using methane to activate the
catalyst helps to form more FeAl-O species. And the Felater
reduced from this FeAl-O is believed to show better reactiv
ity than that from normal Fe-oxides. The Fe is the active phase
for the MCD reaction, while the FeAl-O is the best precursor
to provide stable Fe for this MCD.
0083. The reaction results are summarized in Table 2.
Example 1 and FIGS. 8 and 9.

ramp

0079 Grind to homogeneous particles
0080 FIG. 2 compares the XRD patterns over fused and
impregnated Fe/Al2O catalysts with 35 wt.% Feloading. It
is clear that the fused catalyst has a stronger metal-support
interaction than that of impregnated catalyst, since no
FeAl-O can be found on latter catalyst. It is likely that during
the fusion process the mixed salts of Fe and Al nitrate would
undergo thermal decomposition thena phenomenon of partial
fusion (the percentage of how much salts are melted is rea
sonable to be related to the fusion temperature). The different
Fe and Al interaction mechanism between the fused and

impregnated catalysts may be a possible explanation for the
different metal-support interaction. The existence of FeAl-O
over fused Fe/Al2O catalysts was further evidence by
H-TPR profiles in FIG. 4. The reduction of Fe-oxide (Fe-O,
and FeO) usually finish at low temperature Zone 700° C.
Therefore the reduction peaks shown at high temperature
Zone between 700-1100° C. must be assigned to the FeAl-O
reduction. The EDX analyses over fused Fe/Al-O in FIG. 5
further demonstrated the FeAl-O existence.
I0081. A typical MCD test is described as follows: The
catalytic reaction was conducted in a PID micro reactor
equipped with a long quartz tube reactor (ID 14 mm, length
305 mm), which was heated by an electrical furnace under
atmosphere pressure. The catalyst was loaded into the reactor,
while the reaction temperature was controlled by a thermo
couple placed into the middle of the catalyst layer. The CH4
used for the MCD was not diluted, while the total gas flow rate
was fixed at the same value of 10 mL/min. The catalysts

TABLE 2

Example 1 Summarization of the MCD results Over catalysts
Re-

Reaction

action GHSV
Cat- temp. L?h
alysts C. g.
A.

750

7.5

Initial
CH4

Activation
Ole
Mode 1, H2

Carbon

H2

con- deposited production
version amount
mol
%
g-Cig-Fei H2/g-Fe
1.2

2.6

O.43

2.5

4.6

0.77

13.8

7.9

1.32

51.2

20.3

3.38

62.O

20.8

3.47

66.9

12.3

2.05
O.68

750° C.

B

750

7.5

Mode 1, H2
750° C.

C

750

7.5

Mode 1, H2
750° C.

D

750

7.5

Mode 1, H2
750° C.

E

750

7.5

Mode 1, H2
750° C.

E

750

7.5

Mode 1, H2
550° C.

E

750

7.5

Mode 1, H2

35.8

4.1

E

750

7.5

900° C.
Mode 2

64.4

31.0

5.17

750

7.5

Mode 1, H.,

58.4

15.3

2.55

750

1875

Mode 1, H2

74.5

18.8

3.13

40.4

7.1

1.18

42.6

8.O

1.33

750° C.
o C.

G

750

15

Mode 1, H2
750° C.

G

750

7.5

Mode 1, H2
750° C.

G

750

3.75

Mode 1, H2

G

750

1875

Mode 1, H2

H

750

7.5

Mode 1, H2

57.7

9.2

1.53

65.6

11.8

1.97

35.2

9.4

1.57

750° C.
750° C.
750° C.
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Example 2
Catalyst Preparation
I0084. Preparation of KCC-1-NH:
I0085. To a 25 mL round-bottom flask, 150 mL of anhy
drous toluene, 12.00 g KCC-1, and 40 mL of 3-aminopropy
ltriethoxysilane (APTS) were successively introduced. The

0094. From carbon balance. The number of moles of
methane introduced should be equal to n(CH4)in n(CH4)+
2n(C2H6)+n(c).
0.095 However, n(c) is unknown, but can be estimated as
follows:

0096. The total number of moles of H in the gas phase is

mixture was refluxed for 48 h. The solution was filtered, the
solid was washed with acetone and chloroform, and the solid

n(H2) = n(H2) coupling+ n(H2)MD = methane decomposition

was dried overnight at 65 degree C. under vacuum to yield the
KCC-1-NH. nano-composite. Synthesis of suitable catalysts
are described, for example, in WO2011/107822, which is
incorporated by reference in its entirety.
I0086 Preparation of Catalysts (KCC-1-NH/Ru NPs,
KCC-1-NH/Fe NPs, KCC-1-NH/Co NPs):
0087 A Schlenk flask was charged with 3 g of KCC-1NH material and the required amount of metal chloride (e.g.,
RuCls. FeC1, CoCl2). (e.g., 0.21 g of RuCl) was sonicated in
50 ml of deionized water for 2 h. The mixture was stirred for

n(H2) coupling = n(HC2H6)
n(H2)MD = 2n(C)

conversion =

72 hat room temperature. The solid was collected by cen
trifugation and washed several times with water, ethanol and
acetone. The solid was then dried under reduced pressure at
65 degree C. for 16 h, which resulted in a grey powder (3.2 g).
The reduction was performed in a fixed-bed continuous flow
reactor. For the in situ preparation of the ruthenium nanopar
ticles, the unreduced catalyst (200 mg) was placed in a stain

Assuming that there is no significant change in total number

less steel tubular reactor with a 9-mm internal diameter and

X-molar fraction determined from GC

was reduced in a stream of hydrogen (20 mL/min) at 400
degree C. for 16 h. The ruthenium content of the final material
was determined by ICP elemental analysis and was found to

of moles before and after reaction;
conversion =

I0097. Yield of H. Each mole of CH gives ideally a maxi
mum of 2 moles of H.

be 4.2%.

0088 Catalytic Tests. The catalytic tests for methane cou
pling and/or decomposition were carried out in a fixed-bed
continuous flow reactor. The powdered catalyst was charged
in a stainless steel tubular reactor that was placed in an electric
furnace. The temperature in the reactor was controlled by a
PID temperature controller connected to the thermocouple
placed inside catalyst bed and maintained with a frit.
0089. The catalytic activity was determined by filing the
reactor with Nuntil reaching 30bar. Methane was allowed to
pass over the catalyst at a rate varied between 3 and 12
mL/min. The individual gas flow rates were controlled using
mass flow controllers, previously calibrated for each specific
gas. The activity of the catalyst was tested continuously sev
eral hours, by keeping the catalyst at a constant temperature,
until the conversion is stabilized.

0090 The feed gases and the products were analyzed
employing an online Gas Chromatograph equipped with
TCD and FID detectors using He and H as a carrier gases
respectively.
0091 First of all, the idea was to test catalysts in the
reaction of methane coupling (equation 1) and to study the
effect of the temperature under isobar conditions (30 bars).
0092. By definition, the conversion of methane is

Thus,
0098

H2 vield
(%) = -3ct,
PP
yield (%)=
H2 y(*)
vield (%) = 2x
—
—
(CH) 1snC.H.)
: 0.5H2)
(0099 Yield of C2: Each mole of CH4 gives ideally a
maximum of 0.5 moles of CH,
0100 Thus,

C2 vield
(%) = -oscil,
29
yield (%)=
C2 y(*)
vield (%) = 0.5&ncH.)
- - : 1st C.H.)
- Osmo)
Catalyst Runs

irr - n(CH4)in - n(CH4)out

COWeSO

(CH4)in

0093 Assuming the following two reactions:
2CH->C2H6+H2

0101 Reactions were carried out using as a catalyst KCC
1/Ru nanoparticles, 4.1 wt.% Ru. Unless otherwise noted, the
reactions used 200 mg catalyst, pressure 29 bar, methane flow
of 3 ml/min.

0102) The data in Table 1, Example 2 (below) were for
reactions carried out regeneration of catalyst (15 hat 400° C.
under an H. flow of 20 ml/min).
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TABLE 1.
Conditions
Catalyst
loading Temperature

(mg)

(°C.)

2OO
2OO
2OO
2OO
2OO
2OO
2OO
500
500
500
500

400
400
500
500
400
400
400
400
400
600
700

Thenodynamics

Experimental
Molar
Ratio

CH

Conversion

C2
Yield

H2
Yield

Con
version

(%)

(%)

(%)

(%)

O.32
O.31
1.14
0.28
0.22
0.22
O.08
0.24

O16
O.14
O.1
O.13
O.13
O.11
O.O1
O.14

O.2
O.2
1.07
O.18
O.12
O.13
O.O7
O.13

S.08
12.7

O.O7
O.O6

S.O3
12.6

2.3
2.3
6.1
2.3
2.3
2.3
2.3
2.3
2.3
13.3
24.5

(ml/min) (H2C2)
3
3
3
3
6
9
12
6
6
3
3

5.65
5.33
45.59
S.S8
3.66
5.36
7.31
3.72
3.13
290.09
857.05

It is notable that the experimental yields of C are higher than
those expected from thermodynamics.
0103) Additional experiments using iron or cobalt metals
as catalysts were conducted, and the results are summarized
in Table 2. Example 2 (below).

H2

Yield

H2/C2 yield (%)
316
316
SS7
316
316
316
316
316
316
1987
3090

2.3
2.3
6.1
2.3
2.3
2.3
2.3
2.3
2.3
13.3
24.5

OO1
OO1
O.O2
OO1
OO1
OO1
OO1
OO1
OO1
O.O3
O.O3

variations and modifications may be made to the above-de
scribed embodiments of the disclosure without departing sub
stantially from the spirit and principles of the disclosure. All
Such modifications and variations are intended to be included

herein within the scope of this disclosure.

TABLE 2

Temp Time
Conversion C-H yield H2 yield C yield
catalyst (C.) (h) (ml/min) molar ratio
(%)
(%)
(%)
(%)
KCC-1 Fe
NPs

KCC-1 Co
NPs

600

24

3

na

3.23

700

24

3

na

23.70

800

24

3

na

99.34

600

24

3

na

O.68

700

24

3

na

8.48

800

24

3

na

99.77

Not
measured
Not
measured
Not
measured
Not
measured
Not
measured
Not
measured

2.16

1.08

15.8O

7.90

66.23

33.11

O4S

O.23

5.65

2.83

66.52

33.26

0104. The obtained results indicated two parallel competi
tive reactions can take place: i) coupling of methane into
ethane, and ii) thermal decomposition of methane to hydro
gen and carbon.
0105. It should be noted that ratios, concentrations,
amounts, and other numerical data may be expressed herein
in a range format. It is to be understood that Such a range
format is used for convenience and brevity, and thus, should
be interpreted in a flexible manner to include not only the
numerical values explicitly recited as the limits of the range,
but also to include all the individual numerical values or
Sub-ranges encompassed within that range as if each numeri
cal value and Sub-range is explicitly recited. To illustrate, a
concentration range of “about 0.1% to about 5% should be
interpreted to include not only the explicitly recited concen
tration of about 0.1 wt % to about 5 wt %, but also include

individual concentrations (e.g., 1%, 2%,3%, and 4%) and the
sub-ranges (e.g., 0.5%, 1.1%, 2.2%, 3.3%, and 4.4%) within
the indicated range. In an embodiment, the term “about can
include traditional rounding according to significant figures
of the numerical value. In addition, the phrase “about x to
y” includes “about x to about 'y'.
0106. It should be emphasized that the above-described
embodiments of the present disclosure are merely possible
examples of implementations, and are set forth only for a
clear understanding of the principles of the disclosure. Many
999
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We claim at least the following:
1. A composition, comprising a Supported fused Fe cata
lyst, wherein the supported fused Fe catalyst is a fused
Fe/Al2O catalyst.
2. The composition of claim 1, wherein Fe is about 5 to 65
wt.% of the supported fused Fe catalyst.
3. The composition of claim 1, wherein the supported fused
Fe catalyst has a spinel structure.
4. The composition of claim 1, wherein the XRD profile of
the supported fused Fe catalyst does not include a peak for
Al-O, wherein impregnated Fe/Al2O catalyst includes a
peak for Al-O.
5. The composition of claim 1, wherein the supported fused
Fe catalyst has greater activity than impregnated Fe/Al2O
catalyst, wherein the Supported fused Fe catalyst has greater
selectivity than impregnated Fe/Al2O catalyst, and wherein
the Supported fused Fe catalyst has a longer ageing time than
the supported fused Fe catalyst.
6. The composition of claim 1, wherein the supported fused
Fe catalyst is red mud.
7. The composition of claim 6, wherein the red mud is a
waste product generated in the industrial production of alu
minium.

8. A method of making the supported fused Fe catalyst,
comprising:

US 2016/0129423 A1

physically grinding and mixing a Fe nitrate and a support
nitrate;

calcining under static air from about room temperature to
350° C. for about 2 to 4h with a 3 to 8° C./min latter:
reducing the temperature down to room temperature under
air flow; and

grinding the final sample to fine powder to form the sup
ported fused Fe catalyst.
9. The method of claim 8, wherein the support nitrate is
Selected from the group consisting of aluminum nitrate, mag
nesium nitrate, calcium nitrate and a combination thereof.
10. The method of claim 8, wherein Fe is about 5 to 65 wt.

% of the supported fused Fe catalyst.
11. A method of selectively producing hydrogen or ethane
from methane comprising: selecting a temperature suitable

for a metal catalyst and a feed gas including methane to

produce a product having a controlled hydrogen/ethane ratio,
predominately hydrogen and a solid carbon product or pre
dominately ethane and hydrogen; contacting the feed gas
with the metal catalyst at the selected temperature to produce
the product, wherein the metal catalyst is a supported fused Fe
catalyst, wherein the supported fused Fe catalyst is a fused
Fe/Al2O catalyst.
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12. A method for hydrocarbon catalytic decomposition,
comprising:
heating a supported fused Fe catalyst to about 750° C.
under an inert gas;
flowing a hydrocarbon across the supported fused Fe cata
lyst; and
decomposing the hydrocarbon to produce H.
13. The method of claim 12, wherein the hydrocarbon is
methane.
14. The method of claim 12, where the hydrocarbon is
purified or unpurified natural gas.
15. The method of claim 12, wherein flowing a hydrocar
bon across the supported fused Fe catalyst reduces the sup
ported fused Fe catalyst.
16. The method of claim 12, further comprising:
heating the supported fused Fe catalyst to the reduction
temperature of the supported fused Fe catalyst; and
flowing H2 over the supported fused Fe catalyst to reduce
the supported fused Fe catalyst.
17. The method of claim 12, wherein the supported fused
Fe catalyst is a fused Fe/Al-O catalyst.
18. The method of claim 12, wherein the supported fused
Fe catalyst is red mud.

