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Description
Title of Invention
HYDROGEN PRODUCING DEVICE AND HYDROGEN

PRODUCING METHOD

Technical Field
[0001]

The present invention relates to a hydrogen production
device and a hydrogen production method. The present
invention further relates to a carbon aggregate production
device and a carbon aggregate production method each of which

has a similar configuration.

Background Art
[0002]

Conventionally, hydrogen is produced by thermochemical
decomposition, electrolysis, or the like of a petroleum resource,
and is mainly produced by a steam reforming reaction.
However, this method requires a large amount of steam,
resulting in loss of much energy. Moreover, carbon dioxide
(CO2) or carbon monoxide (CO) is generated as a by-product in
the process of producing hydrogen. Therefore, this method is
problematic from the viewpoint of reducing an environmental
load.

[0003]
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Under the circumstances, CO2 free hydrogen production
techniques are desired as a hydrogen production method which
allows a reduction in environmental load. At present, the CO2
free hydrogen production techniques are roughly classified into
the following three techniques (i) to (iii): (i) fossil fuel reforming
+ carbon dioxide capture and storage (CCS); (ii) a water
electrolysis process; and (iii) pyrolysis of a hydrocarbon.
[0004]

The present invention relates to the technique (iii). The
technique (iii) is a technique of using a hydrocarbon, such as
methane, as a raw material and directly decomposing the
hydrocarbon into hydrogen and solid carbon with use of a
specific catalyst.

[0005]

Patent Literatures 1 and 2 each disclose an example of
the technique (iii). Patent Literatures 1 and 2 each disclose a
hydrogen production device which produces hydrogen by
causing proceeding of pyrolysis of a hydrogen-containing
compound (for example, methane) in the presence of a catalyst
activated by irradiation with a microwave.

[0006]

The technique (iii) can be interpreted as a technique of
obtaining solid carbon by decomposing a hydrocarbon. Patent
Literature 3 discloses a graphene production device which

obtains graphene by causing, in the presence of a catalyst
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activated by irradiation with a microwave, proceeding of a
reaction in which a carbon compound (for example, methane)

is used as a substrate.

Citation List
[Patent Literature]
[0007]

[Patent Literature 1]

Japanese Patent Application Publication Tokukai No.
2015-20929

[Patent Literature 2]

Japanese Patent Application Publication Tokukai No.
2015-44702

[Patent Literature 3]

Japanese Patent Application Publication Tokukai No.

2015-221733

Summary of Invention

Technical Problem
[0008]

In the conventional technique disclosed in each of Patent
Literatures 1 and 2, a fixed-bed type reaction process is
employed. In these techniques, solid carbon is deposited on a
surface of a catalyst with a reaction, and the catalyst is

deactivated in a short time. Therefore, there is a problem that
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production efficiency for the amount of the catalyst is poor and
continuous operation is difficult.

[0009]

Graphene obtained by the technique disclosed in Patent
Literature 3 is generated around a nickel particle. The diameter
of a particle containing the nickel particle is approximately 200
nm. In a case where applying, to use in an electrode or the like,
a carbon material obtained by pyrolysis of a carbon compound
such as methane is considered, it is possible that the carbon
material is extremely industrially useful when the carbon
material having a greater particle diameter (for example,
micrometer order) is obtained.

[0010]

The object of an aspect of the present invention is to
provide an environmentally friendly and economically excellent
hydrogen production device. Furthermore, the object of an
aspect of the present invention is to provide an industrially
useful carbon aggregate.

Solution to Problem
[0011]

In order to attain the above object, a hydrogen
production device in accordance with an aspect of the present
invention includes: a reactor that includes a filler containing a
catalyst for pyrolysis of a hydrocarbon; a gas supply section

that supplies, into the reactor, gas containing a hydrocarbon
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compound; and a microwave irradiation section that irradiates
the catalyst with a microwave. The gas supply section supplies
the gas at a flow rate at which the filler is fluidized, and
hydrogen is generated by the hydrocarbon compound being
pyrolyzed in the presence of the catalyst activated by the
microwave.

[0012]

A hydrogen production method in accordance with an
aspect of the present invention includes producing hydrogen
with use of the above hydrogen production device.

[0013]

A carbon aggregate production device in accordance with
an aspect of the present invention includes: a reactor that
includes a filler containing a catalyst for pyrolysis of a
hydrocarbon; a gas supply section that supplies, to the reactor,
gas containing a hydrocarbon compound; and a microwave
irradiation section that irradiates the catalyst with a
microwave. The gas supply section supplies the gas at a flow
rate at which the filler is fluidized, and a carbon aggregate is
generated by the hydrocarbon compound being pyrolyzed in the
presence of the catalyst activated by the microwave.

[0014]

A carbon aggregate production method in accordance

with an aspect of the present invention includes producing a

carbon aggregate with use of the above carbon aggregate
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production device.

Advantageous Effects of Invention
[0015]

According to an aspect of the present invention, it is
possible to provide an environmentally friendly and
economically excellent hydrogen production device.
Furthermore, according to the present invention, it is possible

to provide an industrially useful carbon aggregate.

Brief Description of Drawings

[0016]

Fig. 1 is a drawing schematically illustrating a configuration of
a hydrogen production device in accordance with an
embodiment of the present invention.

Fig. 2 is a flowchart illustrating an example of a hydrogen
production method in accordance with the present
embodiment.

Fig. 3 is a drawing schematically illustrating a main part of a
hydrogen production device used in a test in an example.

Fig. 4 is an enlarged view illustrating a reactor of the hydrogen
production device used in the test in the example and is a
drawing schematically illustrating also peripheral equipment.
Fig. 5 is a drawing schematically illustrating a main part of a
hydrogen production device used in a test in a comparative

example.



10

15

20

25

-7 -
Fig. 6 is an image of carbon aggregates obtained in the example,
the image being captured by a scanning electron microscope.
Fig. 7 is an image of solid carbon obtained in the comparative
example, the image being captured by a scanning electron

microscope.

Description of Embodiments
[0017]

An exemplary embodiment of a hydrogen production
device in accordance with the present invention is described
below in detail. Embodiments of the present invention are not
limited to a detailed example described below.

[0018]

[Embodiment]

Fig. 1 is a drawing schematically illustrating a
configuration of a hydrogen production device 1 in accordance
with an exemplary embodiment of the present invention. As
illustrated in Fig. 1, the hydrogen production device 1 includes
a reactor 10, a gas supply device 20 (gas supply section), a
microwave irradiation device 30 (microwave irradiation
section), and a cyclone 40 (separation section). The hydrogen
production device 1 may further include heat exchangers 22A
and 22B, a hydrogenation reactor 23, a desulfurization reactor
24, a pressure swing adsorption (PSA) purifier 50 (purifier of a

pressure swing adsorption type), and a cooling device 60. The
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hydrogen production device 1 is schematically configured to
include the above constituent elements, paths L1 through L17,
etc.

[0019]

The hydrogen production device 1 in accordance with an
embodiment of the present invention is a device in which
hydrogen is generated by a hydrocarbon compound being
pyrolyzed in the presence of a catalyst 121 activated by a
microwave and a carbon aggregate is obtained as a by-product
of generation of the hydrogen. Note that the configuration of
the hydrogen production device 1 may be used as a carbon
aggregate production device in which a main product is a
carbon aggregate and a by-product is hydrogen. A hydrogen
production method in accordance with an embodiment of the
present invention in which method the hydrogen production
device 1 is used can be similarly interpreted as a carbon
aggregate production method.

[0020]

In an embodiment of the present invention, the
hydrocarbon compound is used as a raw material. The
hydrocarbon compound in an embodiment of the present
invention can be methane, ethane, butane, hexane, ethylene,
propylene, acetylene, or the like, and is preferably methane.
[0021]

The catalyst 121 that can be used in an embodiment of
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the present invention is a catalyst for pyrolysis of a
hydrocarbon. The catalyst 121 is not limited to any particular
one, provided that the catalyst 121 can decompose a
hydrocarbon. The catalyst 121 can be, for example, nickel (Ni),
molybdenum carbide (Mo2C), zeolite (examples thereof include
synthetic zeolite such as HZSM-5 zeolite, mordenite, ferrierite,
beta zeolite, and Y zeolite, and HZSM-5 zeolite is preferable),
iron (Fe), cobalt (Co), or the like. Further, one or more of these
catalysts may be mixed and used as the catalyst 121. The one
or more of the catalysts which one or more are to be contained
in the catalyst 121 can be selected as desired, but preferably
include HZSM-5 zeolite. By the catalyst 121 containing HZSM-
S zeolite, it is possible to improve the selectivity of the
hydrogen to be generated.

[0022]

A filler 12 that is introduced into the reactor 10 may
contain a susceptor component in addition to the catalyst 121.
The susceptor component is a substance that can be heated by
absorbing the microwave and generating heat by itself. The
susceptor component can be, for example, silicon carbide (SiC),
carbon (C), or the like. By the filler 12 containing the susceptor
component, it is possible to further improve an effect of heating
the catalyst 121 by irradiation with the microwave. Note that a
mixing ratio between the catalyst 121 and the susceptor

component in the filler 12 can be set as desired, and may be,
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for example, 70:30 by a weight ratio.
[0023]

The reactor 10 is a fluidized-bed reactor that includes
the filler 12 containing the catalyst 121. A gas introduction
part 101 from which gas (referred to as gas G1) containing the
hydrocarbon compound is introduced is provided to a bottom
part of the reactor 10. A discharge part 102 that is for
discharging a solid-gas mixture containing a hydrogen gas (H2)
which has been generated, the hydrocarbon compound which
is unreacted, and solid carbon which has been generated by
pyrolysis of the hydrocarbon compound is provided to an upper
part of the reactor 10. The solid carbon obtained in an
embodiment of the present invention includes the carbon
aggregate. Furthermore, a catalyst introduction part 103 from
which the catalyst 121 is introduced so as to replenish the
catalyst 121 that has been decreased by being contained in the
solid-gas mixture is provided to the reactor 10. A filter 13 that
is for supporting the filler 12 and reducing a possibility that
the filler 12 blocks the gas introduction part 101 is provided in
the interior of the reactor 10. The filter 13 is not limited to any
particular one, and can be, for example, a quartz glass filter or
the like.

[0024]
The shape, size, etc. of the reactor 10 are not limited any

particular ones, provided that it is possible to irradiate, with
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the microwave, the catalyst 121 in the interior of the reactor
10 and it is possible to cause, in the interior of the reactor 10,
proceeding of pyrolysis of the hydrogen compound in the
presence of the catalyst 121.

[0025]

The reactor 10 may further include a reflection
thermometer (not illustrated). It is possible to measure, with
use of the reflection thermometer, a temperature (surface
temperature) of the catalyst 121 heated by irradiation with the
microwave. The reflection thermometer can be a publicly known
reflection thermometer. The output of the microwave may be
controlled based on the surface temperature measured by the
reflection thermometer.

[0026]

The microwave irradiation device 30 is a device that
irradiates, with the microwave, the catalyst 121 in the interior
of the reactor 10. The microwave irradiation device 30 may
employ any one of a single mode and a multimode.

[0027]

The gas supply device 20 is a device for supplying, to the
reactor 10, the gas (gas G1) containing the hydrocarbon
compound. The gas supply device 20 includes, for example, a
flowmeter and a control device, and is capable of supplying the
gas G1 into the reactor 10 via the gas introduction part 101 at

a flow rate at which the filler in the reactor 10 is fluidized.
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[0028]

The heat exchangers 22A and 22B are each a multitube
heat exchanger. The heat exchangers 22A and 22B can be
disposed primarily for the respective purposes of preheating
gas that is to be supplied to the reactor 10 and cooling gas that
has been discharged from the reactor 10. The heat exchangers
22A and 22B can be each a publicly known heat exchanger.
[0029]

The hydrogenation reactor 23 and the desulfurization
reactor 24 are devices for hydrodesulfurizing the gas G1 to be
supplied to the reactor 10. The hydrogenation reactor 23 and
the desulfurization reactor 24 can be each a device generally
used in a conventional hydrogen production plant or the like.
[0030]

The cyclone 40 is a device for separating, into a solid
component and a gas component, the solid-gas mixture that
has been discharged from the discharge part 102 of the reactor
10 and that contains Ha, the hydrocarbon compound which is
unreacted, and/or the solid carbon. The cyclone 40 can be
disposed downstream of the reactor 10.

[0031]

The PSA purifier 50 is a device for separating Hs from gas
that has been discharged from the reactor 10 and that contains
H> and the hydrocarbon compound which is unreacted. The PSA

purifier 50 can be a generally used and publicly known device.
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[0032]

The cooling device 60 is a device for cooling the solid
component that has been separated by the cyclone 40 and that
contains the carbon aggregate.

[0033]

The hydrogen production device 1 in accordance with an
embodiment of the present invention is an environmentally
friendly CO»> free technique. Furthermore, the hydrogen
production device 1 having the above configuration enables
continuous operation. Moreover, it is possible to obtain an
industrially useful carbon aggregate together with H2. Since the
carbon aggregate can be used in electrodes and the like, the
hydrogen production device 1 is economically excellent without
causing waste of carbon resources.

[0034]

(Hydrogen production method)

Fig. 2 is a flowchart illustrating an example of a hydrogen
production method in accordance with the present
embodiment. The hydrogen production method in accordance
with the present embodiment is carried out according to, for
example, the flowchart illustrated in Fig. 2. Note that the
flowchart illustrated in Fig. 2 is an example and the hydrogen
production method is not limited to this example. Each step in
the hydrogen production method in accordance with the

present embodiment is described below in detail.
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(Hydrodesulfurization step S1)

A hydrodesulfurization step S1 is a step of reducing an
impurity component that is contained in the gas G1 supplied
as a raw material and that includes sulfur. Incorporation of a
sulfur component in the gas G1 adversely affects the catalyst.
Therefore, the sulfur component in the gas G1 is reduced by
the hydrogenation reactor 23 and the desulfurization reactor
24. The gas G1 may be preheated by the heat exchanger 22A
before the hydrogenation reactor 23. The hydrodesulfurization
step S1 for the gas G1 supplied as a raw material is indicated
by the path L1 - the heat exchanger 22A - the path L2 - the
hydrogenation reactor 23 - the path L3 - the desulfurization
reactor 24 - the route L4 in Fig. 1. The hydrodesulfurization
step S1 is not an essential step. However, by including the
hydrodesulfurization step S1, it is possible to extend the
lifetime of the catalyst.

[0036]

(Gas supply step S2)

A gas supply step S2 is a step of supplying the gas G1 to
the reactor 10. In the gas supply step, the gas supply device 20
supplies the gas G1 at the flow rate at which the filler 12 in
the reactor 10 is fluidized. The flow rate that is necessary to
fluidize the filler 12 (minimum fluidization velocity umsf) can be

calculated with use of, for example, a formula (1) below. In the
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formula (1), Remr [-] represents a particle Reynolds number, dj
[m] represents a particle diameter, pr [kg/m3] represents a gas
density, and p [Pa‘s] represents a gas viscosity. Supply of the
gas G1 by the gas supply device 20 can be continuously carried

out during operation of the hydrogen production device 1.

dypsu
Rew:w cee (1)

(Microwave irradiation step S3)

A microwave irradiation step S3 is a step of irradiating,
with the microwave, the catalyst 121 that is in a fluidized state
by the supply of the gas G1 in the gas supply step S2. In the
microwave irradiation step S3, the microwave irradiation device
30 irradiates the catalyst 121 with the microwave in a
multimode or a single mode, and activates the catalyst 121 by
heating. This causes proceeding of pyrolysis of the hydrocarbon
compound contained in the gas G1 that is in contact with the
catalyst 121 which has been activated.

[0037]

The output and the frequency of the microwave emitted
from the microwave irradiation device 30 are not limited to any
particular ones, and can be set as appropriate by a person
skilled in the art, provided that the catalyst 121 can be
activated and the hydrocarbon compound can be pyrolyzed.
Furthermore, the output and the frequency of the microwave

may be controlled so that the surface temperature of the
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catalyst 121 which surface temperature is measured by the
reflection thermometer is maintained at a reaction temperature
suitable for a pyrolysis reaction.

[0038]

Upon irradiation with the microwave, the catalyst 121 is
heated to, for example, 500°C to 600°C. This surface
temperature can be measured by, for example, the reflection
thermometer (not illustrated) included in the reactor 10. When
the filler 12 in the reactor 10 contains the susceptor
component, the susceptor component absorbs the microwave
emitted by the microwave irradiation device 30, and releases
heat to surroundings by generating heat by itself. This makes
it possible to improve efficiency of heating the catalyst 121 by
the microwave.

[0039]

(Residence time control step S4)

A residence time control step S4 is a step of adjusting a
time for which the gas G1 resides in the reactor 10, in order to
control the particle diameter of the carbon aggregate obtained
as the solid carbon.

[0040]

In the residence time control step S4, such a residence
time in the reactor 10 is adjusted by, for example, adjusting
the height of a fluidized bed. For example, by increasing the

height of the fluidized bed, it is possible to make the residence
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time long. Alternatively, the residence time may be adjusted by
changing a velocity at which the catalyst is introduced from the
catalyst introduction part 103.

[0041]

In the microwave irradiation step S3, the hydrocarbon
compound is decomposed into hydrogen and carbon on a heated
surface of the catalyst. A carbon atom is deposited as carbon
on the surface of the catalyst, and forms, for example, a carbon
nano-onion (CNO). The CNO 1is a carbon nanoparticle
structured such that a plurality of graphene sheets are closed
in the form of a concentric spherical shell. For example, when
Ni is used as the catalyst 121, a nickel-embedded carbon nano-
onion (Ni-CNO) can be formed. The reactor 10 is a fluidized-bed
reactor. Therefore, the generated CNO can form an aggregate
while residing in the reactor 10.

[0042]

It is considered possible to understand aggregation of the
CNO in the reactor 10 by a mechanism similar to that of a
fluidized-bed granulation process. That is, in a general
fluidized-bed granulation process, a material having an
adhesion force is distributed on a particle surface, and particle
growth occurs with the material as a binder. In the reaction in
the reactor 10, the carbon atom itself that is deposited on the
surface of the catalyst is considered to function as a binder.

Therefore, as the residence time in the reactor become longer,
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the particle diameter of the aggregate becomes greater.
Therefore, it is considered possible to control the particle
diameter of the CNO aggregate by controlling the residence
time.
[0043]

The nickel-embedded carbon nano-onion (Ni-CNO), which
is an example of the carbon aggregate obtained in the present
embodiment, is a material that is expected to be applied to
various uses in electrodes. In a technique relating to
electrodes, it is important to improve a filling factor at a time
of filling with solid particles of a Ni compound, in order to
improve the performance of an electrode. In order to improve
the filling factor, for example, it is known that mixing, at a
suitable proportion, particles that differ from each other in
particle diameter in order units is theoretically effective.
[0044]

It is possible to easily obtain fine Ni-CNO particles of
nanometer order by a conventional technique. In the present
invention, it is possible to obtain the CNO aggregate that has
grown to micrometer order, by causing the CNO to grow as the
CNO aggregate in the reactor 10. Such a CNO aggregate is
expected to be used as an electrode material, and is considered
industrially useful.

[0045]

The average particle diameter of the carbon aggregate
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obtained in the present embodiment can be not less than 1 pm.
The average particle diameter of the carbon aggregate can be
calculated, for example, as follows: preprocessing by
binarization 1is carried out with respect to an electron
microscope image captured by an electron microscope, particle
diameters are measured, and an average value of the particle
diameters of the carbon aggregate is calculated.
[0046]

(Separation step S5)

A separation step S5 is a step of separating, into a solid
and gas, the solid-gas mixture discharged from the reactor 10.
The mixture that contains Ho which has been generated by the
reaction in the reactor 10, the hydrocarbon compound which is
unreacted, and the carbon aggregate which has been obtained
as a result of proceeding of aggregation and whose bulk density
has been decreased is discharged from the discharge part 102
provided to the upper part of the reactor 10. The discharged
mixture is introduced into the cyclone 40, and is separated into
the solid component and the gas component. Note that the
carbon aggregate discharged from the reactor 10 may contain
the catalyst 121 and/or the susceptor component.
[0047]

In the present embodiment, the cyclone 40 is used as a
device for carrying out solid-gas separation. However, a

separation device (or separation member) used in the
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separation step S5 only needs to be capable of separating the
solid and the gas. For example, the solid and the gas may be
separated with use of another publicly known separation
means such as a bag filter, a ceramic filter, or a sieve.

[0048]

At least a part of the gas component that has been
separated by the cyclone 40 and that contains H:> and the
hydrocarbon compound can pass through the heat exchangers
22A and 22B, and can be separated, by the PSA purifier 50,
into H2 and a gas component that contains the hydrocarbon
compound which is unreacted. Hz separated by the PSA purifier
50 can be discharged via the path L11 illustrated in Fig. 1, and
can be recovered or used on the outside of the system. The gas
component that has been separated by the PSA purifier 50 and
that contains the hydrocarbon compound which is unreacted
may be preheated by the heat exchanger 22B, and may be re-
supplied to the reactor 10 as a part of the gas G1 that is the
raw material. The paths for re-supplying the gas component to
the reactor 10 are indicated by the path L13 - the heat
exchanger 22B - the path L8 in Fig. 1.

[0049]

At least a part of the gas component that has been
separated by the cyclone 40 and that contains H: and the
hydrocarbon compound may be used as an Ha source for use in

the hydrodesulfurization step S1. The paths for using the
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generated H2 in the hydrodesulfurization step S1 are indicated
by the path L7 - the heat exchanger 22B - the heat exchanger
22A - the path L2 in Fig. 1. This makes it possible to effectively
use the generated H> in the system.

[0050]

At least a part of the gas component that has been
separated by the cyclone 40 and that contains H: and the
hydrocarbon compound contains the hydrocarbon compound
which is unreacted. Therefore, the at least a part of the gas
component may be re-supplied to the reactor 10 as a part of
the gas G1 that is the raw material. The paths for re-supplying
the at least a part of the gas component to the reactor 10 are
indicated by the path L7 - the heat exchanger 22B - the path
L8 in Fig. 1. This makes it possible to improve the conversion
rate of the hydrocarbon compound.

[0051]

The solid component that has been separated by the
cyclone 40 is recovered via the path L14, and supplied to the
cooling device 60. The solid component supplied to the cooling
device 60 can be cooled. The solid carbon containing the
catalyst 121 and/or the susceptor component can be recovered
via the path L15. A process gas (for example, unreacted
methane, hydrogen which could not be separated by the PSA,
inert nitrogen accompanying the catalyst, and the like)

accompanying the solid carbon can be discharged to the
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outside of the system via the path 16.
[0052]

(Summary of embodiment)

(1) A hydrogen production device in accordance with a
first aspect of the present invention is a hydrogen production
device including: a reactor that includes a filler containing a
catalyst for pyrolysis of a hydrocarbon; a gas supply section
that supplies, into the reactor, gas containing a hydrocarbon
compound; and a microwave irradiation section that irradiates
the catalyst with a microwave, the gas supply section supplying
the gas at a flow rate at which the filler is fluidized, hydrogen
being generated by the hydrocarbon compound being pyrolyzed
in the presence of the catalyst activated by the microwave.
[0053]

(2) The hydrogen production device in accordance with a
second aspect of the present invention is arranged such that,
in the first aspect, the gas is supplied from a lower part of the
reactor.

[0054]

(3) The hydrogen production device in accordance with a
third aspect of the present invention is arranged so as to, in
the first or second aspect, further include a separation section
that is provided to an upper part of the reactor or downstream
of the reactor and that separates a solid which contains the

catalyst and gas which contains the hydrogen and/or the
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hydrocarbon compound.
[0055]

(4) The hydrogen production device in accordance with a
fourth aspect of the present invention is arranged such that,
in any one of the first through third aspects, the catalyst
contains HZSM-5 zeolite.

[0056]

(5) The hydrogen production device in accordance with a
fifth aspect of the present invention is arranged such that, in
any one of the first through fourth aspects, the hydrocarbon
compound is methane.

[0057]

(6) The hydrogen production device in accordance with a
sixth aspect of the present invention is arranged such that, in
any one of the first through fifth aspects, a carbon aggregate is
generated when the hydrogen is generated by the hydrocarbon
compound being pyrolyzed in the presence of the catalyst
activated by the microwave.

[0058]

(7) The hydrogen production device in accordance with a
seventh aspect of the present invention is arranged such that,
in the sixth aspect, the carbon aggregate is a carbon nano-
onion aggregate.

[0059]

(8) The hydrogen production device in accordance with
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an eighth aspect of the present invention is arranged such that,
in the sixth or seventh aspect, the carbon aggregate has an
average particle diameter of not less than 1 pm.

[0060]

(9) A hydrogen production method in accordance with a
ninth aspect of the present invention includes producing
hydrogen with use of a hydrogen production device described
in any one of the first through eighth aspects.

[0061]

(10) A carbon aggregate production device in accordance
with a tenth aspect of the present invention includes: a reactor
that includes a filler containing a catalyst for pyrolysis of a
hydrocarbon; a gas supply section that supplies, to the reactor,
gas containing a hydrocarbon compound; and a microwave
irradiation section that irradiates the catalyst with a
microwave, the gas supply section supplying the gas at a flow
rate at which the filler is fluidized, a carbon aggregate being
generated by the hydrocarbon compound being pyrolyzed in the
presence of the catalyst activated by the microwave.

[0062]

(11) A carbon aggregate production method in accordance
with an eleventh aspect of the present invention includes
producing a carbon aggregate with use of a carbon aggregate
production device described in the tenth aspect.

[0063]
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(12) The carbon aggregate production method in
accordance with a twelfth aspect of the present invention is
arranged so as to further include, in the eleventh aspect, a
residence time control step of, in order to control a particle
diameter of the carbon aggregate, controlling a residence time
for which the gas resides in the reactor.
[0064]

The present invention is not limited to the embodiments,
but can be altered by a skilled person in the art within the
scope of the claims. The present invention also encompasses,
in its technical scope, any embodiment derived by combining
technical means disclosed in differing embodiments.

[0065]

[Demonstration test]

Described below is a laboratory scale test for
demonstrating the effect of the hydrogen production method in
which the hydrogen production device 1 of the above
embodiment is used.

[0066]

(Hydrogen production device 1A)

Fig. 3 is a drawing schematically illustrating a main part
of a hydrogen production device 1A used in a test in an example
of the present invention. Fig. 4 is an enlarged view illustrating
a reactor 10A of the hydrogen production device 1A and is a

drawing schematically illustrating also peripheral equipment



10

15

20

25

- 26 -
used in the test. As illustrated in Fig. 3, the hydrogen
production device 1A includes the reactor 10A, a gas supply
device 20A (gas supply section), a microwave irradiation device
30A (microwave irradiation section), and a reflection
thermometer 70A.

[0067]

The reactor 10A is housed in a housing 110A. A gas
introduction part 101A that is for supplying raw material gas
to the reactor 10A from a path on the outside of the housing
110A is provided to the housing 110A. The raw material gas
supplied from the gas supply device 20A is supplied into the
reactor 10A from a lower part of the reactor 10A via the gas
introduction part 101A. That is, the reactor 10A is a fluidized-
bed reactor. Further, a discharge part 102A that is for
discharging gas after a reaction from the reactor 10A to a path
on the outside of the housing 110A is provided to the housing
110A.

[0068]

As illustrated in Fig. 4, the reactor 10A is configured
such that two glass tubes for extension are connected, by
ground joints, to a quartz glass tube which is for housing the
filler 12A and which has an outer diameter of 30 mm (inner
diameter of 26 mm) and a height of 200 mm. A quartz glass
filter having a pore diameter of 40 pm to 100 pym is disposed in

the lower part of the reactor 10A, and a space on the filter is
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filled with the filler 12A. An upper part of the reactor 10A is
filled with quartz wool. Merely gas that is generated by a
reaction in the reactor 10A and/or an unreacted gas component
is/are discharged from the discharge part 102A.

[0069]

The microwave irradiation device 30A includes a
microwave irradiation member 33A, a power supply section
31A, and a control section 32A. The output and the frequency
of a microwave emitted from the microwave irradiation member
33A can be controlled by the control section 32A. The
microwave irradiation member 33A is constituted by a
magnetron. However, the microwave irradiation member 33A is
not limited to the magnetron, provided that the microwave
irradiation member 33A can be excited by a microwave exciting
current supplied from the power supply section 31A and can
emit the microwave.

[0070]

(Hydrogen production device 1B)

Fig. 5 is a drawing schematically illustrating a main part
of a hydrogen production device 1B used in a test in a
comparative example. The reactor 10A of the hydrogen
production device 1A is configured as a fluidized-bed reactor.
A reactor 10B of the hydrogen production device 1B is a fixed-
bed reactor. Raw material gas supplied from a gas supply device

20A is supplied into the reactor 10B from an upper part of the
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reactor 10B via a gas introduction part 101B. Gas that has
passed through a fixed bed is discharged from a lower part of
the reactor 10B, and is discharged to a path on the outside of
a housing 110B via a discharge part 102B.
[0071]

The outer shape of the reactor 10B is similar to that of
the reactor 10A. As illustrated in Fig. 5, in the reactor 10B, a
catalyst 121 (height: 1 cm), SiC (as a susceptor component)
(height: 1.25 cm), the catalyst 121 (height: 1.5 cm), SiC (height:
1.25 cm), and the catalyst 121 (height: 1 cm) are disposed from
the lower part of the reactor 10B, and thereby the fixed bed is
formed. Quartz wool is disposed as partitions between these
layers. A filler which is made up of the catalyst 121 and SiC
and with which the reactor 10B is filled is referred to as "filler
14B". The hydrogen production device 1B is similar to the
hydrogen production device 1A, except for the above-described
points.
[0072]

Table 1 shows test conditions and results in the example
and the comparative example.

[Table 1]
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Note that a multimode microwave reaction device
(Shikoku Instrumentation Co., Ltd., p Reactor Ex) was used as
a reaction device that includes the microwave irradiation device
30A, the reflection thermometer 70A, and the housing 110A.
The oscillation frequency of the device is 2.45 GHz.

[0073]

(Example)

First, HZSM-5 zeolite (HZSM-5), molybdenum carbide
(Mo2C), and a nickel powder (Ni) were physically mixed to
obtain a catalyst 121. A weight ratio between the mixed
components was Mo2C:Ni:HZSM-5 = 1:20:47 with the total
weight (19.6 g) of a filler 12A containing the catalyst 121 and
a susceptor being taken as 100. Subsequently, as the susceptor
component, SiC was added at a ratio of 29% with the total
weight of the filler 12A being taken as 100, and SiC and the
catalyst 121 were physically mixed to obtain a first filler.
[0074]

The reactor 10A was filled with, as a second filler, SiC at
a ratio of 3% with the total weight of the filler 12A being taken
as 100. On the second filler, the first filler was disposed. The
first filler and the second filler are collectively referred to as
"filler 12A". The reactor 10A filled with the filler 12A was
disposed in the above reaction device. CH4 was introduced at
600 ml/min from the gas supply device 20A via the gas

introduction part 101A, and the catalyst 121 in the reactor 10A
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was irradiated with the microwave in a multimode so that a
reaction proceeded. A flow rate of CH4 can be measured by a
flowmeter 201 (see Fig. 4). A surface temperature of the catalyst
121 was regarded as a reaction temperature. The reaction
temperature was measured with wuse of the reflection
thermometer 70A. The output of the microwave was controlled
(400 W to 1000 W) so that the reaction temperature became
600°C. The amounts of components of a reaction product (gas)
discharged from the discharge part 102A were quantified online
by a gas chromatograph 91 connected as illustrated in Fig. 4.
The yield of hydrogen was calculated based on a result of the
quantification, and found to be not less than 1% /sec. Note that
the yield of the hydrogen was calculated as a reaction velocity
r per unit time. The reaction velocity r can be calculated by
dividing a reaction rate by a reaction time. U/Umf is a value
obtained by dividing the flow rate of CH4 by the above-described
minimum fluidization velocity, and is an index of stable
fluidization. In the present example, U/Umf is 3.96. It is
therefore found that a stable fluidized bed is formed.

[0075]

Fig. 6 is an image of carbon aggregates obtained in the
example, the image being captured by a scanning electron
microscope (SEM). In the example, aggregated Ni-CNO having a
particle diameter of approximately 50 pm was obtained as solid

carbon.
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[0076]

(Comparative example)

First, HZSM-5 zeolite (HZSM-5), molybdenum carbide
(Mo2C), and a nickel powder (Ni) were physically mixed to
obtain a catalyst 121. SiC and the mixed catalyst 121 were
disposed as described in the section (Hydrogen production
device 1B), and thereby the fixed bed constituted by the filler
14B was obtained. A weight ratio between the components was
Mo2C:Ni:HZSM-5:SiC = 2:20:48:30 with the total weight (17.7
g) of the filler 14B containing the catalyst 121 and the
susceptor being taken as 100.

[0077]

The reactor 10B filled with the filler 14B was disposed in
the above reaction device. CH4 was introduced at 50 ml/min
from the gas supply device 20A via the gas introduction part
101B, and the catalyst 121 in the reactor 10B was irradiated
with the microwave in a multimode so that a reaction
proceeded. A surface temperature of the catalyst 121 was
measured with use of the reflection thermometer 70A, and the
output of the microwave was controlled (400 W to 1000 W) so
that a reaction temperature became 600°C. The amounts of
components of a reaction product discharged from the
discharge part 102B were quantified online by a gas
chromatograph. The yield of hydrogen was calculated, and

found to be not less than 1%/sec.
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[0078]

Fig. 7 is an image of carbon obtained in the comparative
example, the image being captured by an SEM. In the
comparative example, Ni-CNO having a particle diameter of
approximately 200 nm was obtained as solid carbon.

[0079]

By the above demonstration test, it was demonstrated
that the hydrogen production method in accordance with an
embodiment of the present invention makes it possible to
obtain a carbon aggregate which is industrially useful and
which has a large particle diameter, while maintaining the yield

of hydrogen.

Reference Signs List
[0080]

1, 1A, 1B Hydrogen production device

10, 10A, 10B Reactor

12, 12A, 14B Filler

20, 20A, 20B Gas supply device (gas supply section)

30, 30A Microwave irradiation device (microwave

irradiation section)
40 Cyclone (separation section)

121 Catalyst
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Claims

[Claim 1]

A hydrogen production device comprising:

a reactor that includes a filler containing a catalyst for
pyrolysis of a hydrocarbon;

a gas supply section that supplies, into the reactor, gas
containing a hydrocarbon compound; and

a microwave irradiation section that irradiates the
catalyst with a microwave,

the gas supply section supplying the gas at a flow rate at
which the filler is fluidized,

hydrogen being generated by the hydrocarbon compound
being pyrolyzed in the presence of the catalyst activated by the

microwave.

[Claim 2]
The hydrogen production device as set forth in claim 1,

wherein the gas is supplied from a lower part of the reactor.

[Claim 3]

The hydrogen production device as set forth in claim 1,
further comprising

a separation section that is provided to an upper part of

the reactor or downstream of the reactor and that separates a
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solid which contains the catalyst and gas which contains the

hydrogen and/or the hydrocarbon compound.

[Claim 4]
The hydrogen production device as set forth in claim 1,

wherein the catalyst contains HZSM-5 zeolite.

[Claim 5]
The hydrogen production device as set forth in claim 1,

wherein the hydrocarbon compound is methane.

[Claim 6]

The hydrogen production device as set forth in claim 1,
wherein a carbon aggregate is generated when the hydrogen is
generated by the hydrocarbon compound being pyrolyzed in the

presence of the catalyst activated by the microwave.

[Claim 7]
The hydrogen production device as set forth in claim 6,
wherein the carbon aggregate is a carbon nano-onion

aggregate.

[Claim 8]
The hydrogen production device as set forth in claim 6,

wherein the carbon aggregate has an average particle diameter
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of not less than 1 pm.

[Claim 9]
A hydrogen production method comprising
producing hydrogen with use of a hydrogen production

device recited in any one of claims 1 through 8.

[Claim 10]

A carbon aggregate production device comprising:

a reactor that includes a filler containing a catalyst for
pyrolysis of a hydrocarbon;

a gas supply section that supplies, to the reactor, gas
containing a hydrocarbon compound; and

a microwave irradiation section that irradiates the
catalyst with a microwave,

the gas supply section supplying the gas at a flow rate at
which the filler is fluidized,

a carbon aggregate being generated by the hydrocarbon
compound being pyrolyzed in the presence of the catalyst

activated by the microwave.

[Claim 11]
A carbon aggregate production method comprising
producing a carbon aggregate with use of a carbon

aggregate production device recited in claim 10.



[Claim 12]

The carbon aggregate production method as set forth in
claim 11, further comprising

a residence time control step of, in order to control a
particle diameter of the carbon aggregate, controlling a time for

which the gas resides in the reactor.



