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DEHYDROGENATION CATALYST FOR
NAPHTHENIC HYDROCARBONS, METHOD
FOR PRODUCING DEHYDROGENATION
CATALYST FOR NAPHTHENIC
HYDROCARBONS, SYSTEM FOR
PRODUCING HYDROGEN, AND METHOD
FOR PRODUCING HYDROGEN

TECHNICAL FIELD

[0001] The present invention relates to a dehydrogenation
catalyst for naphthenic hydrocarbons, a method for produc-
ing the dehydrogenation catalyst, and a system for producing
hydrogen and a method for producing hydrogen using the
dehydrogenation catalyst.

BACKGROUND ART

[0002] In recent years, it has been expected that fuel cells
using hydrogen having a small environmental load as a fuel
are used for the power sources of automobiles and the like. In
the processes of the transport, storage, and supply of hydro-
gen, a naphthenic hydrocarbon (cyclic hydrocarbon) is used.
For example, in a facility for producing hydrogen, a naph-
thenic hydrocarbon is produced by the hydrogenation of an
aromatic hydrocarbon. This naphthenic hydrocarbon is trans-
ported to a hydrogen-consuming area or stored in a consum-
ing area. In the consuming area, hydrogen and an aromatic
hydrocarbon are produced by the dehydrogenation of the
naphthenic hydrocarbon. This hydrogen is supplied to fuel
cells. Naphthenic hydrocarbons are liquid at normal tempera-
ture, have a smaller volume than a hydrogen gas, and have
lower reactivity and are safer than a hydrogen gas. Therefore,
naphthenic hydrocarbons are more suitable for transport and
storage than a hydrogen gas.

[0003] As a dehydrogenation catalyst for naphthenic
hydrocarbons, a catalyst in which a bimetal of platinum-
rhenium is supported on an alumina carrier is known (see the
following Non Patent Literature 1).

CITATION LIST

Non Patent Literature

[0004] Non Patent Literature 1: R. W. Coughlin, K.
Kawakami, Akram Hasan, Journal of Catalysis, Vol. 88, 150-
162 (1984).

SUMMARY OF INVENTION

Technical Problem

[0005] It is an object of the present invention to provide a
dehydrogenation catalyst for naphthenic hydrocarbons excel-
lent in dehydrogenation activity, a method for producing the
dehydrogenation catalyst, and a system for producing hydro-
gen and a method for producing hydrogen using the dehydro-
genation catalyst.

Solution to Problem

[0006] A dehydrogenation catalyst for naphthenic hydro-
carbons according to one aspect of the present invention
comprises a carrier containing aluminum oxide; platinum;
and a group 3 metal.

[0007] In the above dehydrogenation catalyst according to
one aspect of the present invention, an amount of the group 3
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metal supported may be 0.1 to 5.0% by mass in terms of an
oxide of the group 3 metal based on a total mass of the
aluminum oxide.

[0008] In the above dehydrogenation catalyst according to
one aspect of the present invention, when an amount of the
platinum supported is m,% by mass in terms of a platinum
elemental substance based on the total mass of the aluminum
oxide, and the amount of the group 3 metal supported is m;%
by mass in terms of the oxide of the group 3 metal based onthe
total mass of the aluminum oxide, m;/m, may be (10/3) to 4.
[0009] A method for producing a dehydrogenation catalyst
for naphthenic hydrocarbons according to one aspect of the
present invention comprises a step of making a carrier which
contains aluminum oxide and on which a group 3 metal is
supported; and a step of supporting a solution of a platinum
compound on the carrier and calcining the carrier.

[0010] In the above method for producing a dehydrogena-
tion catalyst according to one aspect of the present invention,
the platinum compound may contain an amine or ammonia.
[0011] In the above method for producing a dehydrogena-
tion catalyst according to one aspect of the present invention,
the carrier may be made by kneading a hydroxide of alumi-
num in a pseudoboehmite state, an aqueous solution of a
nitrate of the group 3 metal, and nitric acid to prepare a
kneaded material, making a pellet by extrusion of the kneaded
material, and calcining the pellet.

[0012] A system for producing hydrogen according to one
aspect of the present invention comprises a dehydrogenation
reactor having the above dehydrogenation catalyst and pro-
ducing hydrogen by dehydrogenation of a naphthenic hydro-
carbon using the above dehydrogenation catalyst.

[0013] A method for producing hydrogen according to one
aspect of the present invention comprises a step of producing
hydrogen by dehydrogenation of a naphthenic hydrocarbon
using the above dehydrogenation catalyst.

Advantageous Effects of Invention

[0014] According to the present invention, a dehydrogena-
tion catalyst for naphthenic hydrocarbons excellent in dehy-
drogenation activity, a method for producing the dehydroge-
nation catalyst, and a system for producing hydrogen and a
method for producing hydrogen using the dehydrogenation
catalyst can be provided.

BRIEF DESCRIPTION OF DRAWINGS

[0015] FIG. 1 is a diagram showing the relationship
between the type of a group 3 metal that a dehydrogenation
catalyst contains and the platinum surface area.

[0016] FIG. 2 is a diagram showing the relationship
between the elapsed time of the dehydrogenation reaction of
methylcyclohexane (MCH) using a dehydrogenation catalyst
containing scandium and the conversion rate of MCH.
[0017] FIG. 3 is a diagram showing the relationship
between the elapsed time of the dehydrogenation reaction of
methylcyclohexane (MCH) using a dehydrogenation catalyst
containing cerium and the conversion rate of MCH.

[0018] FIG. 4 is a diagram showing the relationship
between the amount of cerium supported and the platinum
surface area in dehydrogenation catalysts.

[0019] FIG. 5is a schematic diagram showing one embodi-
ment of a system for producing hydrogen according to the
present invention.
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[0020] FIG. 6 is a diagram showing the relationship
between the amount of cerium oxide supported and the plati-
num surface area in dehydrogenation catalysts according to
the present invention.

[0021] FIG. 7 is a diagram showing the relationship
between the amount of platinum supported, the platinum
dispersion degree, and the relative reaction rate of a dehydro-
genation reaction in dehydrogenation catalysts according to
the present invention.

[0022] FIG. 8 is a diagram showing the relationship
between the molar ratio of a group 3 metal and platinum and
the molar ratio of CO adsorbed on platinum in dehydrogena-
tion catalysts according to the present invention.

DESCRIPTION OF EMBODIMENTS

[0023] Preferred embodiments of the present invention will
be described below. However, the present invention is not
limited to the following embodiments in any way.

[0024] (Dechydrogenation Catalyst for Naphthenic Hydro-
carbons)
[0025] A dehydrogenation catalyst for naphthenic hydro-

carbons according to this embodiment comprises a carrier
containing aluminum oxide, platinum (Pt), and a group 3
metal.
[0026] The platinum is supported on the carrier as a large
number of atoms, clusters, or fine particles. In other words,
the platinum is present on the surface of the aluminum oxide
contained in the carrier. The surface is a portion where an
active metal is substantially supported, and a catalytic reac-
tion proceeds, and its thickness may be equal to or more than
a single molecule of aluminum oxide. The particle diameter
of'the fine particles of platinum supported on the carrier is not
particularly limited but may be, for example, 10 nm or less.
The group 3 metal is also supported on the carrier like the
platinum. In other words, the group 3 metal is present on the
surface of the aluminum oxide. In addition, the group 3 metal
may be contained within the aluminum oxide. In other words,
it is possible that in the crystal structure of the aluminum
oxide, part of the aluminum (Al) is replaced by the group 3
metal, and part of the carrier is an oxide of the group 3 metal
(for example, cerium oxide).
[0027] When a naphthenic hydrocarbon comes into contact
with the dehydrogenation catalyst in a reducing atmosphere,
the platinum that is an active site abstracts at least a pair of
hydrogen atoms from the naphthenic hydrocarbon, and a
hydrogen molecule and an unsaturated hydrocarbon (for
example, an aromatic hydrocarbon) are produced. The activ-
ity of the catalyst that promotes such a dehydrogenation reac-
tion is referred to as dehydrogenation activity.
[0028] The dehydrogenation activity is evaluated, for
example, based on the conversion rate C of the naphthenic
hydrocarbon (unit: mol %) defined by the following numeri-
cal formula (1). The conversion rate C being high means that
the dehydrogenation activity of the dehydrogenation catalyst
is high.
conversion rate C=(M2/M1)x100={M2/(M2+M3)}x
100 (1

wherein M1 is the number of moles of the naphthenic hydro-
carbon supplied to a reaction container in which the dehydro-
genation catalyst is placed. M2 is the number of moles of the
aromatic hydrocarbon included in the products of the dehy-
drogenation reaction. M3 is the number of moles of the naph-
thenic hydrocarbon remaining after the dehydrogenation
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reaction. For example, when the conversion rate C is the
conversion rate of methylcyclohexane, M1 and M3 are each
the number of moles of methylcyclohexane, and M2 is the
number of moles of toluene.

[0029] The present inventors consider that in the present
invention, when cerium is added to aluminum oxide, due to its
physical, electronic, or chemical action, platinum acting as an
active site on the catalyst surface increases, or the function of
platinum as an active site increases. In addition, the present
inventors consider that one of more specific reasons why the
effects of the present invention are achieved is as follows.
However, the specific reasons why the effects of the present
invention are achieved are not limited to the following.

[0030] Inthis embodiment, the group 3 metal adheres to the
aluminum oxide or is contained within the aluminum oxide,
and therefore part of the oxygen constituting the aluminum
oxide or the oxide of the group 3 metal is eliminated from the
carrier in a reducing atmosphere, and a large number of lattice
defects are formed in the carrier. The platinum gets into these
lattice defects, and thus the platinum is fixed to the carrier. As
aresult, the platinum reaches a more highly dispersed state by
heating during the dehydrogenation reaction, and the move-
ment and aggregation of the platinum on the carrier surface
are suppressed. In other words, in this embodiment, com-
pared with conventional dehydrogenation catalysts contain-
ing no group 3 metal, the platinum surface area during the
dehydrogenation reaction increases, and the aggregation of
the platinum is suppressed, and therefore the dehydrogena-
tion activity and the durability improve. Such an effect is
significant when the dehydrogenation catalyst contains
cerium (Ce) as the group 3 metal. The formation of lattice
defects due to the group 3 metal can be confirmed, for
example, by observing the chemical shift of a peak derived
from the group 3 metal constituting the oxide in the photo-
electron spectroscopy (XPS) spectrum of the dehydrogena-
tion catalyst.

[0031] In addition, in this embodiment, compared with
dehydrogenation catalysts containing no group 3 metal, the
aggregation of the platinum during the dehydrogenation reac-
tion is suppressed, and therefore deactivation over time
accompanying the dehydrogenation reaction is suppressed,
and the dehydrogenation activity is easily maintained gener-
ally constant with the elapse of reaction time. On the other
hand, the dehydrogenation activity of dehydrogenation cata-
lysts containing no group 3 metal continues to decrease with
the elapse of reaction time. In other words, in this embodi-
ment, compared with dehydrogenation catalysts containing
no group 3 metal, the catalyst life improves.

[0032] Further, in this embodiment, the dehydrogenation
catalyst contains the group 3 metal, and thus its dehydroge-
nation activity improves, and therefore even if its amount of
platinum supported is the same as that of conventional dehy-
drogenation catalysts containing no group 3 metal, it is pos-
sible to have better dehydrogenation activity than the conven-
tional dehydrogenation catalysts. In other words, in this
embodiment, even when its amount of platinum supported is
smaller than that of conventional dehydrogenation catalysts
containing no group 3 metal, it is possible to have dehydro-
genation activity equal to that of the conventional dehydro-
genation catalysts. Therefore, in this embodiment, it becomes
possible to reduce the amount of expensive platinum sup-
ported without sacrificing dehydrogenation activity. The
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above effect due to the group 3 metal has been confirmed for
the first time by the combination of aluminum oxide and
platinum.

[0033] The group 3 metal increases the platinum surface
area as described above, but the group 3 metal itself does not
function as the active site of the dehydrogenation catalyst.
Therefore, even if only the group 3 metal of the platinum and
the group 3 metal is supported on the carrier, the catalyst
cannot have high dehydrogenation activity.

[0034] As the naphthenic hydrocarbon (cyclic hydrocar-
bon), for example, one or more selected from the group con-
sisting of cyclohexane, methyl cyclohexane, dim ethylcyclo-
hexane, decalin, 1-methyldecalin, 2-methyldecalin, and
2-ethyldecalin may be used. These compounds are referred to
as organic hydrides.

[0035] The surface of the carrier may be composed of
porous aluminum oxide. The carrier has any of the following
functions:

A main catalyst is helped to increase its catalytic activity or
selectivity.

The dispersibility of an active metal is increased.

The catalyst life is extended.

The mechanical strength as the structure of a catalyst is
increased.

A catalyst is solidified.

The molding of a catalyst is made possible.

The carrier is a structure that substantially supports an active
metal.

[0036] The type of the aluminum oxide is not limited, and
specific examples of the aluminum oxide include ci-alumina,
d-alumina, 6-alumina, y-alumina, or alumite. The specific
surface area of the aluminum oxide is not particularly limited
but falls within the range of approximately 100 to 500 m*/g.
[0037] The shape of carrier is not particularly limited. For
example, the carrier may be in the form of pellets, may be in
the form of a plate, or may be in the form of a honeycomb.
[0038] As the group 3 metal, one or more selected from
scandium (Sc), yttrium (Y), lanthanoids, and actinoids may
be used. Examples of the lanthanoids include lanthanum (La)
or cerium (Ce). Among these group 3 metals, cerium is most
preferred. As described above, by containing cerium, the
dehydrogenation catalyst can have significantly high dehy-
drogenation activity.

[0039] The amount of platinum supported in the dehydro-
genation catalyst is not particularly limited and may be 0.1 to
5.0% by mass or 0.2 to 1.0% by mass in terms of a platinum
elemental substance based on the total mass of the aluminum
oxide. The amount of platinum supported is equal to or more
than the above lower limit value, and thus the dehydrogena-
tion activity improves more. When the amount of platinum
supported is equal to or more than the above upper limit value,
the extent of improvement in catalytic activity accompanying
an increase in the amount of platinum supported becomes
mild. In addition, the price of platinum is very high, and
therefore the amount of platinum supported is limited for the
practical use of the dehydrogenation catalyst. Even when the
amount of platinum supported is outside the above numerical
value range, the effects of the present invention are achieved.
[0040] The amount of the group 3 metal supported in the
dehydrogenation catalyst is not particularly limited and may
be 0.1 to 5.0% by mass in terms of the oxide of the group 3
metal based on the total mass of the aluminum oxide. The
amount of the group 3 metal supported is equal to or more
than the above lower limit value, and thus the platinum sur-
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face area increases more, and the dehydrogenation activity
improves more. The amount of the group 3 metal supported is
equal to or less than the above upper limit value, and thus the
platinum surface area is easily increased while the mechani-
cal strength of the dehydrogenation catalyst is maintained. In
addition, the amount of the group 3 metal supported is equal
to or less than the above upper limit value, and thus the
molding of the carrier in the production process becomes
easy. When the amount of the group 3 metal supported greatly
exceeds the above upper limit value, there is a tendency that
the performance of the carrier decreases, and the platinum
surface area decreases. But, even when the amount of the
group 3 metal supported is outside the above numerical value
range, the effects of the present invention are achieved. For
example, the amount of the group 3 metal supported in the
dehydrogenation catalyst may be larger than 0% by mass and
20% by mass or less in terms of the oxide of the group 3 metal.
The amount of the group 3 metal supported in the dehydro-
genation catalyst may be larger than 0% by mass and 10% by
mass or less in terms of the oxide of the group 3 metal. The
amount of the group 3 metal supported in the dehydrogena-
tion catalyst may be 0.3 to 5.0% by mass or 2.0 to 3.0% by
mass in terms of the oxide of the group 3 metal. When the
amount of the group 3 metal supported is 2.0 to 3.0% by mass
in terms of the oxide of the group 3 metal, there is a tendency
that the platinum surface area particularly increases easily.
[0041] When the amount of platinum supported is m% by
mass in terms of a platinum elemental substance based on the
total mass of the aluminum oxide, and the amount of the
group 3 metal supported is m,% by mass in terms of the oxide
of'the group 3 metal based on the total mass of the aluminum
oxide, my/m, may be (10/3) to 4. In this case, there is a
tendency that the platinum dispersion degree is high, and the
reaction rate of the dehydrogenation reaction is high. For the
reason that there is a tendency that the platinum dispersion
degree is high, and the reaction rate of the dehydrogenation
reaction is high, m/m, may be 2.78 to 3.64.

[0042] (Method for Producing Dehydrogenation Catalyst)
[0043] The dehydrogenation catalyst according to this
embodiment is produced, for example, by a method compris-
ing the step of supporting a group 3 metal and the step of
supporting platinum following the step of supporting a group
3 metal as follows. In the step of supporting a group 3 metal,
a carrier which contains aluminum oxide and on which a
group 3 metal is supported is made. In the step of supporting
platinum, a solution of a platinum compound is supported on
the carrier, and the carrier is calcined.

[0044] [Step of Supporting Group 3 Metal]

[0045] A solution (for example, an aqueous solution) of a
group 3 metal compound is supported on a carrier (for
example, a porous aluminum oxide carrier). Examples of the
supporting method include an incipient wetness method, a
pore filling method, an adsorption method, an immersion
method, an evaporation-to-dryness method, a spraying
method, an ion exchange method, and a liquid phase reduc-
tion method. The salt of the group 3 metal is adhered to the
surface of the carrier by these methods. The amount of the
group 3 metal supported in the dehydrogenation catalyst may
be adjusted by the concentration or amount of the group 3
metal compound.

[0046] As the group 3 metal compound, for example,
nitrates, sulfates, carbonates, acetates, phosphates, oxalates,
borates, chlorides, alkoxides, and acetylacetonates may be
used.
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[0047] By calcining the carrier to which the salt of the
group 3 metal adheres to decompose the salt, the group 3
metal is supported on the carrier. The calcining temperature
may be a temperature at which the thermal decomposition of
the salt proceeds and may be, for example, about 300 to 600°
C.

[0048] Instead of the above supporting step, there is also a
method of mixing a group 3 metal compound into aluminum
oxide or its precursor before having a stable porous structure,
and forming a mixture having a porous structure. Examples of
such a method include a kneading method, a sol-gel method,
and a coprecipitation method. Alternatively, aluminum oxide
and an oxide of a group 3 metal may be physically mixed. A
group 3 metal may be added to a carrier by the step of molding
a mixture of a powder of a raw material of a carrier and a
group 3 metal compound and calcining the molded body. As
the powder of a raw material of a carrier, for example, Boe-
hmite, which is a raw material of y-alumina, may be used. The
calcining temperature in this case may be a temperature at
which the thermal decomposition of the group 3 metal com-
pound proceeds, and y-alumina is produced by the sintering
of boehmite. Such a calcining temperature is, for example,
about 300 to 600° C.

[0049] A carrier may be made by kneading a hydroxide of
aluminum in a pseudoboehmite state, an aqueous solution of
anitrate of a group 3 metal, and dilute nitric acid to prepare a
kneaded material, making a pellet by the extrusion of the
kneaded material, and calcining the pellet. By making a car-
rier by such amethod, the group 3 metal disperses easily in the
carrier. In a dehydrogenation catalyst made using such a
carrier, the platinum surface area increases easily, and high
dehydrogenation activity is easily obtained. The hydroxide of
aluminum in a pseudoboehmite state is represented, for
example, by the composition formula AIOOH or Al,0;.H,O.
The kneaded material is also referred to as dough. The pH of
the kneaded material may be adjusted to 3 to 7. By the adjust-
ment of pH, the kneaded material has moderate viscosity, and
the kneaded material is easily molded. The pH of the kneaded
material fluctuates with the amount of nitric acid added. The
pH of the kneaded material may be adjusted by adding ammo-
nia water to the kneaded material.

[0050] [Step of Supporting Platinum]

[0051] A solution (for example, an aqueous solution) of a
platinum compound is supported on the carrier on which the
group 3 metal is supported. Examples of the supporting
method include an incipient wetness method, a pore filling
method, an adsorption method, an immersion method, an
evaporation-to-dryness method, a spraying method, an ion
exchange method, and a liquid phase reduction method. The
platinum compound is adhered to the surface of the carrier by
these methods. The amount of platinum supported in the
dehydrogenation catalyst may be adjusted by the concentra-
tion or amount of the platinum compound.

[0052] The platinum compound is not particularly limited
but is required to be soluble in liquid solvents. For example,
tetrachloroplatinic acid, potassium tetrachloroplatinate,
ammonium tetrachloroplatinate, sodium tetrachloroplatinate,
bis(acetylacetonato)platinum, diamminedichloroplatinum,
dinitrodiammineplatinum, dinitrodiammineplatinum nitrate,
dinitrodiammineplatinum ammonia solutions, ethanolamine-
platinum, tetraammineplatinum dichloride, tetraammine-
platinum hydroxy salts, tetraammineplatinum nitrate, tet-
raammineplatinum acetate, tetraammineplatinum carbonate,
tetraammineplatinum phosphate, hexaammineplatinum tet-
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rachloride, hexaammineplatinum hydroxy salts, bis(ethano-
lammonium)hexahydroxoplatinum(IV), sodium hexahy-
droxoplatinate(IV), potassium hexahydroxoplatinate(IV),
platinum nitrate, and platinum sulfate may be used. It is
preferred that the platinum compound contains an amine or
ammonia. In this case, the platinum surface area in the dehy-
drogenation catalyst increases easily. For the platinum com-
pound containing an amine or ammonia, when the platinum
compound that may be at least one selected from the group
consisting of dinitrodiammineplatinum nitrate, dinitrodiam-
mineplatinum ammonia solutions, ethanolamineplatinum,
and hexaammineplatinum hydroxy salts is dinitrodiammine-
platinum nitrate or a dinitrodiammineplatinum ammonia
solution, platinum disperses uniformly easily in the carrier,
and the platinum surface area increases easily. When the
platinum compound is ethanolamineplatinum, platinum is
easily selectively distributed in the outer shell portion (the
vicinity of the outer surface) of the cannier, and the platinum
surface area increases easily.

[0053] By calcining the carrier on which the platinum com-
pound is supported to decompose the platinum compound,
platinum is supported on the carrier, and the dehydrogenation
catalyst according to this embodiment is completed. The cal-
cining temperature may be a temperature at which the decom-
position of the platinum compound proceeds and may be, for
example, about 200 to 500° C. Particularly by performing
calcining at 350° C. or less, the aggregation of platinum
during calcining is less likely to occur, and the platinum
surface area in the dehydrogenation catalyst increases easily.

[0054] As described above, when a group 3 metal is sup-
ported on a carrier, it is preferred to perform calcining at such
a high temperature that a group 3 metal compound decom-
poses. On the other hand, when platinum is supported on the
carrier, it is preferred to perform calcining at such a low
temperature that the aggregation of platinum is less likely to
occur. In order to achieve both these conflicting conditions, in
this embodiment, a group 3 metal and platinum are not simul-
taneously supported on a carrier, and both metals are indi-
vidually supported on a carrier in the above two steps in which
the calcining temperature is different. Thus, a dehydrogena-
tion catalyst excellent in dehydrogenation activity can be
easily produced.

[0055] (System for Producing Hydrogen, and Method for
Producing Hydrogen)

[0056] In this embodiment, hydrogen is produced using a
system for producing hydrogen 100 shown in FIG. 5. The
system for producing hydrogen 100 is, for example, a hydro-
gen production system in a hydrogen station for supplying a
hydrogen gas to a fuel cell vehicle as a fuel.

[0057] The system for producing hydrogen 100 according
to this embodiment comprises at least a dehydrogenation
reactor 2, a first gas-liquid separator 4, a hydrogen purifica-
tion apparatus 6, and a tank 16. The dehydrogenation reactor
2 has the dehydrogenation catalyst according to this embodi-
ment described above and produces hydrogen and an organic
compound (an aromatic hydrocarbon or the like) by the dehy-
drogenation of a naphthenic hydrocarbon (organic hydride)
using the dehydrogenation catalyst. In other words, a method
for producing hydrogen according to this embodiment com-
prises the step of producing hydrogen and an organic com-
pound by the dehydrogenation of a naphthenic hydrocarbon
using the dehydrogenation catalyst according to this embodi-
ment described above (dehydrogenation step).
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[0058] Inthe dehydrogenation step, a naphthenic hydrocar-
bon is supplied into the dehydrogenation reactor 2. The dehy-
drogenation catalyst according to this embodiment described
above is placed in the dehydrogenation reactor 2. The inside
of the dehydrogenation reactor is a reducing atmosphere.
When the naphthenic hydrocarbon comes into contact with
the dehydrogenation catalyst in the dehydrogenation reactor
2, a dehydrogenation reaction occurs, and at least a pair of
hydrogen atoms is abstracted from the naphthenic hydrocar-
bon, and a hydrogen molecule and an organic compound such
as an aromatic hydrocarbon are produced. In this manner, the
dehydrogenation reaction is a gas phase reaction.

[0059] The products of the dehydrogenation reaction (the
hydrogen molecule and the organic compound) are supplied
from the dehydrogenation reactor 2 into the first gas-liquid
separator 4. The temperature in the first gas-liquid separator 4
is equal to or more than the melting point of the organic
compound and less than the boiling point of the organic
compound. The pressure in the first gas-liquid separator 4 is
normal pressure (generally atmospheric pressure). Therefore,
the hydrogen molecule in the first gas-liquid separator 4 is a
gas, and the organic compound in the first gas-liquid separa-
tor 4 is a liquid. In other words, in the first gas-liquid separator
4, the products of the dehydrogenation reaction separate into
a hydrogen gas (a gas phase, a gas layer) and a liquid of the
organic compound (a liquid phase, a liquid layer). The gas
phase (hydrogen-containing gas) in the first gas-liquid sepa-
rator 4 is supplied to the hydrogen purification apparatus 6.
The liquid phase (the liquid of the organic compound) in the
first gas-liquid separator 4 is supplied to the tank 16. A vapor
of'the organic compound may be mixed in the gas phase. The
partial pressure of the organic compound in the gas phase is
about the saturated vapor pressure of the organic compound at
the maximum. On the other hand, part of the hydrogen pro-
duced by dehydrogenation (a slight amount of a hydrogen
gas) is dissolved in the liquid phase. In addition, the organic
hydride not dehydrogenated may remain in the liquid phase.

[0060] The production system 100 may further comprise a
second gas-liquid separator. The liquid phase (the liquid of
the organic compound) in the first gas-liquid separator 4 may
be supplied to the second gas-liquid separator instead of
being supplied to a fuel cell vehicle. The second gas-liquid
separator will be described as a degassing apparatus 8 below.
The hydrogen gas dissolved in the liquid of the organic com-
pound may be separated from the liquid using the degassing
apparatus 8. The degassing apparatus 8 may comprise, for
example, a separation membrane through which only the
hydrogen gas of the hydrogen gas and the organic compound
passes selectively. The hydrogen gas is separated from the
organic compound using this separation membrane. The
separation membrane may be, for example, a metal mem-
brane (a PbAg-based membrane, a PdCu-based membrane, a
Nb-based membrane, or the like), an inorganic membrane (a
silica membrane, a zeolite membrane, a carbon membrane, or
the like), or a polymer membrane (a fluororesin membrane, a
polyimide membrane, or the like). The degassing apparatus 8
is not limited to an apparatus comprising a separation mem-
brane. The degassing apparatus 8 may be an apparatus that
carries out a method of changing gas solubility in a liquid by
changing pressure or temperature, and performing degassing.
[0061] The hydrogen gas separated from the organic com-
pound by the degassing apparatus 8 is supplied to a low
pressure compressor 12 via a vacuum pump 10 and com-
pressed. The hydrogen gas compressed in the low pressure
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compressor 12 is further compressed in a high pressure com-
pressor 14 and then used as a fuel for fuel cells. On the other
hand, the liquid of the organic compound separated from the
hydrogen gas by the degassing apparatus 8 is supplied into the
tank 16. The organic compound in the tank 16 may be reused
as the organic hydride by being hydrogenated. The hydrogen
gas is separated from the liquid phase (the liquid of the
organic compound) by the above method. However, the sys-
tem for producing hydrogen 100 need not comprise the degas-
sing apparatus 8, the vacuum pump 10, the low pressure
compressor 12, and the high pressure compressor 14.

[0062] Thehydrogen-containing gas supplied from the first
gas-liquid separator 4 to the hydrogen purification apparatus
6 is purified in the hydrogen purification apparatus 6. The
hydrogen purification apparatus 6 may comprise, for
example, a separation membrane through which only the
hydrogen gas of the hydrogen gas and the organic compound
passes selectively. The separation membrane may be, for
example, a metal membrane (a PbAg-based membrane, a
PdCu-based membrane, a Nb-based membrane, or the like),
an inorganic membrane (a silica membrane, a zeolite mem-
brane, a carbon membrane, or the like), or a polymer mem-
brane (a fluororesin membrane, a polyimide membrane, or
the like). The hydrogen gas passes through the separation
membrane, and thus the purity of the hydrogen gas increases.
On the other hand, the organic compounds (the unreacted
organic hydride and the like) in the hydrogen-containing gas
cannot pass through the separation membrane. Therefore, the
organic compounds are separated from the hydrogen-con-
taining gas, and a high purity hydrogen gas is purified. The
purified high purity hydrogen gas may be used as a fuel for
fuel cells without going through the high pressure compressor
14 or may be compressed in the high pressure compressor 14
and then used as a fuel for fuel cells. Not only the organic
compounds but also a slight amount of the hydrogen gas may
not pass through the carbon membrane. The hydrogen gas
that has not passed through the carbon membrane may be
recovered together with the organic hydride and supplied into
the dehydrogenation reactor 2 as an off-gas. Alternatively, the
organic compounds that have not passed through the carbon
membrane may be recovered into the tank 16. The hydrogen
purification apparatus 6 is not limited to an apparatus com-
prising a separation membrane. The hydrogen purification
apparatus 6 may be, for example, an apparatus that carries out
at least one method selected from the group consisting of a
pressure swing adsorption (PSA) method, a thermal swing
adsorption (TSA) method (temperature swing adsorption
method), a temperature pressure swing adsorption (IPSA)
method, and a cryogenic separation method. It is possible to
purity the hydrogen-containing gas using these apparatuses,
supply into the dehydrogenation reactor 2 an off-gas pro-
duced with the purification, and supply to the tank 16 the
organic compounds separated from the hydrogen-containing
gas.

[0063] One aspect of the present invention has been
described above, but the present invention is not limited to the
above embodiments in any way.

[0064] The effects of the present invention are achieved for
the first time by the combination of aluminum oxide, plati-
num, and a group 3 metal and are difficult to achieve without
aluminum oxide. However, the carrier may contain, in addi-
tion to aluminum oxide, another component, for example,
silica (810,) or titania (Ti0O,), in such a small amount that
does not inhibit the effects of the present invention. In addi-
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tion, the effects of the present invention are difficult to achieve
without platinum. However, in addition to platinum, another
component, for example, palladium (Pd), rhodium (Rh), iri-
dium (Ir), or ruthenium (Ru), may be supported on the carrier
in such a small amount that does not inhibit the effects of the
present invention.

EXAMPLES

[0065] The contents of the present invention will be
described in more detail below using Examples and Com-
parative Examples, but the present invention is not limited to
the following Examples.

Example 1

Step of Supporting Group 3 Metal

[0066] As a carrier, a molded body comprising porous
y-alumina was used. The particle diameter of the molded
body was about 1 to 2 mm. A scandium nitrate aqueous
solution was supported on 5.18 g of this carrier by a pore
filling method. Next, the carrier was dried overnight at 100°
C. andthen calcined in air at 550° C. for 3 hours to decompose
scandium nitrate, and thus scandium was supported on the
carrier.

[0067] [Step of Supporting Platinum]

[0068] A bis(ethanolammonium)hexahydroxoplatinic acid
aqueous solution was supported by a pore filling method on
the carrier on which scandium was supported. Next, the car-
rier was dried overnight at 100° C. and then clacined in air at
330° C. for 2 hours to decompose bis(ethanolammonium)
hexahydroxoplatinum.

[0069] The dehydrogenation catalyst of Example 1 was
made by the above steps. The dehydrogenation catalyst of
Example 1 comprises a carrier comprising y-alumina, scan-
dium supported on the carrier, and platinum supported on the
carrier. The amount of scandium supported in the dehydro-
genation catalyst was 0.3% by mass based on the total mass of
the carrier (y-alumina). The amount of platinum supported in
the dehydrogenation catalyst was 0.3% by mass based on the
total mass of the carrier (y-alumina).

Example 2

[0070] The dehydrogenation catalyst of Example 2 was
made by the same method as Example 1 except that an aque-
ous solution of yttrium nitrate was used instead of the aqueous
solution of scandium nitrate. The dehydrogenation catalyst of
Example 2 comprises a carrier comprising y-alumina, yttrium
supported on the carrier, and platinum supported on the car-
rier. The amount of yttrium supported in the dehydrogenation
catalyst was 0.4% by mass based on the total mass of the
carrier (y-alumina). The amount of platinum supported in the
dehydrogenation catalyst was 0.3% by mass based on the
total mass of the carrier (y-alumina).

Example 3

[0071] The dehydrogenation catalyst of Example 3 was
made by the same method as Example 1 except that an aque-
ous solution of lanthanum nitrate was used instead of the
aqueous solution of scandium nitrate. The dehydrogenation
catalyst of Example 3 comprises a carrier comprising y-alu-
mina, lanthanum supported on the carrier, and platinum sup-
ported on the carrier. The amount of La supported in the
dehydrogenation catalyst was 0.5% by mass based on the
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total mass of the carrier (y-alumina). The amount of platinum
supported in the dehydrogenation catalyst was 0.3% by mass
based on the total mass of the carrier (y-alumina).

Example 4

[0072] The dehydrogenation catalyst of Example 4 was
made by the same method as Example 1 except that an aque-
ous solution of cerium nitrate was used instead of the aqueous
solution of scandium nitrate. The dehydrogenation catalyst of
Example 4 comprises a carrier comprising y-alumina, cerium
supported on the carrier, and platinum supported on the car-
rier. The amount of cerium supported in the dehydrogenation
catalyst was 0.5% by mass based on the total mass of the
carrier (y-alumina). The amount of platinum supported in the
dehydrogenation catalyst was 0.3% by mass based on the
total mass of the carrier (y-alumina).

Example 5

[0073] The dehydrogenation catalyst of Example 5 was
made by the same method as Example 4 except that the
amount of cerium supported was changed in the step of sup-
porting a group 3 metal. The dehydrogenation catalyst of
Example 5 comprises a carrier comprising y-alumina, cerium
supported on the carrier, and platinum supported on the car-
rier. The amount of cerium supported in the dehydrogenation
catalyst was 0.3% by mass based on the total mass of the
carrier (y-alumina). The amount of platinum supported in the
dehydrogenation catalyst was 0.3% by mass based on the
total mass of the carrier (y-alumina).

Example 6

[0074] The dehydrogenation catalyst of Example 6 was
made by the same method as Example 4 except that the
amount of cerium supported was changed in the step of sup-
porting a group 3 metal. The dehydrogenation catalyst of
Example 6 comprises a carrier comprising y-alumina, cerium
supported on the carrier, and platinum supported on the car-
rier. The amount of cerium supported in the dehydrogenation
catalyst was 1.0% by mass based on the total mass of the
carrier (y-alumina). The amount of platinum supported in the
dehydrogenation catalyst was 0.3% by mass based on the
total mass of the carrier (y-alumina).

Comparative Example 1

[0075] The dehydrogenation catalyst of Comparative
Example 1 was made by the same method as Example 1
except that the step of supporting a group 3 metal was not
carried out. The dehydrogenation catalyst of Comparative
Example 1 comprises a carrier comprising y-alumina, and
platinum supported on the carrier. The dehydrogenation cata-
lyst of Comparative Example 1 contains no group 3 metal.
The amount of platinum supported in the dehydrogenation
catalyst was 0.3% by mass based on the total mass of the
carrier (y-alumina).

[0076] [Evaluation of Platinum Surface Area]
Example 1
[0077] The surface area of platinum contained in the dehy-

drogenation catalyst of Example 1 was obtained using a
chemical adsorption method. In the chemical adsorption
method, carbon monoxide (CO) was supplied into a container
in which the dehydrogenation catalyst of Example 1 was
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placed. Based on the difference between the volume of CO
supplied into the container and the volume of CO discharged
out of the container without being adsorbed on the dehydro-
genation catalyst in the container, the amount of CO adsorbed
per unit mass of platinum (unit: cm>/g) at 40° C. was calcu-
lated. Based on this amount of CO adsorbed, the amount of
platinum present on the catalyst surface and acting as an
active site per unit mass of platinum, that is, the platinum
surface area (unit: m?/g), was calculated. The amount of CO
adsorbed and the platinum surface area in Example 1 are
shown in Table 1.

Examples 2 to 6 and Comparative Example 1

[0078] The amount of CO adsorbed and the platinum sur-
face area in other Examples and Comparative Example 1
were obtained by the same method as Example 1. The amount
of CO adsorbed and the platinum surface area in other
Examples and Comparative Example 1 are shown in Table 1.

Evaluation of Dehydrogenation Activity

Example 1

[0079] A fixed-bed flow type reactor was filled with the
dehydrogenation catalyst of Example 1. While methylcyclo-
hexane was supplied into the reactor, the temperature of the
central portion of the catalyst layer was maintained at 330° C.,
and the dehydrogenation reaction of methylcyclohexane was
continued in the reactor. The liquid space velocity (LHSV) of
methylcyclohexane supplied into the reactor was maintained
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at 11 h™'. At a point of time when 3 hours elapsed from the
start of the reaction, a gas discharged from the reactor was
recovered and cooled to obtain produced oil. The produced oil
was analyzed by a gas chromatograph-hydrogen flame ion-
ization detector (GC-FID), and from the ratio between the GC
area (peak area) of methylcyclohexane contained in the pro-
duced oil and the GC area of toluene contained in the liquid,
the conversion rate of methylcyclohexane (unit: mol %) was
calculated (see the above numerical formula (1)). The con-
version rate of methylcyclohexane in Example 1 is shown in
Table 1. “MCH” described in Table 1 means methylcyclohex-
ane.

Examples 4 to 6 and Comparative Example 1

[0080] The conversion rate of methylcyclohexane when
each ofthe dehydrogenation catalysts of Examples 4 to 6 and
Comparative Example 1 was used alone was calculated by the
same method as Example 1. The conversion rate of methyl-
cyclohexane in Examples 4 to 6 and Comparative Example 1
is shown in Table 1. In all cases of Examples 1 and 4 to 6 and
Comparative Example 1, the volume of the dehydrogenation
catalyst placed in the reactor was the same.

[0081] In the evaluation of dehydrogenation activity in
Examples 1 and 4 and Comparative Example 1, the conver-
sion rate of methylcyclohexane (unit: mol %) was calculated
at points of time when the elapsed time from the start of the
reaction was 2 hours, 3 hours, 4 hours, and 5 hours. The
conversion rate of methylcyclohexane at the points of time of
the dehydrogenation reaction in Examples 1 and 4 and Com-
parative Example 1 is shown in Table 2.

TABLE 1
Amount of Amount of CO  Platinum surface Conversion rate
platinum supported Group Amount supported adsorbed area of MCH
(% by mass) 3 metal (% by mass) (em®/g) (m?/g) (mol %)
Example 1 0.3 Sc 0.3 0.809 199.9 78.7
Example 2 0.3 Y 0.4 0.753 186.0 —
Example 3 0.3 La 0.5 0.696 172.0 —
Example 4 0.3 Ce 0.5 0.694 171.4 81.9
Example 5 0.3 Ce 0.3 0.718 1774 75.8
Example 6 0.3 Ce 1.0 0.753 186.0 79.4
Comparative 0.3 — 0.0 0.537 130.2 75.2
Example 1
TABLE 2
Elapsed time
Group 3 metal 2 hours 3 hours 4 hours 5 hours
Example 1 Sc 80.8mol% 787mol% 76.1 mol%  74.3mol %
Example4  Ce 83.6mol% 81.9mol% 80.3mol% 78.7mol %
Comparative — 77.8mol% 752mol% 740mol% 71.4mol %

Example 1
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[0082] The platinum surface area in each of the dehydro-
genation catalysts of Examples 1 to 4 and Comparative
Example 1 is shown in FIG. 1. In FIG. 1, “NONE” corre-
sponds to Comparative Example 1. “Sc” corresponds to
Example 1. “Y” corresponds to Example 2. “La” corresponds
to Example 3. “Ce” corresponds to Example 4. Table 1 and
FIG. 1 show that the platinum surface area increases by add-
ing a group 3 metal to y-alumina supporting platinum.
[0083] The conversion rate of methylcyclohexane at the
points of time of the dehydrogenation reaction in Example 1
and Comparative Example 1 is shown in FIG. 2. In FIG. 2,
“NO ADDITION” corresponds to Comparative Example 1.
“Sc ADDITION” corresponds to Example 1. Table 2 and FIG.
2 show that the dehydrogenation activity improves by adding
scandium to y-alumina supporting platinum.

[0084] The conversion rate of methylcyclohexane at the
points of time of the dehydrogenation reaction in Example 4
and Comparative Example 1 is shown in FIG. 3. In FIG. 3,
“NO ADDITION” corresponds to Comparative Example 1.
“Ce ADDITION” corresponds to Example 4. Table 2 and
FIG. 3 show that the dehydrogenation activity improves by
adding cerium to y-alumina supporting platinum.

[0085] The platinum surface area in each of the dehydro-
genation catalysts of Examples 4 to 6 and Comparative
Example 1 is shown in FIG. 4. In FIG. 4, “NONE” corre-
sponds to Comparative Example 1. “0.3%-Ce” corresponds
to Example 5. “0.5%-Ce” corresponds to Example 4. “1.0%-
Ce” corresponds to Example 6. Table 1 and FIG. 4 show that
in a range in which the amount of cerium added is 0.3 to 1.0%,
the platinum surface area increases by the addition of cerium
regardless of the amount of cerium added based on y-alumina
supporting platinum.

Examples 11 to 15

[0086] Predetermined amounts of water, an aqueous solu-
tion of cerium nitrate, and dilute nitric acid were added to a
powder of a hydroxide of aluminum in a pseudoboehmite
state, and these were kneaded. The pH of the kneaded mate-
rial was adjusted to about 3 to 7 by the addition of dilute nitric
acid. Pellets were made by the extrusion of the kneaded
material. The pellets were dried at 100 to 150° C. for 2 hours
and then calcined at 550° C. for 2 hours to make pellets
comprising y-alumina on which C,0O; was supported. An
aqueous solution of ethanolamineplatinum was supported on
the pellets after the calcining, and then the pellets were dried.
The pellets after the drying were calcined at 330° C. for 2
hours.

[0087] Thedehydrogenation catalysts of Examples 11to 15
comprising y-alumina (carrier), platinum, and cerium oxide
(Ce,05) were made by the above steps. The amount of plati-
num supported in each of the dehydrogenation catalysts of
Examples 11 to 15 was adjusted to 0.3% by mass in terms of
a platinum elemental substance based on the total mass of
y-alumina. The amount of Ce,O; supported in each of the
dehydrogenation catalysts of Examples 11 to 15 was adjusted
to a value shown in the following Table 3. The amount of
Ce,0; supported shown in the following Table 3 is a ratio to
the total mass of y-alumina.

[0088] The platinum surface area in each of the dehydro-
genation catalysts of Examples 11 to 15 was obtained by the
same method as Example 1. The platinum surface area in each
Example is shown in the following Table 3. The relationship
between the amount of Ce,O; supported and the platinum
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surface area in each of the dehydrogenation catalysts of
Examples 11 to 15 is shown in FIG. 6.

TABLE 3
Amount of Ce,O; supported Platinum surface area
(% by mass) (m?/g)
Example 11 2.0 206.7
Example 12 3.0 200.0
Example 13 5.0 187.9
Example 14 0.3 177.4
Example 15 1.0 186.0

[0089] As shown in Table 3 and FIG. 6, it was confirmed
that when the amount of Ce, O supported was 2.0to 3.0% by
mass, the platinum surface area was particularly large.

Examples 21 to 24

[0090] In the making of the dehydrogenation catalysts of
Examples 21 to 24, the amount of platinum supported based
on the total mass of y-alumina was adjusted to a value shown
in the following Table 4, and the amount of Ce,O; supported
based on the total mass of y-alumina was adjusted to 2.0% by
mass. The dehydrogenation catalysts of Examples 21 to 24
were made by the same method as Examples 11 to 15 except
these matters. All of the dehydrogenation catalysts of
Examples 21 to 24 comprised y-alumina (carrier), platinum,
and cerium oxide (Ce,O;). The platinum dispersion degree in
each of the dehydrogenation catalysts of Examples 21 to 24
was obtained based on the following formula 2. The platinum
dispersion degree in each Example is shown in the following
Table 4.

D=V ., x(SF/22414)xMwx(1/c)x100 2)

Dm is the platinum dispersion degree (unit: %). V., is the
amount of CO adsorbed (unit: cm®) in the dehydrogenation
catalyst. SF is the stoichiometric ratio of CO adsorption and is
1. Mw is the atomic weight of platinum (unit: g/mol).

[0091] The dehydrogenation reaction of methylcyclohex-
ane using each of the dehydrogenation catalysts of Examples
211024 was performed at five reaction temperatures, 270° C.,
280° C., 290° C., 300° C., and 310° C. The dehydrogenation
reaction using each of the dehydrogenation catalysts of
Examples 21 to 24 was performed by the same method as
Example 1 except the reaction temperatures. An Arrhenius
plot (Ink vs. 1/T) was made based on the following formula 3:

Ink = In[SV xIn{l /(1 — conv.)}] 3)

=InA-E/RT

In is the natural logarithm. k is the rate constant of the dehy-
dration reaction. T is each reaction temperature. cony. is the
conversion rate of methylcyclohexane in the dehydrogena-
tion reaction at each reaction temperature T. SV is the liquid
space velocity of methylcyclohexane supplied into the reactor
in each dehydrogenation reaction.

[0092] Next, the frequency factor A was obtained from the
intercept of the Arrhenius plot, and the rate constant k4,
when the reaction temperature was 300 K was obtained from
the Arrhenius formula. The rate constant k;, is represented
by the following formula 4:

Fyp0=Axe TRT 4
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[0093] Next, the reaction rate r54, at 300° C. was obtained
by normalization based on the amount of platinum and the
amount of passing oil. The reaction rate r5, is represented by
the following formula 5:

r300=—k300%{(1-conv.)/w(Pr)} &)

[0094] By dividing the reaction rate r;,, of the dehydroge-
nation reaction of methylcyclohexane using each dehydroge-
nation catalyst by the reaction rate r;,, when the dehydroge-
nation catalyst of Example 21 was used, the relative reaction
rate of the dehydrogenation reaction of methylcyclohexane
using each dehydrogenation catalyst was obtained. The rela-
tive reaction rate when each dehydrogenation catalyst is used
is shown in the following Table 4. In addition, the ratio m;/m
of the amount of platinum supported (m,% by mass) and the
amount of Ce,O; supported (m;% by mass) in each dehydro-
genation catalyst is shown in the following Table 4. The
platinum dispersion degree of each dehydrogenation catalyst,
and the relative reaction rate when each dehydrogenation
catalyst is used are shown in FIG. 7. A circle mark in FIG. 7
represents a platinum dispersion degree, and a triangle mark
represents a relative reaction rate.
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aqueous solution of a platinum compound was supported on
the carrier after the calcining. Next, the carrier was dried, and
calcined at 330° C. for 2 hours. The dehydrogenation cata-
lysts of Examples 31 to 37 were made by the above steps.

[0097] The amount of the oxide of the group 3 metal sup-
ported in each dehydrogenation catalyst was adjusted to a
value shown in the following Table 5. The amount of platinum
supported in each dehydrogenation catalyst was adjusted to a
value shown in the following Table 5. The number of moles of
the oxide of the group 3 metal and the number of moles of
platinum in each dehydrogenation catalyst were values
shown in the following Table 5. The ratio of the number of
moles of the oxide of'the group 3 metal to the number of moles
of platinum (Metal/Pt) in each dehydrogenation catalyst was
a value shown in the following Table 5.

[0098] In the making of the dehydrogenation catalyst of
Comparative Example 31, the step of supporting an aqueous
solution of a nitrate of a group 3 metal on y-alumina was not
carried out, and only platinum was supported on y-alumina.
The amount of platinum supported in the dehydrogenation
catalyst of Comparative Example 31 was adjusted to a value

TABLE 4 shown in the following Table 5. The number of moles of
Aot of platinum in the dehydrogenatiqn catalyst qf Comparative
platinum Platinum Relative Example 31 was a value shown in the following Table 5.
rted /) di ion d ti t .
((;)ugsinfs 5 m(f}’ ISperS(l% cgree reac(fn) e [0099] The ratio of the number of moles of CO adsorbed on
platinum to the number of moles of platinum (CO/Pt) in each
EXHIHPF 21 0.30 6.67 84 1.00 dehydrogenation catalyst was obtained using the same
Eiﬁglz ;g 8'22 g'éi gg Hé chemical adsorption method as Example 1. CO/Pt in each
Example 24 0.72 278 9 1.20 dehydrogenation catalyst is shown in the following Table 5.
The relationship between Metal/Pt and CO/Pt in each dehy-
drogenation catalyst is shown in FIG. 8.
TABLE 5
Amount of oxide of group 3
Group 3 metal supported Amount of platinum supported  Metal/Pt CO/Pt
metal (% by mass) (mol) (g) (mol) (mol/mol) (mol/mol)
Example 31 Sc 0.3 0.000228  0.016 0.0000842551 2.7 0.81
Example 32 Sc 0.5 0.001112  0.032 0.0001647914 6.75 0.68
Example 33 Y 0.4 0.000198  0.017 0.0000890787 2.22 0.75
Example 34 La 0.5 0.000168  0.018 0.0000907971 1.85 0.7
Example 35 Ce 0.3 0.000216  0.031 0.0001599394 1.35 0.72
Example 36 Ce 0.5 0.000162  0.017 0.0000886910 1.83 0.69
Example 37 Ce 1 0.000836  0.038 0.0001970324 424 0.75
Comparative None 0 0 0.030 0.000153798 0 0.53
Example 31
[0095] As shown in Table 4 and FIG. 7, it was found that [0100] It was confirmed that in the dehydrogenation cata-

when the amount of platinum supported was about 0.5 to
0.6% by mass (when m;/m, was (10/3) to 4), the platinum
functioned efficiently.

Examples 31 to 37 and Comparative Example 31

[0096] In the making of the dehydrogenation catalysts of
Examples 31 to 37, the water absorption rate of a commercial
y-alumina carrier was measured. Based on this water absorp-
tion rate, an aqueous solution containing a nitrate of a group
3 metal shown in the following Table 5 at a predetermined
concentration was prepared, and the aqueous solution was
supported on y-alumina. Next, the carrier was dried at 100° C.
for 8 hours and then calcined at 500° C. for 2 hours. An

lysts of Examples 31 to 37 comprising an oxide of a group 3
metal, CO/Pt was large, and the platinum specific surface area
was large, compared with Comparative Example 31.

Examples 41 to 45

[0101] In the making of the dehydrogenation catalysts of
Examples 41 to 45, predetermined amounts of water, an aque-
ous solution of cerium nitrate, and dilute nitric acid were
added to a powder of a hydroxide of aluminum in a pseudo-
boehmite state, and these were kneaded. The pH of the
kneaded material was adjusted to about 3 to 7 by the addition
of dilute nitric acid. Pellets were made by the extrusion of the
kneaded material. The pellets were dried at 100 to 150° C. for
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2 hours and then calcined at 550° C. for 2 hours to make
pellets comprising y-alumina on which C,0; was supported.
An aqueous solution of a platinum compound shown in the
following Table 6 was supported on the pellets after the cal-
cining, and then the pellets were dried. The pellets after the
drying were calcined at 330° C. for 2 hours.

[0102] Thedehydrogenation catalysts of Examples 41 to 45
comprising y-alumina (carrier), platinum, and cerium oxide
(Ce,0;) were made by the above steps. It was confirmed that
each of the dehydrogenation catalysts of Examples 41 to 45
shows shading of brown. The amount of Ce,O; supported in
each dehydrogenation catalyst was adjusted to 2% by mass
based on the total mass of y-alumina. The concentration of the
aqueous solution of each of the platinum compounds used in
Examples 41 to 45 was adjusted to a value shown in the
following Table 6. The pH of the aqueous solution of each of
the platinum compounds used in Examples 41 to 45 was
adjusted to a value shown in the following Table 6. The
valence of platinum in each of the platinum compounds used
in Examples 41 to 45 was a value shown in the following
Table 6. The platinum surface area in each of the dehydroge-
nation catalysts of Examples 41 to 45 was obtained by the
same method as Example 1. The platinum surface area in each
dehydrogenation catalyst of Examples 41 to 45 is shown in
the following Table 6.
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an amount of the group 3 metal supported is 0.1 to 5.0% by
mass in terms of an oxide of the group 3 metal based on
a total mass of the aluminum oxide.
3. The dehydrogenation catalyst according to claim 1,
wherein
when an amount of the platinum supported is m,% by mass
in terms of a platinum elemental substance based on the
total mass of the aluminum oxide, and
the amount of the group 3 metal supported is m;% by mass
in terms of the oxide of the group 3 metal based on the
total mass of the aluminum oxide,
m,/mpis (10/3) to 4.
4. A method for producing a dehydrogenation catalyst for
naphthenic hydrocarbons, comprising:
a step of making a carrier which contains aluminum oxide
and on which a group 3 metal is supported; and
a step of supporting a solution of a platinum compound on
the carrier and calcining the carrier.
5. The method for producing a dehydrogenation catalyst
according to claim 4, wherein
the platinum compound contains an amine or ammonia.
6. The method for producing a dehydrogenation catalyst
according to claim 4, wherein
the carrier is made by kneading a hydroxide of aluminum in
apseudoboehmite state, an aqueous solution of a nitrate

TABLE 6
Concentration  pH  Valence of platinum  Platinum surface area

Platinum compound (% by mass) (—) (—) (m?/g)
Example 41  Dinitrodiammine platinum nitrate 10 0 2 201
Example 42  Ethanolamine platinum 10 10 4 184
Example 43  Hexaammine platinum hydroxy salt 1 13 4 164
Example 44  Platinum nitrate 10 0 2 116
Example 45  Dinitrodiammine platinum ammonia 3 11 2 206

solution

[0103] Asshown in Table 6, it was confirmed that the plati-
num surface area in Examples 41 to 43 and 45 was large
compared with Example 44.

INDUSTRIAL APPLICABILITY

[0104] A hydrogen gas obtained by the dehydrogenation
reaction of a naphthenic hydrocarbon using the dehydroge-
nation catalyst according to the present invention is used, for
example, for a fuel for fuel cells.

REFERENCE SIGNS LIST

[0105] 2...dehydrogenation reactor, 4 . . . first gas-liquid
separator, 6 . . . hydrogen purification apparatus, 8 . . . second
gas-liquid separator (degassing apparatus), 10 . . . vacuum
pump, 12 . . . low pressure compressor, 14 . . . high pressure
compressor, 16 . . . tank, 100 . . . system for producing
hydrogen.

1. A dehydrogenation catalyst for naphthenic hydrocar-
bons comprising:

a carrier containing aluminum oxide;

platinum; and

a group 3 metal.

2. The dehydrogenation catalyst according to claim 1,
wherein

ofthe group 3 metal, and nitric acid to prepare a kneaded
material, making a pellet by extrusion of the kneaded
material, and calcining the pellet.

7. A system for producing hydrogen, comprising a dehy-
drogenation reactor having the dehydrogenation catalyst
according to claim 1 and producing hydrogen by dehydroge-
nation of a naphthenic hydrocarbon using the dehydrogena-
tion catalyst.

8. A method for producing hydrogen, comprising a step of
producing hydrogen by dehydrogenation of a naphthenic
hydrocarbon using the dehydrogenation catalyst according to
claim 1.

9. The dehydrogenation catalyst according to claim 2,
wherein

when an amount of the platinum supported is m,% by mass

in terms of a platinum elemental substance based on the
total mass of the aluminum oxide, and

the amount of the group 3 metal supported is m;% by mass

in terms of the oxide of the group 3 metal based on the
total mass of the aluminum oxide, m;/m is (10/3) to 4.

10. The method for producing a dehydrogenation catalyst
according to claim 5, wherein

the carrier is made by kneading a hydroxide of aluminum in

apseudoboehmite state, an aqueous solution of a nitrate
ofthe group 3 metal, and nitric acid to prepare a kneaded
material, making a pellet by extrusion of the kneaded
material, and calcining the pellet.
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11. A system for producing hydrogen, comprising a dehy-
drogenation reactor having the dehydrogenation catalyst
according to claim 9 and producing hydrogen by dehydroge-
nation of a naphthenic hydrocarbon using the dehydrogena-
tion catalyst.

12. A method for producing hydrogen, comprising a step of
producing hydrogen by dehydrogenation of a naphthenic
hydrocarbon using the dehydrogenation catalyst according to
claim 9.

13. A system for producing hydrogen, comprising a dehy-
drogenation reactor having the dehydrogenation catalyst
according to claim 2 and producing hydrogen by dehydroge-
nation of a naphthenic hydrocarbon using the dehydrogena-
tion catalyst.

14. A system for producing hydrogen, comprising a dehy-
drogenation reactor having the dehydrogenation catalyst
according to claim 3 and producing hydrogen by dehydroge-
nation of a naphthenic hydrocarbon using the dehydrogena-
tion catalyst.

15. A method for producing hydrogen, comprising a step of
producing hydrogen by dehydrogenation of a naphthenic
hydrocarbon using the dehydrogenation catalyst according to
claim 2.

16. A method for producing hydrogen, comprising a step of
producing hydrogen by dehydrogenation of a naphthenic
hydrocarbon using the dehydrogenation catalyst according to
claim 3.



