10

15

20

25

30

35

DESCRIPTION

Title of Invention
METHOD FOR PRODUCING 7-OCTENAL

Technical Field

[0001]

The present invention relates to a method for producing 7-octenal. In
more detail, the present invention relates to a method for producing 7-octenal by
causing an isomerization reaction of 2,7-octadiene-1-ol in a gas phase using a
fixed-bed reaction method in the presence of a copper-based catalyst obtained by
reducing a copper-based catalyst precursor containing copper, iron, aluminum,
and the like.

Background Art

[0002]

As a method for producing 7-octenal, a method in which 2,7-octadiene-1-ol
1s 1somerized in the presence of a copper-based catalyst is known. It has been
reported that 7-octenal can be selectively produced using, among copper-based
catalysts, a copper-based catalyst precursor containing copper, iron, and
aluminum (refer to PTL 1 to 3).

As a method for producing the copper-based catalyst precursor containing
copper, iron, and aluminum, a method in which an aqueous solution of mixed
metal salts including a water-soluble copper salt, a water-soluble iron salt, and a
water-soluble aluminum salt as main components and a basic aqueous solution
as a precipitant are reacted together so as to obtain a coprecipitate containing
copper, iron, and aluminum, the coprecipitate is filtered, then, washed with water,
dried, and calcined is known (refer to PTL 4 and 5).

When the coprecipitate containing copper, iron, and aluminum is calcined
at a temperature in a range of 600°C to 1,000°C, a spinel structure is formed. It
1s known that the atomic ratio between copper, iron, and aluminum in the
coprecipitate is a factor that changes the dispersibility and the like of copper in
the spinel structure, and furthermore, changes the activity and selectivity of the
copper-based catalyst (refer to PTL 4 to 8).

It is also known that, in a case in which a copper-based catalyst precursor

containing copper, iron, and aluminum which is obtained by coprecipitating a
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copper compound, an iron compound, and an aluminum compound on the surface
of a carrier, and calcining the coprecipitate at 750°C is used in a hydrogenation
reaction, the activity and selectivity of the copper-based catalyst are changed
depending on the kind of the carrier (PTL 9). That is, it is known that the
atomic ratio between copper, iron, and aluminum in the coprecipitate, the kind
and content of the carrier included in the coprecipitate, and the calcination
temperature for turning the coprecipitate into the copper-based -catalyst
precursor change the activity and selectivity of the copper-based catalyst.

[0003]

When the coprecipitate containing copper, iron, and aluminum is dried at
a temperature in a range of 100°C to 150°C, and then calcined at a temperature
in a range of 600°C to 1,000°C, a copper-based catalyst precursor can be obtained.
Furthermore, when the copper-based catalyst precursor is hydrogen-reduced, the
precursor becomes activated, and then can be used in desired reactions as a
copper-based catalyst. Alternatively, it is also possible to crush the precursor
after the calcination, activate the obtained powder-form copper-based catalyst
precursor through hydrogen reduction, and use the powder in reactions as a
powder-form copper-based catalyst. When it is also possible to use the calcined
powder-form copper-based catalyst precursor formed through compression,
extrusion, or the like as desired, it is also possible to use the dried coprecipitate
that 1s formed through compression, extrusion, or the like, and then is calcined
(refer to PTL 5, 12, and the like).

It is known that the copper-based catalyst precursor containing copper,
iron, and aluminum can be used in a variety of hydrogenation reactions such as
hydrogenation from an aliphatic ester compound to a higher alcohol (refer to PTL
4 to 12).
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Summary of Invention
Technical Problem

[0005]

The present inventors prepared a copper-based catalyst through the
hydrogen reduction of a copper-based catalyst precursor obtained by adding y-
alumina as a carrier, which is described to be preferable in PTL 11, to
coprecipitate containing copper, iron, and aluminum, washing the mixture,
drying the obtained coprecipitate at 120°C, and then calcining the coprecipitate
at an arbitrary temperature in a range of 120°C to 800°C. As a result of using
the copper-based catalyst in an isomerization reaction of 2,7-octadiene-1-ol to 7-
octenal, it was found that, while the conversion ratio improved as the calcination
temperature increased, the conversion ratio was still low and unsatisfactory, and
furthermore, the selectivity was also low. In the isomerization reaction of 2,7-
octadiene-1-o0l to 7-octenal, particularly, it is difficult to separate the target
substance of 7-octenal and a byproduct of 2,7-octadienal. As a result, there has
been a desperate desire for the development of a copper-based catalyst capable of
obtaining a high conversion ratio and increasing the selectivity of 7-octenal, even
by a slight amount.

An object of the present invention is to provide a method for highly
selectively producing 7-octenal with a high conversion ratio through the
1somerization reaction of 2,7-octadiene-1-ol.

Solution to Problem

[0006]

As a result of intensive studies, the present inventors found that a copper-
based catalyst obtained from a copper-based catalyst precursor by adding calcium
silicate to a coprecipitate containing copper, iron, and aluminum in which copper,
iron, and aluminum have a relationship of a specific atomic ratio, filtering the
obtained coprecipitate, and then calcining the coprecipitate at 800°C improves

the conversion ratio and the selectivity of 7-octenal in the isomerization reaction
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of 2,7-octadiene-1-ol to 7-octenal. It was found that this performance cannot be
achieved only by optimizing the atomic ratio between copper, iron, and aluminum
or the calcination temperature or only by using calcium silicate, but can be
achieved by combining the options of the atomic ratio or the calcination
temperature and the use of calcium silicate.

The present invention has been completed on the basis of the above-
described findings.

[0007]

That is, the present invention relates to the following [1] to [9].

[1] A method for producing 7-octenal, in which a copper-based catalyst is
obtained by reducing a copper-based catalyst precursor described below, and an
1somerization reaction of 2,7-octadiene-1-ol is caused in a gas phase using a fixed-
bed reaction method in the presence of the obtained copper-based catalyst,

the copper-based catalyst precursor: a copper-based catalyst precursor
obtained by calcining a mixture containing copper, iron, aluminum, and calcium
silicate in which an atomic ratio of iron and aluminum to copper [(Fe+Al)/Cul is
in a range of 1.71 to 2.5, an atomic ratio of aluminum to iron [Al/Fe] is in a range
of 0.001 to 3.3, and calcium silicate is contained in a range of 15% by mass to 65%
by mass at a temperature in a range of 500°C to 1,000°C.

[2] The method for producing 7-octenal according to [1], in which the
mixture used in the production of the copper-based catalyst precursor is a dried
product of a coprecipitated mixture obtained by mixing a coprecipitate and
calcium silicate, which coprecipitate is obtained by reacting a mixed aqueous
solution including a water-soluble copper salt, a water-soluble iron salt, and a
water-soluble aluminum salt with a basic aqueous solution.

[3] The method for producing 7-octenal according to [1] or [2], in which, in
the calcium silicate used in the production of the copper-based catalyst precursor,
an atomic ratio of silicon to calcium [Si/Cal is in a range of 0.5 to 6.5.

[4] The method for producing 7-octenal according to any one of [1] to [3], in
which a BET specific surface area of the mixture used in the production of the
copper-based catalyst precursor is in a range of 50 m?/g to 250 m?/g.

[5] The method for producing 7-octenal according to any one of [1] to [4], in
which the calcium silicate used in the production of the copper-based catalyst
precursor is a Gyrolite-type synthetic calcium silicate represented by

2Ca0B3Si0:mSi0:mH20 (m and n, respectively, are numbers satisfying 1<m<2
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and 2<n<3).

[6] The method for producing 7-octenal according to [5], in which a bulk
specific volume of the calcium silicate is 4 mL/g or more.

[7] The method for producing 7-octenal according to any one of [1] to [6], in
which a temperature of the isomerization reaction is in a range of 150°C to 250°C.

[8] The method for producing 7-octenal according to any one of [1] to [7], in
which the isomerization reaction is caused in the presence of inert gas.

[9] The method for producing 7-octenal according to any one of [1] to [7], in
which the isomerization reaction is caused in the presence of hydrogen gas and
inert gas.

Advantageous Effects of Invention

[0008]

According to the present invention, it is possible to highly selectively
produce 7-octenal with a high conversion ratio through the isomerization reaction
of 2,7-octadiene-1-ol.

Description of Embodiments

[0009]

The present invention is a method for producing 7-octenal, in which a
copper-based catalyst is obtained by reducing a copper-based catalyst precursor
described below, and an isomerization reaction of 2,7-octadiene-1-ol is caused in a
gas phase using a fixed-bed reaction method in the presence of the obtained
copper-based catalyst.

First, the copper-based catalyst precursor used in the production of 7-
octenal and a method for producing the same will be described below.

[0010]

(Copper-based catalyst precursor)

As the copper-based catalyst precursor, from the viewpoint of the
conversion ratio and the selectivity, a copper-based catalyst precursor obtained by
calcining a mixture containing copper, iron, aluminum, and calcium silicate in
which the atomic ratio of iron and aluminum to copper [(Fe+Al)/Cu] is in a range
of 1.71 to 2.5, the atomic ratio of aluminum to iron [Al/Fe] is in a range of 0.001
to 3.3, and calcium silicate is contained in a range of 15% by mass to 65% by
mass at a temperature in a range of 500°C to 1,000°C is used.

In a case in which the atomic ratio of iron and aluminum to copper is less

than 1.71, the diameter of copper crystal in the copper-based catalyst is increased,
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and a decrease in the catalyst activity per unit mass of copper, a decrease in the
selectivity into the target substance caused by the large diameter of metal crystal,
and a decrease in the catalyst activity over time due to the growth of metallic
copper crystal are caused. On the other hand, in a case in which the atomic
ratio of iron and aluminum to copper exceeds 2.5, the content of copper included
per unit mass of the copper-based catalyst is decreased, and thus a desired
catalyst activity cannot be achieved. Meanwhile, in a case in which the atomic
ratio of aluminum to iron exceeds 3.3, the conversion ratio and the selectivity are
decreased in the isomerization reaction of a compound having a (,y-unsaturated
alcohol portion to an aldehyde compound.

From the above-described viewpoint, [(Fe+Al)/Cul is preferably in a range
of 1.80 to 2.50, more preferably in a range of 1.90 to 2.5, still more preferably in a
range of 1.90 to 2.4, and particularly preferably in a range of 2.1 to 2.21. In
addition, from the above-described viewpoint, [Al/Fe] is preferably in a range of
0.001 to 3.2, more preferably in a range of 0.001 to 3.0, still more preferably in a
range of 0.005 to 2.9, and particularly preferably in a range of 0.20 to 0.45.

[0011]

As a method for producing the “mixture” used in the production of the
copper-based catalyst precursor, the following methods can be used.

(a) A method in which a coprecipitate obtained by reacting a mixed
aqueous solution including a water-soluble copper salt, a water-soluble iron salt,
and a water-soluble aluminum salt with a basic aqueous solution is mixed with
calcium silicate. A method in which a suspension including the coprecipitate
suspended in water and calcium silicate are mixed together is preferred.

(b) A method in which a coprecipitate is generated by reacting a mixed
aqueous solution including a water-soluble copper salt, a water-soluble iron salt,
and a water-soluble aluminum salt with a basic aqueous solution, the separated
coprecipitate is dried, calcium silicate is added to the coprecipitate, and calcium
silicate and the coprecipitate are mixed together in solid phases.

(c) A method in which a coprecipitate is generated by reacting a mixed
aqueous solution including one or two selected from a water-soluble copper salt, a
water-soluble iron salt, and a water-soluble aluminum salt with a basic aqueous
solution, then the coprecipitate, oxides or hydroxides of metals selected from
copper, iron, and aluminum (the metals are selected so that three metals of

copper, iron, and aluminum are all present in the mixture), and calcium silicate
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are mixed together, and the mixture is isolated and dried.

(d) A method in which oxides or hydroxides of metals of copper, iron, and
aluminum are mixed with calcium silicate in solid phases or liquid phases.

In any of the methods, other components may be further mixed in, and
metals other than copper, iron, and aluminum may be included in the mixture.

The mixture or coprecipitated mixture obtained in the above-described
manner is separated, and then dried, thereby obtaining the dried product of the
coprecipitated mixture.

From the viewpoint of the uniform mixing of copper, iron, and aluminum
and productivity, the method (a) is preferably employed. As copper, iron, and
aluminum are more uniformly mixed together, it is possible to achieve the
desired selectivity and activity of the copper-based catalyst with favorable
reproducibility.

[0012]

The copper-based catalyst precursor of the present invention is more
preferably produced using a production method including first to fourth steps
described below.

First step: a step for generating a coprecipitate containing copper, iron,
and aluminum by reacting a mixed aqueous solution including a water-soluble
copper salt, a water-soluble iron salt, and a water-soluble aluminum salt with a
basic aqueous solution.

Second step: a step for obtaining a coprecipitated mixture by adding
calcium silicate to a suspension including the coprecipitate obtained in the first
step suspended in water and mixing the components together.

Third step: a step for obtaining the dried product of the coprecipitated
mixture by separating the coprecipitated mixture obtained in the second step,
washing the coprecipitated mixture with water, and then drying the
coprecipitated mixture.

Fourth step: a step for calcining the dried product of the coprecipitated
mixture obtained in the third step at a temperature in a range of 500°C to
1,000°C.

Hereinafter, the respective steps will be sequentially described in detail.

[0013]

(First step)

The first step is a step for generating a coprecipitate containing copper,
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iron, and aluminum by reacting a mixed aqueous solution including a water-
soluble copper salt, a water-soluble iron salt, and a water-soluble aluminum salt
with a basic aqueous solution.

In the coprecipitate obtained in the first step, the atomic ratio of iron and
aluminum to copper [(Fe+Al)/Cul is preferably in a range of 1.71 to 2.5, and the
atomic ratio of aluminum to iron [Al/Fe] is preferably in a range of 0.001 to 3.3.
With the atomic ratios in the above-described ranges, it is possible to obtain the
target copper-based catalyst precursor.

In the coprecipitate, [(Fe+Al)/Cul is preferably in a range of 1.80 to 2.50,
more preferably in a range of 1.90 to 2.5, still more preferably in a range of 1.90
to 2.4, and particularly preferably in a range of 2.1 to 2.21. In addition, [Al/Fe]
1s preferably in a range of 0.001 to 3.2, more preferably in a range of 0.001 to 3.0,
still more preferably in a range of 0.005 to 2.9, and particularly preferably in a
range of 0.20 to 0.45.

Meanwhile, regarding [(Fe+Al)/Cul and [Al/Fe], it is possible to arbitrarily
combine the above-described ranges.

[0014]

Examples of the water-soluble copper salt include hydrosulfate, hydrogen
sulfate, nitrate, carbonates, hydrogen carbonates, organic acid salts, chlorides,
and the like of copper. More specific examples thereof include copper (II) sulfate,
copper (II) nitrate, copper (II) chloride, and the like. The water-soluble copper
salt may be singly used, or two or more water-soluble copper salts may be jointly
used. From the viewpoint of easy procurement and price, copper (II) sulfate is
preferred.

Examples of the water-soluble iron salt include hydrosulfate, hydrogen
sulfate, nitrate, carbonates, hydrogen carbonates, organic acid salts, chlorides,
and the like of iron. More specific examples thereof include iron (I) sulfate, iron
(I) nitrate, iron (I) chloride, and the like. The water-soluble iron salt may be
singly used, or two or more water-soluble iron salts may be jointly used. From
the viewpoint of easy procurement and price, iron (I) sulfate is preferred.

Examples of the water-soluble aluminum salt include acetate, nitrate,
hydrosulfate, and the like of aluminum. More specific examples thereof include
sodium aluminate, aluminum sulfate, aluminum chloride, aluminum nitrate, and
the like. The water-soluble aluminum salt may be singly used, or two or more

water-soluble aluminum salts may be jointly used. From the viewpoint of easy
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procurement and price, aluminum sulfate is preferred.

The water-soluble copper salt, the water-soluble iron salt, and the water-
soluble aluminum salt may contain a free acid that does not form a complex with
metal, or may be a hydrate.

[0015]

From the viewpoint of producing the homogeneous coprecipitate, an
aqueous solution of the water-soluble copper salt, the water-soluble iron salt, and
the water-soluble aluminum salt (hereinafter, in some cases, will be collectively
referred to as metal salts) preferably includes no insoluble matter, and it is
preferable to prepare a uniform solution through filtration if necessary.

There is no particular limitation regarding the concentration of the
aqueous solution of the metal salts, but the concentration of the metal salts is
preferably in a range of 5% by mass to 35% by mass, and more preferably in a
range of 10% by mass to 25% by mass. When the concentration is 35% by mass
or lower, it is difficult for a heterogeneous coprecipitate to be generated during
the reaction with the basic aqueous solution. On the other hand, when the
concentration is 5% by mass or higher, the volume efficiency is sufficient, and the
production cost of the copper-based catalyst precursor can be reduced.

In a case in which the metal salts contain a free acid, the concentrations
of the free acid included in the respective metal salts are all preferably in a range
of 0.05% by mass to 20% by mass, and more preferably in a range of 0.1% by
mass to 10% by mass. In the case of the metal salts containing 0.05% by mass
or higher of the free acid, it is not necessary to purify the metal salts through
crystallization in order to remove the free acid, and the production cost of the
metal salts can be reduced. In addition, in a case in which the concentration of
the free acid is 20% by mass or lower, a basic substance for neutralizing the free
acid is not required, and there is no concern of catalyst performance being
degraded by the interfusion of neutral salts produced from the free acid and the
basic substance into the coprecipitate.

[0016]

Examples of the basic substance for preparing the basic aqueous solution
include hydroxides of alkali metals, hydroxides of alkali earth metals, carbonates
of alkali metals, carbonates of alkali earth metals, hydrogen carbonates of alkali
metals, hydrogen carbonates of alkali earth metals, and the like. More specific

examples thereof include lithium hydroxide, sodium hydroxide, potassium
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hydroxide, sodium carbonate, sodium hydrogen carbonate, and the like. As the
basic substance, additionally, an inorganic base such as ammonia or an organic
base such as urea or ammonium carbonate can also be used.

The basic substance may be singly used, or two or more basic substances
may be jointly used. From the viewpoint of easy procurement and price, sodium
hydroxide is preferred.

[0017]

The reaction temperature is preferably in a range of 5°C to 150°C, and
more preferably in a range of 60°C to 100°C. When the reaction temperature is
5°C or higher, the time taken to neutralize the free acid becomes short, and there
is no concern of catalyst performance being degraded by the interfusion of alkali
metal salts of acids and the like into the coprecipitate. In addition, when the
reaction temperature is 150°C or lower, a pressure-resistant container or the like
1s unnecessary, which is economically preferred.

[0018]

Examples of a chemical mixing procedure for reacting an aqueous solution
including the water-soluble copper salt, the water-soluble iron salt, and the
water-soluble aluminum salt and the basic aqueous solution include (1) a method
in which a variety of aqueous solutions of metal salts are added to the basic
aqueous solution, (2) a method in which the basic aqueous solution is added to a
variety of aqueous solutions of metal salts, and the like. From the viewpoint of
controlling the reaction system to be basic, the method (1) is preferred.

The pH inside the reaction system is preferably in a range of 6.0 to 13.5,
and more preferably in a range of 7.0 to 9.0. When the pH inside the reaction
system 1s 6.0 or more, there are no cases in which the homogeneity of the
coprecipitate is impaired by the re-dissolution of the copper component, and
catalyst performance is not degraded. In addition, when the pH is 13.5 or less,
there are no cases in which neutral salts generated from the basic substance
interfuse into the coprecipitate, and there is no concern of catalyst performance
being degraded.

[0019]

When the coprecipitate having desired Cu/Fe/Al atomic ratios, that is,
desired [(Fe+Al)/Cul and desired [Al/Fe] is produced, it is preferable to prepare in
advance a mixed aqueous solution obtained by mixing (preferably uniformly

mixing) the water-soluble copper salt, the water-soluble iron salt, and the water-
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soluble aluminum salt so that desired metal atomic ratios are obtained, and add
the mixed aqueous solution to the basic aqueous solution from the viewpoint of
producing the homogeneous coprecipitate. For example, when the aluminum
salt and the basic aqueous solution are reacted together, and then the copper salt,
the iron salt, and the basic aqueous solution are reacted together, there are cases
in which copper hydroxide and iron hydroxide accumulate using aluminum
hydroxide as a nucleus, and thus a heterogeneous coprecipitate can be obtained.
In a case in which the heterogeneous coprecipitate is calcined, a spinel structure
made up of copper and iron is formed, and thus desired catalyst performance
cannot be achieved.

[0020]

The mixed aqueous solution prepared in the above-described manner is
preferably gently added, that is, added dropwise to the basic aqueous solution.
The dropwise addition time is preferably in a range of 30 minutes to 360 minutes,
and more preferably in a range of 60 minutes to 240 minutes. When the
dropwise addition time is 30 minutes or longer, the mixed aqueous solution is
sufficiently stirred and mixed with the basic aqueous solution, and thus there are
no cases in which temperature control becomes difficult due to reaction heat, and
a heterogeneous coprecipitate is not easily generated. In addition, when the
dropwise addition time is 360 minutes or shorter, the volume efficiency is
sufficient, and the production cost of the copper-based catalyst precursor can be
reduced.

There is no particular limitation regarding the state inside the reaction
system; however, generally, a state in which a coprecipitate being generated does
not settle, and is dispersed in the system is preferred. In a state in which the
coprecipitate does not settle, a heterogeneous coprecipitate is not generated, and
thus the performance of the copper-based catalyst improves.

In addition, it is normal to allow an aging time until the reaction is
completed after the mixed aqueous solution is added dropwise to the basic
aqueous solution, which is preferable. Generally, the aging time is preferably in
a range of 1 hour to 10 hours. Meanwhile, the change in the pH of a suspension
of the coprecipitate during aging is preferably less than 0.3 per hour.

[0021]

While it is also possible to obtain the coprecipitated mixture by directly

adding calcium silicate to the suspension including the coprecipitate obtained in
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the above-described manner, and then filtering the mixture, from the viewpoint
of avoiding the interfusion of neutral salts into the coprecipitate, it is preferable
to wash the coprecipitate, and then proceed to the second step described below.
More specifically, it is preferable to obtain the coprecipitate after repeating an
operation in which the suspension including the coprecipitate is left to stand at a
temperature preferably in a range of 5°C to 100°C, more preferably in a range of
10°C to 80°C, and still more preferably in a range of 30°C to 70°C, supernatant is
removed using the decantation method, and then ion exchange water is added
until the pH of the supernatant falls in a range of 7 to 9.

[0022]

(Second step)

The second step is a step for obtaining a coprecipitated mixture by adding
calcium silicate to the suspension including the coprecipitate obtained in the first
step suspended in water and mixing the components together.

As the suspension including the coprecipitate suspended in water, as
described above, the suspension of the coprecipitate obtained immediately after
the reaction in the first step may be used without any changes, or a suspension
obtained by washing the coprecipitate obtained immediately after the reaction in
the first step, and then adding water may be used. The pH of the suspension is
preferably in a range of 7.0 to 9.0, and more preferably in a range of 7.0 to 8.0.

The temperature at which the suspension and calcium silicate are mixed
together is preferably in a range of 5°C to 100°C, more preferably in a range of
10°C to 80°C, and still more preferably in a range of 30°C to 70°C. In addition,
the suspension and calcium silicate are preferably mixed in a state in which the
suspension and calcium silicate are stirred so that the coprecipitate does not
settle and accumulate.

[0023]

In the calcium silicate being added, the atomic ratio of silicon to calcium
[Si/Cal is preferably in a range of 0.5 to 6.5, more preferably in a range of 1.6 to
4.0, and still more preferably in a range of 2.3 to 3.7. Meanwhile, an amount of
calcium silicate is preferably added so that the content of calcium silicate
included in the dried product of the mixture obtained in the third step described
below falls in a range of 15% by mass to 65% by mass (more preferably in a range
of 20% by mass to 55% by mass). When the content is 15% by mass or more, the

filtration speed of the coprecipitated mixture made up of the coprecipitate and
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calcium silicate is sufficiently fast. In addition, when the content is 65% by
mass or less, it is possible to maintain the content of copper in the copper-based
catalyst at a high level, and there is no concern of catalyst activity being
degraded.

[0024]

Examples of calcium silicate used in the present invention include
xonotlite, tobermorite, gyrolite, foshagite, hillebrandite, and the like, and calcium
silicate can be used in a form made up of one or more thereof. From the
viewpoint of facilitating the quality stabilization of the copper-based catalyst
precursor of the present invention, a chemical synthetic product is preferred.

From the viewpoint of an increase in the filtration speed, the
improvement of catalyst formability, and an increase in the dynamic strength of a
forming catalyst, particularly, synthetic calcium silicate belonging to a Gyrolite-
type calcium silicate is preferably used, and a petal-shaped synthetic calcium
silicate belonging to Gyrolite-type calcium silicates is more preferably used.

[0025]

A method for producing the petal-shaped calcium silicate is described in
JP-B-60-29643. That is, the petal-shaped calcium silicate can be obtained by
reacting an aqueous silicate (for example, sodium silicate) and a water-soluble
calcium salt (for example, calcium chloride) together at a temperature in a range
of 150°C to 250°C under conditions in which the content of a solvent falls in a
range of 5 parts by mass to 100 parts by mass of the obtained calcium silicate.
In the petal-shaped calcium silicate that can be obtained in the above-described
manner, the atomic ratio [Si/Cal is generally in a range of 1.6 to 6.5, the bulk
specific volume is 4 mL/g or more, the oil absorption amount is 2.0 mL/g or more,
and the refractive index is in a range of 1.46 to 1.54.

In more detail, for example, an aqueous solution of sodium silicate and an
aqueous solution of calcium chloride are mixed together at room temperature at
the atmospheric pressure so that the atomic ratio [Si/Cal reaches approximately
2.6, the mixture is introduced into an autoclave at a water ratio of 30, the
components are reacted together at 200°C for 5 hours, then, the reactant is
filtered, washed with water, and dried, whereby petal-shaped calcium silicate
represented by 2Ca0B3S1022.20S1022.30-2.60H20 can be obtained.

As the petal-shaped calcium silicate, for example, “FLORITE”

manufactured by Tomita Pharmaceutical Co., Ltd. is commercially available.
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The  petal-shaped calcium  silicate is  generally represented by
2Ca03Si0:mSi0:mH20 (m and n, respectively, are numbers satisfying 1<m<2
and 2<n<3). The shape of the petal-shaped calcium silicate can be confirmed
through electron microscope observation, and generally, the shape and thickness
of the petal shape can be confirmed through electron microscope observation at a
magnification in a range of 3,000 times to 10,000 times. Particularly, from the
viewpoint of an increase in the production speed of the copper-based catalyst
precursor of the present invention, the improvement of formability, and an
increase in the dynamic strength of a forming catalyst precursor, 5% by mass or
more of calcium silicate being used is preferably the petal-shaped calcium silicate.

[0026]

Since the size, shape, and the like of the petal included in the petal-
shaped calcium silicate somewhat differ depending on the kinds of raw materials
used for the production of calcium silicate, the mixing ratio of raw materials, and
production conditions, the size, shape, and the like cannot be ordinarily limited;
however, generally, a majority of the petals have a round shape, an oval shape, or
the like having an average lengthwise diameter in a range of 0.1 pm to 30 pm
and a thickness in a range of 0.005 pm to 0.1 pm, and a majority of the petals
have a shape similar to a rose petal. Calcium silicate having an atomic ratio
[Si/Cal of less than 1.6 does not have a petal shape, and has a tobermorite or
xonotlite-type crystal form. On the other hand, in calcium silicate having an
atomic ratio [Si/Cal of more than 6.5, both the bulk specific volume and the oil
absorption amount become small, and there is no growth of petal-shaped calcium
silicate observed. Generally, calcium silicate having an atomic ratio [Si/Cal of
4.0 or less 1s most widely employed, which is the same as in the present invention.

[0027]

(Third step)

The third step is a step for obtaining the dried product of the
coprecipitated mixture by separating the coprecipitated mixture obtained in the
second step, washing the coprecipitated mixture with water, and then drying the
coprecipitated mixture.

For the separation of the coprecipitated mixture obtained in the second
step, an arbitrary well-known method can be applied; however, from the
viewpoint of easy operation, the filtration method is preferably applied.

When the filtered substance is washed with distilled water, ion exchange
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water, or the like, impurities such as sodium sulfate can be removed.

Any drying methods can be used as long as water can be removed, and
generally, the coprecipitated mixture is preferably dried at 100°C or higher at the
atmospheric pressure.

[0028]

In a case in which there is a desire to extend the service life of the copper-
based catalyst, it is possible to use means for adding inorganic salts of metals
such as zinc, magnesium, barium, sodium, and potassium to the copper-based
catalyst precursor. Generally, the atomic ratio of the metals to copper
[metals/Cul is preferably in a range of 0.1 to 3.0. When the atomic ratio is 0.1 or
more, desired effects such as the extension of the service life of the copper-based
catalyst can be developed. When the atomic ratio is 3.0 or less, there are no
cases in which the durability of the copper-based catalyst is degraded.

For example, in a case in which at least one selected from magnesium and
zinc 1s added, there is a method in which the aqueous solution of the hydrosulfate
thereof 1s added to the aqueous solution of the metal salts in the first step,
thereby obtaining a coprecipitate. In addition, in a case in which at least one
selected from barium, sodium, and potassium is added, there is a method in
which the aqueous solution of the hydroxide thereof is applied to the
coprecipitated mixture separated in the second step, and then is dried.

[0029]

The dried product of the coprecipitated mixture obtained in the above-
described manner has a BET specific surface area, which is the nitrogen
adsorption specific surface area measured according to “Determination Of The
Specific Surface Area Of Powders (Solids) By Gas Adsorption Methods” described
in JIS Z8830:2001, preferably in a range of 50 m2/g to 250 m2/g, more preferably
in a range of 100 m2/g to 200 m2/g, and still more preferably in a range of 125
m2/g to 175 m2/g. When the BET specific surface area is 50 m?/g or more, an
increase in the pore volume of the copper-based catalyst improves the catalyst
activity,. When the BET specific surface area is 250 m?2/g or less, the
coprecipitate and calcium silicate become uniformly mixed together, and the
selectivity in an isomerization reaction improves.

[0030]

The determination of the atomic ratios of copper, iron, and aluminum and

the determination of the content of calcium silicate in the mixture including
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copper, iron, aluminum, and calcium silicate, which is used in the production of
the copper-based catalyst precursor applied to the method for producing 7-octenal
of the present invention, are the determinations of the dried product of the
coprecipitated mixture obtained in the third step, and are values based on the
qualitative and quantitative analysis results of elements measured according to
“General Rules for X-ray Fluorescence Analysis” described in JIS K 0119:2008.

The atomic ratios of copper, iron, and aluminum are computed from the
respective content ratios of copper (II) oxide (CuQ), iron (II) oxide (Fe203), and
aluminum oxide (AlzO3) determined according to the present method. The sum
of the content ratios of calcium oxide (CaO) and silicon dioxide (SiO2) determined
according to the present method is used as the content ratio of calcium silicate.

[0031]

(Fourth step)

The fourth step is a step for calcining the dried product of the
coprecipitated mixture obtained in the third step at a temperature in a range of
500°C to 1,000°C.

When the dried product is calcined and, if necessary, crushed, the copper-
based catalyst precursor is obtained. At this stage, the copper-based catalyst
precursor has a powder form, and hereinafter, there are cases in which the
copper-based catalyst precursor will be referred to as the powder-form copper-
based catalyst precursor.

The formed copper-based catalyst precursor (hereinafter, referred to as
the formed copper-based catalyst precursor), which is easily used in a fixed-bed
reaction, can be obtained by forming and then calcining the dried product of the
coprecipitated mixture or by casting the powder-form copper-based catalyst
precursor.

[0032]

The calcination temperature is in a range of 500°C to 1,000°C. In a case
in which the calcination temperature is lower than 500°C, the spinel structure is
not sufficiently formed, and thus the catalyst activity per unit weight of copper is
low, and the catalyst activity significantly degrades over time. On the other
hand, in a case in which the calcination temperature exceeds 1,000°C, the pore
volume is decreased due to melting and fixing, the catalyst activity degrades,
thus, the copper-based catalyst precursor is fixed to a calcination kiln, and the

yield of the copper-based catalyst precursor is decreased. From the same
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viewpoint, the calcination temperature is more preferably in a range of 600°C to
900°C, and still more preferably in a range of 700°C to 900°C.

The dried product is preferably calcined in an air atmosphere, an oxygen
atmosphere, a hydrogen atmosphere, or an inert gas atmosphere such as nitrogen
or argon, and from the viewpoint of convenience, the dried product is more
preferably calcined in an air atmosphere. In a case in which the dried product is
calcined in a hydrogen atmosphere, there are cases in which catalyst
performance is degraded due to the crystal growth (so-called sintering) of the
copper metal, and thus caution is required.

The gas pressure during the calcination can be selected from the
atmospheric pressure or higher. From the viewpoint of the convenience of an
apparatus for producing the copper-based catalyst and the improvement in the
formation speed of the spinel structure, the dried product is preferably calcined
at the atmospheric pressure. The calcination time is not particularly limited;
however, generally, is preferably in a range of 1 hour to 12 hours, more preferably
in a range of 2 hours to 10 hours, and still more preferably in a range of 4 hours
to 8 hours.

[0033]

As a method for producing the formed copper-based catalyst precursor, a
method in which additives such as a forming aid, a pore supplying agent, a
strengthening agent, and a binder such as clay are added to the dried product of
the coprecipitated mixture or the powder-form copper-based catalyst precursor,
and the mixture is extruded or compressed can be preferably applied. The
additives are used depending on the necessity of obtaining the desired viscosity of
paste or the porosity of the formed copper-based catalyst precursor, and the
amount of the additives used is preferably in a range of 0.5% by mass to 20% by
mass, and more preferably in a range of 1% by mass to 10% by mass of the total
mixture.

Examples of the forming aid include graphite, carbon black, talc, starch,
polyacrylic acid, methyl cellulose, glycerin monostearate, glycerin monooleate,
liquid paraffin, mineral oil, plant oil, stearic acid, magnesium stearate,
potassium stearate, palmitic acid, magnesium palmitate, potassium plamitate,
and the like. Examples of the pore supplying agent include graphite, organic
polymer powder such as polypropylene, sugars, starch, cellulose, and the like.

In addition, examples of a strengthening material such as inorganic fibers
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include glass fibers and the like.

[0034]

The shape of the formed copper-based catalyst precursor may be any
shape called a tablet, a 2 spoke ring, an extrusion, a pellet, a rib extrusion, a
trilobe, and a ring; however, from the viewpoint of the suppression of catalyst
pulverization during loading into a reaction tube, a tablet or a 2 spoke ring,
which is a compressed product having a high crushing strength, is preferred. A
tablet is more preferred since it is possible to increase the amount of the copper-
based catalyst precursor loaded into the reaction tube, and the pressure loss at
the reaction tube outlet is decreased. There is no particular limitation regarding
the size of the tablet; however, when the tablet has a cylindrical shape, it is
preferable that the diameter is in a range of 0.5 mm to 10 mm, and the thickness
1s in a range of 0.5 mm to 10 mm, and it is more preferable that the diameter is
in a range of 1 mm to 4 mm, and the thickness is in a range of 1 mm to 4 mm.
When the copper-based catalyst precursor becomes not too large, the contact
efficiency of the matrix does not decrease, and the amount of the copper-based
catalyst precursor loaded into the reaction tube does not decrease, and thus the
volume efficiency tends to increase. On the other hand, when the copper-based
catalyst precursor becomes not too small, there is no case in which the matrix
drifts due to an increase in the pressure loss, and there is a tendency that an
excessive temperature increase and side reactions are suppressed.

[0035]

[Method for producing 7-octenall

Next, a method for producing 7-octenal through the isomerization of 2,7-
octadiene-1-ol in which the copper-based catalyst precursor is used will be
described.

Since copper included in the copper-based catalyst precursor is in a
monovalent or divalent oxidation state, in a case in which the copper-based
catalyst precursor is used in the above-described reaction and the like, the
copper-based catalyst precursor does not sufficiently develop the catalyst function.
Therefore, it is necessary to reduce the copper-based catalyst precursor in
advance so that copper in the copper-based catalyst precursor becomes neutral or,
when the i1somerization reaction is caused, create conditions in the reaction

system so that copper is reduced.
[0036]
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(Method for reducing the copper-based catalyst precursor)

It 1s also possible to employ a method in which the copper-based catalyst
precursor is reduced in a solvent; however, in a case in which the isomerization
reaction, which is a post step, is caused in a gas phase using a fixed-bed reaction
method, it is preferable to employ a method in which the copper-based catalyst
precursor 1s reduced without any solvents. Hereinafter, the latter method will
be described. The method in which the copper-based catalyst precursor is
reduced without any solvents can be applied, for example, when the powder-form
copper-based catalyst is used in a slurry-bed reaction method, a fluidized-bed
reaction method, or a fixed-bed reaction method or when the formed copper-based
catalyst is used in the fixed-bed reaction method.

In a case in which the powder-form or formed copper-based catalyst
precursor is reduced without any solvents using reducing gas, there are cases in
which the copper-based catalyst precursor generates heat. In this case,
sintering by heat generation is accelerated, and thus it is also possible to use the
copper-based catalyst precursor after diluting the copper-based catalyst precursor
with glass beads, silica, alumina, silicon carbide, or the like for the purpose of
reducing the concentration of the copper-based catalyst per unit volume and
increasing the heat removal efficiency.

[0037]

In the reduction, reducing gas such as hydrogen or carbon monoxide is
preferably used. The reducing gas may be appropriately diluted with inert gas
such as nitrogen, helium, or argon. It is usual and preferable to use hydrogen as
the reducing gas and nitrogen as the inert gas for dilution.

The reducing temperature is preferably in a range of 100°C to 800°C, and
more preferably in a range of 150°C to 250°C. When the reducing temperature
1s 100°C or higher, water molecules generated due to the reduction of the copper-
based catalyst precursor are sufficiently removed, the necessary reducing time
becomes short, and the copper-based catalyst precursor is sufficiently reduced.
On the other hand, the reducing temperature is 800°C or lower, there is no
concern of catalyst performance being degraded due to the sintering of copper.

The pressure of the reducing gas is preferably in a range of 0.01 MPa (G)
to 1.9 MPa (G). Since a higher pressure of the reducing gas facilitates the
proceeding of sintering, it is more preferable to reduce the copper-based catalyst

precursor at a pressure close to the atmospheric pressure as much as possible.
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[0038]

There is no particular limitation regarding the flow rate of the reducing
gas, but the gas hourly space velocity (GHSV), which is obtained by dividing the
supply gas volume velocity (m3/hr) by the volume (m3) of a catalyst layer made of
the copper-based catalyst precursor that may include a diluted substance, is
preferably in a range of 50 hr! to 20,000 hr!, and more preferably in a range of
100 hr! to 10,000 hr'l. When the gas hourly space velocity is 50 hr! or more,
the efficiency of removing moisture generated due to the reduction is high, and
the necessary reducing time becomes short, and thus there is no concern of
sintering by the heat storage of the copper-based catalyst. In addition, when the
gas hourly space velocity is 20,000 hr! or less, the amount of energy required to
maintain the temperature of the catalyst layer is small, which is economically
preferable.

The necessary reducing time appropriately varies depending on the
reducing temperature and the like; however, generally, it is preferable to continue
the reduction until at least one of the generation of water and the absorption of
the reducing gas becomes unobservable.

Generally, it is preferable to install the copper-based catalyst obtained
through the above-described reduction treatment in the same reaction tube and
directly introduce the matrix into the copper-based catalyst, thereby promoting
desired reactions from the viewpoint of avoiding risks such as the ignition of the
copper-based catalyst and improving the productivity of the target substance.

From the viewpoint of avoiding risks such as the ignition of the copper-
based catalyst and improving the productivity of 7-octenal, it is preferable to
introduce 2,7-octadiene-1-ol into the copper-based catalyst obtained in the above-
described manner, and cause an isomerization reaction.

[0039]

(Isomerization reaction of 2,7-octadiene-1-ol)

Since stable operation is possible for a long period of time, and a high
conversion ratio and a high selectivity are maintained, the isomerization reaction
of 2,7-octadiene-1-0l is caused in a gas phase using a fixed-bed reaction method.

If desired, it is also possible to supply 2,7-octadiene-1-ol after diluting 2,7-
octadiene-1-ol with a solvent that does not poison copper-based catalysts. There
is no particular limitation regarding the solvent, and examples thereof include

alcohols, ethers, and hydrocarbons. Examples of the alcohols include methanol,
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ethanol, octanol, dodecanol, 7-octene-1-ol, and the like. Examples of the ethers
include tetrahydrofuran, dioxane, tetraethylene glycol dimethyl ether, and the
like. Examples of the hydrocarbons include hexane, cyclohexane, decalin, liquid
paraffin, and the like. In some cases, it is also possible to use water as the
solvent.

In a case in which 7-octene-1-ol is used as the solvent among the above-
described solvents, some of the 7-octene-1-ol is converted to 7-octenal in the
1somerization reaction system, and thus the use of 7-octene-1-ol is preferred from
the viewpoint of the improvement of productivity.

[0040]

When a fixed-bed reactor loaded with the copper-based catalyst obtained
through reduction is placed at a desired temperature and a desired pressure, and
2,7-octadiene-1-ol and a gas mixture made up of an inert gas and a reducing gas
or an inert gas are supplied to the fixed-bed reactor at the same time, the
1somerization reaction of 2,7-octadiene-1-ol proceeds, and 7-octenal can be
produced.

From the viewpoint of producing the uniform gas flow, the fixed-bed
reactor is preferably a reactor having a tubular structure, and when the
temperature of the copper-based catalyst being uniformly controlled is taken into
account, a reactor having a multitubular structure in which multiple reaction
tubes are disposed in parallel is more preferred. A reaction tube having a round
cross-sectional shape is generally used as the reaction tube. From the viewpoint
of ease of a catalyst loading operation and the uniform loading of the copper-
based catalyst, it is preferable to vertically dispose linear straight tubes.

The tube diameter is not particularly limited, but is preferably in a range
of 15 mm to 50 mm, and more preferably in a range of 20 mm to 40 mm. When
the tube diameter is 15 mm or more, it is possible to suppress an increase in the
number of reaction tubes, and thus the production cost of the reactor can be
reduced. In addition, when the tube diameter is 50 mm or less, it 1s possible to
suppress the heat storage of the copper-based catalyst in the tube center portion,
and thus the acceleration of catalyst deactivation, a sequential reaction, a
runaway reaction, and the like can be suppressed.

There is no particular limitation regarding the length and number of the
reaction tubes, and it is preferable to appropriately set the length and number of

the reaction tubes in consideration of the production cost of the reactor, the
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amount of the copper-based catalyst required to achieve a desired producing
capability, and the like. Generally, a method in which the fixed-bed multitublar
reactor is used as a heat exchange reactor, jackets are provided at the outside of
the reaction tubes loaded with the copper-based catalyst, and steam, heated oil,
or the like 1s made to pass through the jackets, thereby controlling the reaction
temperature is preferably employed.

[0041]

The reaction temperature is preferably in a range of 100°C to 800°C.
When the reaction temperature is 100°C or higher, the reaction activation energy
is sufficient, and thus sufficient productivity can be achieved. When the
reaction temperature is 800°C or lower, a decrease in the yield of the target
substance due to the thermal decomposition of 2,7-octadiene-1-ol, which is a raw
material, or T7-octenal, which is a target product, is suppressed. And
furthermore, when the reaction temperature is 800°C or lower, there is no
concern that productivity may be decreased by the carbide of 2,7-octadiene-1-ol or
7-octenal covering the surface of the copper-based catalyst or catalyst
performance may be decreased by the sintering of copper. From the same
viewpoint, the reaction temperature is preferably in a range of 100°C to 500°C,
more preferably in a range of 100°C to 300°C, and still more preferably in a range
of 150°C to 250°C.

The reaction pressure can be appropriately adjusted depending on the
reaction temperature so that the reaction system is maintained in a gas phase,
and generally, from the viewpoint of the easy control of pressure and the
reduction of reaction facility cost, the reaction pressure is preferably in a range of
0.01 MPa (G) to 1.9 MPa (G). From the viewpoint of improving the productivity
by increasing the diffusion efficiency of 2,7-octadiene-1-ol into the copper-based
catalyst, it 1s more preferable to use 2,7-octadiene-1-ol in a gas phase, and it is
more preferable to set the pressure close to 0.01 MPa (G) as much as possible.

[0042]

Together with 2,7-octadiene-1-ol, an inert gas or a gas mixture made up of
a reducing gas and an inert gas is supplied. In the gas mixture, the content of
the reducing gas is preferably in a range of 0.05% by volume to 20% by volume,
more preferably in a range of 0.1% by volume to 15% by volume, and still more
preferably in a range of 0.1% by volume to 10% by volume.

The fixed-bed reactor may be any of a down-flow reactor in which the
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components are supplied from the upper portion of the reactor or an up-flow
reactor in which the components are supplied from the lower portion of the
reactor; however, from the viewpoint of steadily removing liquid-phase high-
boiling point substances, which are reaction byproducts, outside the system, the
down-flow reactor is preferred.

From the viewpoint of cheap prices, hydrogen gas is preferably used as
the reducing gas, and nitrogen gas is preferably used as the inert gas. There is
no particular limitation regarding the amount of hydrogen gas supplied, but the
number of hydrogen molecules is desirably equal to or more than the number of
oxygen molecules included in nitrogen gas and 2,7-octadiene-1-ol. Conversely, in
a case in which the number of hydrogen molecules supplied is excessively large,
the hydrogenation of 2,7-octadiene-1-ol proceeds, and thus the selectivity of 7-
octenal is degraded. Furthermore, it is necessary to appropriately select the
contact efficiency between the copper-based catalyst and reducing gas molecules
depending on physical properties such as the shape of the copper-based catalyst
being used and the molecule diffusion rate, and thus it is necessary adjust the
amount of 2,7-octadiene-1-ol supplied, the amount of the gas mixture supplied,
the content of the reducing gas included in the gas mixture, and the like so that
desired reactions and desired reaction achievement are achieved.

[0043]

Regarding the amount of hydrogen gas supplied with 2,7-octadiene-1-ol,
the molecular ratio (molar ratio) of 2,7-octadiene-1-ol to the hydrogen gas [2,7-
octadiene-1-ol/hydrogen gas] is preferably in a range of 99/1 to 75/25, more
preferably in a range of 99/1 to 80/20, and still more preferably in a range of 97/3
to 80/20. When the molecular ratio (molar ratio) [2,7-octadiene-1-ol/hydrogen
gas| is too small, that is, the amount of the hydrogen gas is too great, there is a
concern that the selectivity of 7-octenal may be decreased. From the viewpoint
of suppressing the generation of a dehydrogenated compound being accelerated,
it is preferable to prevent the molecular ratio (molar ratio) [2,7-octadiene-1-
ol/hydrogen gas] from becoming too great, that is, prevent the amount of the
hydrogen gas from becoming too small.

[0044]

There is no particular limitation regarding the amount of 2,7-octadiene-1-
ol supplied, but the weight hourly space velocity (WHSV), which is obtained by
dividing the supply amount (kg/hr) by the weight of the copper-based catalyst
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precursor (kg), is preferably in a range of 0.05 hr'! to 20 hr'l, and more preferably
in a range of 0.1 hr! to 10 hrl. When the weight hourly space velocity is 0.05
hrl or more, the contact time between 2,7-octadiene-1-ol and the copper-based
catalyst and the contact time between 7-octenal and the copper-based catalyst
become short, and it is possible to suppress the generation of the condensate of
2,7-octadiene-1-ol or 7-octenal or a decrease in the yield of 2,7-octadiene-1-ol or 7-
octenal due to carbonization. When the weight hourly space velocity is 20 hr! or
less, the amount of energy required to maintain the temperature of the catalyst
layer is small, which is economically preferable.

[0045]

There is no particular limitation regarding the flow rate of the inert gas or
the gas mixture, but the gas hourly space velocity (GHSV), which is obtained by
dividing the supply gas volume velocity (m3/hr) by the volume (m3) of the catalyst
layer made of the copper-based catalyst precursor that may include a diluted
substance, is preferably in a range of 50 hr! to 20,000 hr!, and more preferably
in a range of 100 hr! to 10,000 hr!. When the gas hourly space velocity is 50 hr-
1 or more, there is no concern of sintering due to the heat storage of the copper-
based catalyst. In addition, when the gas hourly space velocity is 10,000 hr! or
less, the amount of energy required to maintain the temperature of the catalyst
layer is small, which is economically preferable.

[0046]

When the product discharged together with gas is liquefied using an
agglomerating device, and is distilled at the atmospheric pressure or reduced
pressure, it is possible to separate and purify 7-octenal which is the target
substance.

When the reaction is continuously caused, there are cases in which the
degradation of the catalyst activity is observed. In this case, the copper-based
catalyst may be used after the copper-based catalyst used in the reaction is
appropriately calcined in the air or an oxygen atmosphere under pressurization
in a range of 0.01 MPa (G) to 1.9 MPa (G) at a temperature in a range of the
reaction temperature to 800°C so as to carbonize organic compounds attached to
the surface of the copper-based catalyst, the carbonized organic compounds are
removed, and then the reduction treatment is carried out again.

[Examples]

[0047]
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Hereinafter, the present invention will be described in more detail using
examples, but the present invention is not limited by the examples in any
manners.

[0048]

The method for producing the copper-based catalyst precursor in the
present invention will be described in detail in Reference Examples 1 to 7. In
addition, a method for producing a catalyst precursor for comparing catalyst
performance will be described in detail in Reference Examples 8 to 12.

[0049]

The atomic ratios of Cu, Fe, and Al and the content (% by mass) of calcium
silicate are values based on the qualitative and quantitative analysis results of
the elements measured from the dried product of the coprecipitated mixture
obtained in the third step according to “General Rules for X-ray Fluorescence
Analysis” described in JIS K 0119:2008 using a tube-above wavelength dispersive
X-ray fluorescence spectrometer “ZSX Primus II” manufactured by Rigaku
Corporation. The Cu/Fe/Al atomic ratios were computed from the content (% by
mass) of copper (II) oxide (CuO), the content (% by mass) of iron (II) oxide (Fe2053),
and the content (% by mass) of aluminum oxide (AlsO3) determined according to
the present method, and furthermore, (Fe+Al)/Cu and Al/Fe were obtained. The
sum of the content (% by mass) of calcium oxide (CaO) and the content (% by
mass) of silicon dioxide (SiO2) determined according to the present method was
used as the content (% by mass) of calcium silicate.

In addition, the BET specific surface area is a value based on the nitrogen
adsorption specific surface area measured from the dried product of the
coprecipitated mixture obtained in the third step according to “Determination Of
The Specific Surface Area Of Powders (Solids) By Gas Adsorption Methods”
described in JIS Z8830:2001 wusing “GEMINI VII2390” manufactured by
Micromeritics Japan.

In the respective examples described below, unless particularly otherwise
described, 1on exchange water was used as water, and operation were carried out
in an air atmosphere having the atmospheric pressure.

[0050]

[Reference Example 1]

175 g (0.178 mol) of sulfuric acid, 94.2 g of copper (II) sulfate
pentahydrate (0.377 mol of copper atom), 170.8 g of iron (I) sulfate heptahydrate
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(0.614 mol of iron atom), and 132.6 g of liquid aluminum sulfate (containing 8% of
Al303) (0.208 mol of aluminum atom) were sequentially added to 2,000 g of water
in a 5 L glass beaker including a stirrer and a heating device, were sufficiently
stirred so as to prepare a uniform aqueous solution of metal sulfate, and the
aqueous solution was heated to 50°C, and was maintained.

120 g of sodium hydroxide was dissolved in 2,000 g of water in a 10 L
glass beaker including a stirrer and a heating device, and the solution was
heated to 80°C. In a state in which the mixture was being stirred so as to
prevent a coprecipitate from settling and accumulating even after the completion
of the dropwise addition of the aqueous solution of metal sulfate, the aqueous
solution of metal sulfate was added dropwise to an aqueous solution of sodium
hydroxide using a metering pump over 120 minutes. At this time, the heating
device was controlled so that the temperature of the reaction solution was
maintained at 80°C.

After the completion of the dropwise addition, the aqueous solution
mixture was aged for 1 hour at the same temperature in the same stirring state.
After that, the aqueous solution mixture was cooled to 50°C, and was left to stand.
Supernatant was removed through decantation, 4,000 g of first washing water
was added, and the coprecipitate was stirred at 50°C, thereby washing the
coprecipitate. This operation was repeated, and it was confirmed that the pH of
the supernatant was 7.7 after the injection of fifth washing water. In a state in
which the fifth washing water was present and the coprecipitate was being
stirred at 50°C so as to prevent the settlement of the coprecipitate, 75.0 g of
calcium silicate (manufactured by Tomita Pharmaceutical Co., Ltd., “FLORITE”)
was added, and the mixture was aged for 1 hour. The coprecipitated mixture
was filtered at room temperature, and was dried in the air at 120°C for 16 hours.
The dried product of the obtained coprecipitated mixture was calcined at 800°C
in the air having the atmospheric pressure for 6 hours, thereby obtaining a
powder-form copper-based catalyst precursor. The powder-form copper-based
catalyst precursor obtained in the above-described manner will be referred to as a
catalyst precursor A.

[0051]

[Reference Example 2]

The same operation was carried out in Reference Example 1 except for the
fact that sulfuric acid (17.5 g, 0.178 mol), copper (II) sulfate pentahydrate (94.2 g,
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0.377 mol of copper atom), iron (I) sulfate heptahydrate (113.9 g, 0.410 mol of iron
atom), and liquid aluminum sulfate (215.8 g, 0.339 mol of aluminum atom) were
sequentially added so as to prepare a uniform aqueous solution of metal sulfate,
and 86.7 g of calcium silicate (manufactured by Tomita Pharmaceutical Co., Ltd.,
“FLORITE”) was added. The powder-form copper-based catalyst precursor
obtained in the above-described manner will be referred to as a catalyst precursor
B.

[0052]

[Reference Example 3]

The same operation was carried out in Reference Example 1 except for the
fact that sulfuric acid (17.5 g, 0.178 mol), copper (II) sulfate pentahydrate (94.2 g,
0.377 mol of copper atom), iron (I) sulfate heptahydrate (227.7 g, 0.819 mol of
iron atom), and liquid aluminum sulfate (7.1 g, 0.011 mol of aluminum atom)
were sequentially added so as to prepare a uniform aqueous solution of metal
sulfate, and 70.2 g of calcium silicate (manufactured by Tomita Pharmaceutical
Co., Ltd.,, “FLORITE”) was added. The powder-form copper-based catalyst
precursor obtained in the above-described manner will be referred to as a catalyst
precursor C.

[0053]

[Reference Example 4]

The same operation was carried out in Reference Example 1 except for the
fact that sulfuric acid (17.5 g, 0.178 mol), copper (II) sulfate pentahydrate (94.2 g,
0.377 mol of copper atom), iron (I) sulfate heptahydrate (57.0 g, 0.205 mol of iron
atom), and liquid aluminum sulfate (396.5 g, 0.622 mol of aluminum atom) were
sequentially added so as to prepare a uniform aqueous solution of metal sulfate,
and 89.4 g of calcium silicate (manufactured by Tomita Pharmaceutical Co., Ltd.,
“FLORITE”) was added. The powder-form copper-based catalyst precursor
obtained in the above-described manner will be referred to as a catalyst precursor
D.

[0054]

[Reference Example 5]

The same operation was carried out in Reference Example 2 except for the
fact that the calcination temperature was changed to 600°C, and a powder-form
copper-based catalyst precursor was obtained. The powder-form copper-based

catalyst precursor obtained in the above-described manner will be referred to as a
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catalyst precursor E.

[0055]

[Reference Example 6]

The same operation was carried out in Reference Example 1 except for the
fact that 42.7 g of calcium silicate (manufactured by Tomita Pharmaceutical Co.,
Ltd., “FLORITE”) was added. The powder-form copper-based catalyst precursor
obtained in the above-described manner will be referred to as a catalyst precursor
F.

[0056]

[Reference Example 7]

The same operation was carried out in Reference Example 1 except for the
fact that 24.9 g of calcium silicate (manufactured by Tomita Pharmaceutical Co.,
Ltd., “FLORITE”) was added. The powder-form copper-based catalyst precursor
obtained in the above-described manner will be referred to as a catalyst precursor
G.

[0057]

Hereinafter, a method for preparing the powder-form copper-based
catalyst precursor for comparing the catalyst performance of the copper-based
catalyst precursor of the present invention will be described as reference
examples.

Copper-based catalyst precursors described in Reference Examples 8 to 10
could be prepared in the same manner as a catalyst precursor B, but y-alumina
was added instead of calcium silicate, and the copper-based catalyst precursors
were used to exhibit the availability of calcium silicate as a carrier. The copper-
based catalyst precursor described in Reference Example 11 could be prepared in
the same manner as the catalyst precursor B, but the calcination temperature
was set to 400°C, and the copper-based catalyst precursor was used to clarify the
influence of the calcination temperature. The copper-based catalyst precursor
described in Reference Example 12 rarely included iron, and was used to clarify
the necessity of iron.

[0058]

[Reference Example 8]

The same operation was carried out in Reference Example 2 except for the
fact that 86.7 g of y-alumina (manufactured by C. I. Kasei Co., Ltd., “NanoTek

Al;03”) was added instead of 86.7 g of calcium silicate (manufactured by Tomita
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Pharmaceutical Co., Ltd., “FLORITE”). The powder-form copper-based catalyst
precursor obtained in the above-described manner will be referred to as a catalyst
precursor H1.

[0059]

[Reference Example 9]

The same operation was carried out in Reference Example 8 except for the
fact that the calcination temperature was changed to 600°C, and a powder-form
copper-based catalyst precursor was obtained. The powder-form copper-based
catalyst precursor obtained in the above-described manner will be referred to as a
catalyst precursor H2.

[0060]

[Reference Example 10]

The same operation was carried out in Reference Example 8 except for the
fact that the calcination temperature was changed to 400°C, and a powder-form
copper-based catalyst precursor was obtained. The powder-form copper-based
catalyst precursor obtained in the above-described manner will be referred to as a
catalyst precursor H3.

[0061]

[Reference Example 11]

The same operation was carried out in Reference Example 2 except for the
fact that the calcination temperature was changed to 600°C, and a powder-form
copper-based catalyst precursor was obtained. The powder-form copper-based
catalyst precursor obtained in the above-described manner will be referred to as a
catalyst precursor I.

[0062]

[Reference Example 12]

The same operation was carried out in Reference Example 1 except for the
fact that sulfuric acid (17.5 g, 0.178 mol), copper (II) sulfate pentahydrate (94.2 g,
0.377 mol of copper atom), and liquid aluminum sulfate (471.3 g, 0.740 mol of
aluminum atom) were sequentially added so as to prepare a uniform aqueous
solution of metal sulfate, and 95.8 g of calcium silicate (manufactured by Tomita
Pharmaceutical Co., Ltd., “FLORITE”) was added. The powder-form copper-
based catalyst precursor obtained in the above-described manner will be referred

to as a catalyst precursor J.
[0063]
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Table 1 describes the analysis values of the dried products of the
coprecipitated mixtures prepared in Reference Examples 1 to 12.

For the copper-based catalyst precursors except for the copper-based
catalyst precursors of Reference Examples 8 to 10, the Cu/Fe/Al atomic ratios are
values computed from the component analysis values of the dried products of the
coprecipitated mixtures, and the amount of calcium silicate is the sum of the %
by mass of calcium oxide and silicon oxide in the analysis values of the dried
products of the coprecipitated mixture. Meanwhile, for the copper-based
catalyst precursors described in Reference Examples 8 to 10, the Cu/Fe/Al atomic
ratios of the coprecipitates are values separately computed from the component
analysis values of the Cu/Fe/Al atomic ratios of the dried products of the
coprecipitated mixtures, and the % by mass of y-alumina which was used as the
additive during filtration was computed from the difference in component
analysis value between the dried products and the coprecipitates. That is, since
y-alumina was added to the coprecipitates, the dried products of the present
coprecipitated mixtures, substantially, had a Cu/Fe/Al atomic ratio of 1/1.10/0.93,

and included 47.6% by mass of y-alumina.



[0064]

Table 1

31

Analysis result

Copper-based Calcination
catalyst : oE BET specific temperature
precursor CuO | Fe:0s | AlOs CaO Si0: Cu/Fe/Al (Fe+AD/Cu | Al/Fe Calcium silicate surface area (°C)
(% by mass) (m?/g)
Reference A 180 | 29.0 6.8 13.4 31.7 1/1.61/0.59 2.2 0.37 45.1 130.5 800
Example 1
Reference B 182 | 187 10.9 13.7 37.6 1/1.02/0.93 1.95 0.91 51.3 151.8 800
Example 2
Eeference C 18.3 | 405 0.2 11.8 27.9 1/2.20/0.02 2.22 0.01 39.7 168.4 800
Example 3
Eeference D 19.1 10.4 18.0 13.9 37.5 1/0.54/1.47 2.01 2.72 51.4 171.4 800
Example 4
Eeference E 182 | 187 10.9 13.7 37.6 1/1.02/0.93 1.95 0.91 51.3 151.8 600
Example 5
Reference F 21.8 | 355 7.4 8.0 26.0 1/1.62/0.53 2.15 0.33 34.0 134.8 800
Example 6
Reference G 246 | 405 8.7 5.3 19.4 1/1.64/0.55 2.19 0.34 24.7 131.4 800
Example 7
poee |
Refergnce otor | 01or | (/1.10/5.05) Instead, 47.6 of
Example 9 H2 18.0 19.8 58.3 l.ess iess Substantially 2.03 0.85 y-alumina 100.2 600
P 1/1.10/0.93 added
Reference H3 400
Example 10
Reference I 182 | 187 10.9 13.7 37.6 1/1.02/0.93 1.95 0.91 51.3 151.8 400
Example 11
Reference J 20.2 22.6 14.9 40.1 1.0/-11.75 55.0 193.5 800

Example 12
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[0065]

The isomerization reactions of 2,7-octadiene-1-ol in a gas phase in the
fixed-bed reaction method in which the copper-based catalysts obtained by
reducing the copper-based catalyst precursors produced in Reference Examples 1
to 7 were used will be described in Examples 1 to 7. In Comparative Examples 1
to 5, capabilities of producing 7-octenal using copper-based catalysts obtained by
reducing copper-based catalyst precursors outside the scope of the present
mvention will be described. Furthermore, in Comparative Example 6, a

capability of producing 7-octenal in the slurry-bed reaction method will be

described.

[0066]

[Example 1]

50 mL of a mixture obtained by diluting a copper-based catalyst precursor
A to 50% by mass using soda glass beads having a diameter in a range of 3.962
mm to 4.699 mm was loaded into an atmospheric pressure circulation-type
stainless steel SUS316 vertical straight reaction tube (inner diameter: 22 mm,
length: 1 m) including an electric heater for controlling the temperature of a
catalyst layer outside, a thermocouple for measuring the temperature of the
catalyst layer inside, a gas supply opening in the upper portion, and a sampling
opening in the lower portion. The weight of the copper-based catalyst precursor
Aincluded in the diluted mixture was 26.5 g.

[0067]

In a state in which the temperature of the catalyst layer was maintained
in a range of 200£5°C, the air was circulated at 12 L/hr for 1 hour. After that,
the supply of the air was stopped, and nitrogen gas was circulated at 137.5 L/hr
for 1 hour so that the temperature of the catalyst layer was maintained in a
range of 200£5°C. After that, the flow rate of hydrogen gas was increased while
the flow rate of nitrogen gas was decreased so that the temperature of the
catalyst layer was maintained in a range of 200+5°C, finally, the flow rate of
hydrogen gas was set to 6 L/hr, and the copper-based catalyst precursor A was
reduced over 1 hour.

After the reduction treatment, the supply of the hydrogen gas was stopped,
and nitrogen gas and 2,7-octadiene-1-ol were circulated at 137.5 L/hr and 70.2
g/hr (0.558 mol/hr) respectively so that the temperature of the catalyst layer was

maintained in a range of 200+5°C. The reaction was caused at the atmospheric



10

15

20

25

30

35

33

pressure for 3 hours, and the quantity of the product was determined through gas
chromatography every 30 minutes.

[0068]

The conversion ratio of 2,7-octadiene-1-ol was computed using Equation 1
described below. The unit of individual amounts in the equation is ‘mol/hr’.

[0069]

(Equation 1)

The conversion ratio (%) of 2,7-octadiene-1-ol = {(the amount of raw
materials supplied-the amount of unreacted raw materials)/the amount of raw
materials supplied}x100

[0070]

Examples of the respective products include 7-octenal, 2,7-octadienal, 7-
octene-1-ol, octadienes, cis- or trans-6-octenal, 1l-octanal, and 1-octanol. The
selectivity into the above-described products was computed using Equation 2
described below. The unit of individual amounts in the equation is ‘mol/hr’.

[0071]

(Equation 2)

The selectivity (%) of each product = {the amount of each product/(the
amount of raw materials supplied-the amount of unreacted raw materials)}x100

[0072]

The selectivity into high-boiling point products, the quantities of which
could not be determined through gas chromatography, was computed using
Equation 3 described below. The unit of individual amounts in the equation is
‘mol/hr’.

[0073]

(Equation 3)

The selectivity (%) of the high-boiling point product=100-(the sum of the
selectivities of individual products)

[0074]

During 3 hours of the reaction, there was no large change in the reaction
achievement, and thus the conversion ratio and selectivity were computed from
the 3-hour average composition.

[0075]

[Example 2]

An assessment was carried out in the same manner as in Example 1



10

15

20

25

30

35

34

except for the fact that the copper-based catalyst precursor B was used, and the
weight of the copper-based catalyst precursor B included in the diluted mixture
was set to 23.4 g. During 3 hours of the reaction, there was no large change in
the reaction achievement, and thus the conversion ratio and selectivity were
computed from the 3-hour average composition.

[0076]

[Example 3]

An assessment was carried out in the same manner as in Example 1
except for the fact that the copper-based catalyst precursor C was used, and the
weight of the copper-based catalyst precursor C included in the diluted mixture
was set to 26.5 g. During 3 hours of the reaction, there was no large change in
the reaction achievement, and thus the conversion ratio and selectivity were
computed from the 3-hour average composition.

[0077]

[Example 4]

An assessment was carried out in the same manner as in Example 1
except for the fact that the copper-based catalyst precursor D was used, and the
weight of the copper-based catalyst precursor D included in the diluted mixture
was set to 26.5 g. During 3 hours of the reaction, there was no large change in
the reaction achievement, and thus the conversion ratio and selectivity were
computed from the 3-hour average composition.

[0078]

[Example 5]

An assessment was carried out in the same manner as in Example 1
except for the fact that the copper-based catalyst precursor E was used, and the
weight of the copper-based catalyst precursor E included in the diluted mixture
was set to 21.4 g. During 3 hours of the reaction, there was no large change in
the reaction achievement, and thus the conversion ratio and selectivity were
computed from the 3-hour average composition.

[0079]

[Example 6]

An assessment was carried out in the same manner as in Example 1
except for the fact that the copper-based catalyst precursor F was used, and the
weight of the copper-based catalyst precursor F included in the diluted mixture

was set to 26.5 g. During 3 hours of the reaction, there was no large change in
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the reaction achievement, and thus the conversion ratio and selectivity were
computed from the 3-hour average composition.

[0080]

[Example 7]

An assessment was carried out in the same manner as in Example 1
except for the fact that the copper-based catalyst precursor G was used, and the
weight of the copper-based catalyst precursor G included in the diluted mixture
was set to 26.5 g. During 3 hours of the reaction, there was no large change in
the reaction achievement, and thus the conversion ratio and selectivity were
computed from the 3-hour average composition.

[0081]

[Comparative Example 1]

An assessment was carried out in the same manner as in Example 1
except for the fact that the copper-based catalyst precursor H1 was used, and the
weight of the copper-based catalyst precursor H1 included in the diluted mixture
was set to 26.6 g. During 3 hours of the reaction, there was no large change in
the reaction achievement, and thus the conversion ratio and selectivity were
computed from the 3-hour average composition.

[0082]

[Comparative Example 2]

An assessment was carried out in the same manner as in Example 1
except for the fact that the copper-based catalyst precursor H2 was used, and the
weight of the copper-based catalyst precursor H2 included in the diluted mixture
was set to 26.0 g. During 3 hours of the reaction, there was no large change in
the reaction achievement, and thus the conversion ratio and selectivity were
computed from the 3-hour average composition.

[0083]

[Comparative Example 3]

An assessment was carried out in the same manner as in Example 1
except for the fact that the copper-based catalyst precursor H3 was used, and the
weight of the copper-based catalyst precursor H3 included in the diluted mixture
was set to 26.0 g. During 3 hours of the reaction, the conversion ratio of 2,7-
octadiene-1-ol was decreased over time. The conversion ratio became 65.3%
immediately after the reaction, 64.0% 1 hour after the reaction, 63.7% 2 hours

after the reaction, and 62.2% 3 hour after the reaction. The average value
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(63.8%) thereof was used as the conversion ratio. Meanwhile, there was no large
change in the selectivity.

[0084]

[Comparative Example 4]

An assessment was carried out in the same manner as in Example 1
except for the fact that the copper-based catalyst precursor I was used, and the
weight of the copper-based catalyst precursor I included in the diluted mixture
was set to 23.3 g. During 3 hours of the reaction, the conversion ratio of 2,7-
octadiene-1-ol was decreased over time. The conversion ratio became 50.1%
immediately after the reaction, 49.1% 1 hour after the reaction, 48.4% 2 hours
after the reaction, and 47.1% 3 hour after the reaction. The average value
(48.7%) thereof was used as the conversion ratio. Meanwhile, there was no large
change in the selectivity.

[0085]

[Comparative Example 5]

An assessment was carried out in the same manner as in Example 1
except for the fact that the copper-based catalyst precursor J was used, and the
weight of the copper-based catalyst precursor J included in the diluted mixture
was set to 26.5 g. During 3 hours of the reaction, there was no large change in
the reaction achievement, and thus the conversion ratio and selectivity were
computed from the 3-hour average composition.

[0086]

[Comparative Example 6] Slurry-bed reaction

0.3 g of the copper-based catalyst precursor A and 20 g of dehydrated and
distilled 1,4-dioxane were put in a 100 mL SUS316 autoclave, were substituted
by nitrogen, and were put at the atmospheric pressure. After that, in a state in
which the components were sufficiently stirred, the copper-based catalyst
precursor A was reduced for 60 minutes at 180°C and a hydrogen pressure of 10
MPa (G). After that, the inside of the reaction system was returned to the
atmospheric pressure, was substituted by nitrogen, and 40 g (0.317 mol) of 2,7-
octadiene-1-ol was sent by pressure at 180°C in a nitrogen atmosphere at the
atmospheric pressure, thereby initiating a reaction. After 7 hours of the
reaction, the quantities of the products were determined through gas
chromatography.

[0087]
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Table 2 describes the summarized results of the isomerization reactions in
Examples 1 to 7 and Comparative Example 1 to 6.

The loading amounts in the table are the weights of the respective copper-
based catalyst precursors included in 50 mL of the catalyst layer diluted to 50%
by mass using the soda glass beads having a diameter in a range of 3.962 mm to
4.699 mm.

7-octenal, 2,7-octadienal, 7-octene-1-ol, octadienes, cis- or trans-6-octenal,
l-octanal, 1-octanol, and other high-boiling point compounds are referred to
shortly as 7-OEL, ODL, OEA, OD, 6-OEL, OL, OA, and HB respectively.
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[0088]
Table 2
COppfribatsed Loading amount | Conversion ratio Selectivity into individual compounds (%)
catalys
precufsor (g) (%) 7-0EL | ODL | OEA | OD | 6-OEL | OL OA | HB
Example 1 A 26.5 96.4 81.5 9.8 47 | 1.0 1.3 1.3 0.2 0.2
Example 2 B 23.4 92.2 79.4 107 | 56 | 03 1.1 0.8 0.2 1.9
Example 3 C 26.5 92.4 78.1 108 | 55 | 11 1.2 1.1 0.3 1.9
Example 4 D 26.5 92.5 76.6 1.1 | 62 1.0 1.2 0.7 0.2 3.0
Example 5 E 21.4 91.8 76.6 108 | 51 | 05 1.2 1.3 0.3 4.2
Example 6 F 26.5 97.8 81.3 9.6 46 | 1.1 1.3 1.4 0.2 0.6
Example 7 G 26.5 95.2 81.1 10.1 | 58 | 0.6 0.9 0.7 0.2 0.6
Céxmalzﬁél‘l’e H1 26.6 82.3 75.8 108 | 5.1 1.3 1.3 1.6 0.3 3.8
Céxmalzﬁélge H2 26.0 79.3 75.0 126 | 63 | 04 1.4 1.3 0.3 2.7
C}‘;Xm;ﬁ;ﬁl;e H3 26.1 63.8 72.8 145 | 62 | 06 1.9 1.9 0.4 1.7
C}gxmalﬁﬁélze I 23.3 48.7 73.5 148 | 75 | 06 1.2 0.9 0.4 1.1
Céxmalzﬁélge J 26.5 78.2 68.2 129 | 70 | 55 1.2 1.4 0.3 3.5
Comparative 0.3 0.lor | 0.1or | 0.10r
Example 6 A <slurry bed> 60.2 66.6 12.9 11.9 6.9 less less less 17
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[0089]

The comparison between Examples 2 and 5 and Comparative Example 4
exhibited a difference in the calcination temperature of the dried product of the
same coprecipitated mixture, and in the copper-based catalyst precursor B
calcined at 800°C, the copper-based catalyst precursor E calcined at 600°C, and
the copper-based catalyst precursor I calcined at 400°C, a high conversion ratio
and a high selectivity could be achieved only in a case in which the copper-based
catalyst precursor for which the calcination temperature was set to 600°C or
higher was used. The above-described improvement of the catalyst performance
by the high-temperature calcination could be confirmed even in a case in which
the copper-based catalyst precursors H1 to H3 to which y-alumina was added
were used (Comparative Examples 1 to 3). However, according to the
comparison between Example 2 and Comparative Example 1, a higher conversion
ratio and a higher selectivity could be achieved when the copper-based catalyst
precursor B to which calcium silicate was added was used rather than the copper-
based catalyst precursor H1 to which y-alumina was added.

According to the comparison between Example 3 and Comparative
Example 5, in the copper-based catalyst precursor J including no iron, a high
conversion ratio and a high selectivity could not be achieved.

Particularly, when the copper-based catalyst precursors A, F, and G were
used, a higher conversion ratio and a higher selectivity could be achieved.
Examples 1, 6, and 7 had almost the same Cu/Fe/Al atomic ratio as the copper-
based catalyst precursor A, but had different amount of calcium silicate.

According to the comparison between Example 1 and Comparative
Example 6, a high conversion ratio and a high selectivity could be achieved using
the fixed-bed reaction method.

[0090]

Next, it will be described that, even when the copper-based catalyst
precursor 1s formed and then used, sufficient performance can be achieved. A
method for forming the copper-based catalyst precursor is described in Reference
Examples 13 and 14. Examples 8 and 9 describe the 7-octenal-producing
capabilities of the copper-based catalysts obtained by reducing a formed copper-
based catalyst precursor.

Comparative Examples 7 to 11 describe the 7-octenal-producing

capabilities of the copper-based catalysts obtained by reducing a commercially
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available ordinary copper-based catalyst precursor.

[0091]

[Reference Example 13]

The dried product of the coprecipitated mixture prepared under the same
conditions as in Reference Example 1 was formed into a cylindrical shape having
a diameter of 3 mm and a thickness of 3 mm using a rotary tablet forming
machine. The formed product was calcined in the air at 800°C for 6 hours,
thereby obtaining a copper-based catalyst precursor K.

[0092]

[Reference Example 14]

The powder-form copper-based catalyst precursor prepared under the
same conditions as in Reference Example 1 was formed into a cylindrical shape
having a diameter of 3 mm and a thickness of 3 mm using a rotary tablet forming
machine. After that, the formed product was calcined at 500°C for 1 hour,
thereby obtaining a catalyst precursor L.

[0093]

[Example 8]

An assessment was carried out using the same operation and the same
method as in Example 1 except for the fact that 50 mL of a mixture obtained by
diluting the copper-based catalyst precursor K to 50% by mass using soda glass
beads having a diameter in a range of 3.962 mm to 4.699 mm was loaded. The
weight of the copper-based catalyst precursor included in the diluted mixture was
set to 26.9 g.

During 3 hours of the reaction, there was no large change in the reaction
achievement, and thus the conversion ratio and selectivity were computed from
the 3-hour average composition.

[0094]

[Example 9]

An assessment was carried out using the same operation and the same
method as in Example 1 except for the fact that 50 mL of a mixture obtained by
diluting the copper-based catalyst precursor L to 50% by mass using soda glass
beads having a diameter in a range of 3.962 mm to 4.699 mm was loaded. The
weight of the copper-based catalyst precursor included in the diluted mixture was
set to 26.9 g.

During 3 hours of the reaction, there was no large change in the reaction
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achievement, and thus the conversion ratio and selectivity were computed from
the 3-hour average composition.

[0095]

[Comparative Example 7]

An assessment was carried out using the same operation and the same
method as in Example 1 except for the fact that 50 mL of a mixture obtained by
diluting “E26L” manufactured by JGC Catalysts and Chemicals Ltd. as a copper-
based catalyst precursor made up of copper, iron, and aluminum to 50% by mass
using soda glass beads having a diameter in a range of 3.962 mm to 4.699 mm
was loaded. The weight of the copper-based catalyst precursor included in the
diluted mixture was set to 31.4 g. The copper-based catalyst precursor was a
cylindrical compact having a diameter of 3 mm and a thickness of 3 mm, and
included 23.7% by mass of copper, 20.9% by mass of iron, 18.6% by mass of
aluminum, and 1.3% by mass of zinc. The Cu/Fe/Al atomic ratio corresponded to
1/1.00/1.85.

During 3 hours of the reaction, there was no large change in the reaction
achievement, and thus the conversion ratio and selectivity were computed from
the 3-hour average composition.

[0096]

[Comparative Example 8]

An assessment was carried out using the same operation and the same
method as in Example 1 except for the fact that 50 mL of a mixture obtained by
diluting “ST-301H” manufactured by Sakai Chemical Industry Co., Ltd. as a
copper-based catalyst precursor made up of copper and calcium silicate to 50% by
mass using soda glass beads having a diameter in a range of 3.962 mm to 4.699
mm was loaded. The weight of the copper-based catalyst precursor included in
the diluted mixture was set to 31.2 g. The copper-based catalyst precursor was
a cylindrical compact having a diameter of 3 mm and a thickness of 3 mm, and
included 49.5% by mass of copper (I) oxide and 48.3% by mass of calcium silicate.

During 3 hours of the reaction, there was no large change in the reaction
achievement, and thus the conversion ratio and selectivity were computed from
the 3-hour average composition.

[0097]

[Comparative Example 9]

An assessment was carried out using the same operation and the same
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method as in Example 1 except for the fact that 50 mL of a mixture obtained by
diluting “N242” manufactured by JGC Catalysts and Chemicals Ltd. as a copper-
based catalyst precursor made up of copper and aluminum to 50% by mass using
soda glass beads having a diameter in a range of 3.962 mm to 4.699 mm was
loaded. The weight of the copper-based catalyst precursor included in the
diluted mixture was set to 34.7 g. The copper-based catalyst precursor was a
cylindrical compact having a diameter of 3.3 mm and a thickness of 3.1 mm, and
included 51.0% by mass of copper (I) oxide and 34% by mass of aluminum oxide.
The Cu/Fe/Al atomic ratio corresponded to 1/0/1.04.

During 3 hours of the reaction, there was no large change in the reaction
achievement, and thus the conversion ratio and selectivity were computed from
the 3-hour average composition.

[0098]

[Comparative Example 10]

An assessment was carried out using the same operation and the same
method as in Example 1 except for the fact that 50 mL of a mixture obtained by
diluting “MDC-3” manufactured by Sud-Chemie Catalysts Japan, Inc. as a
copper-based catalyst precursor made up of copper and zinc to 50% by mass using
soda glass beads having a diameter in a range of 3.962 mm to 4.699 mm was
loaded. The weight of the copper-based catalyst precursor included in the
diluted mixture was set to 35.6 g. The copper-based catalyst precursor was a
cylindrical compact having a diameter of 3.2 mm and a thickness of 3.2 mm, and
included 42.0% by mass of copper (I) oxide, 10.0% by mass of aluminum oxide,
and 47.0% by mass of zinc oxide.

During 3 hours of the reaction, there was no large change in the reaction
achievement, and thus the conversion ratio and selectivity were computed from
the 3-hour average composition.

[0099]

[Comparative Example 11]

An assessment was carried out using the same operation and the same
method as in Example 1 except for the fact that 50 mL of a mixture obtained by
diluting “G-99B-0” manufactured by Sud-Chemie Catalysts Japan, Inc. as a
copper-based catalyst precursor made up of copper and chromium to 50% by mass
using soda glass beads having a diameter in a range of 3.962 mm to 4.699 mm

was loaded. The weight of the copper-based catalyst precursor included in the
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diluted mixture was set to 40.0 g. The copper-based catalyst precursor was a
cylindrical compact having a diameter of 3.1 mm and a thickness of 3.0 mm, and
included 37.5% by mass of copper, 31.5% by mass of chromium, 2.45% by mass of
manganese, and 2.0% by mass of barium.

During 3 hours of the reaction, there was no large change in the reaction
achievement, and thus the conversion ratio and selectivity were computed from
the 3-hour average composition.

[0100]

The results of Examples 8 and 9 and Comparative Examples 7 to 11 are
summarized in Table 3. In order to demonstrate the difference in shape, the
results of Example 1 in which the powder-form copper-based catalyst precursor
was used are also described together in Table 3. Furthermore, in order to clarify
the performance difference from ordinary copper-based catalyst precursors, the
results of Comparative Examples 7 to 11 are described in Table 3.

A variety of abbreviations and the like in Table 3 have the same meanings
as in Table 2.
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[0101]
Table 3
Copper-based Loading Conversion Selectivity into individual compounds (%)
catalyst Special matters about copper-based catalyst precursor amount ratio
precursor (2 (%) 7-OEL | ODL | OEA | OD | 6-OEL | OL OA | HB
Copper-based catalyst precursor obtained by forming
Example 8 K and then calcining at 800°C the dried product of the 26.9 80.1 81.0 9.1 5.2 1.9 1.2 1.4 0.2
coprecipitated mixture
Example 9 L Copperbased catalyst precursor obtained 26.9 94.6 820 | 85 | 46 | 1.2 | 15 | 1.9 | 02
by forming catalyst precursor A
Example 1 A Powder-form copper-based catalyst precursor 2.5 96.4 815 | 98 | 47 | 1.0 | 1.3 | 1.3 | 02 | 02
calcinined at 800°C

Comparative Cu/Fe/Al atomic ratio=1/1.00/1.85 31.4 95.1 753 | 109 | 62 | 1.8 | 19 | 22 | 04 | 13
Example 7 No calcium silicate contained

Comparative 48.3% by mass of calcium silicate included

FExample 8 No Fe and Al contained 31.2 82.9 75.6 13.3 5.0 1.4 1.7 1.7 0.3 1.1

- - —

Comparative 34% by mass of alumina included 34.7 81.0 71.8 | 123 | 7.0 | 1.4 | 25 | 20 | 03 | 2.8
Example 9 No Fe contained

Comparative .

Example 10 Copper zinc catalyst 35.6 95.1 66.7 13.3 | 5.6 1.8 4.5 4.8 0.6 | 2.9
Comparative Copper chromite catalyst 40.0 73.4 633 | 140 | 38 | 15 | 44 | 56 | 04 | 7.0

Example 11
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[0102]

A difference between Examples 8 and 9 and Example 1 is whether the
copper-based catalyst precursor was formed or had a powder form, and it has
been clarified that the formed copper-based catalyst precursors K and L
maintained a high selectivity into 7-octenal achieved in the powder-form copper-
based catalyst precursor A.

Comparative Example 7 shows the result of the use of an ordinary copper-
based catalyst precursor containing copper, iron, and aluminum, in which the
selectivity of 7-octenal is poor. Comparative Example 8 shows the result of the
use of a copper-based catalyst precursor made up of copper and calcium silicate,
in which the selectivity of 7-octenal is poor.

According to the comparison between Examples 8 and 9 and Comparative
Examples 7 and 8, it can be said that the high selectivity of 7-octenal in the
formed copper-based catalyst precursors K and L could not be achieved only by
changing the Cu/Fe/Al atomic ratio or only by using calcium silicate, but could be
achieved by the synergetic effect of the Cu/Fe/Al atomic ratio and calcium silicate.

In addition, generally, copper-based catalyst precursors such as copper
alumina, copper zinc, and copper chromite are known; However, as described in
Comparative Examples 9 to 11, in the copper-based catalyst obtained by reducing
the above-described copper-based catalyst precursor, the selectivity of 7-octenal is
not sufficient.

[0103]

[Example 10] (Isomerization reaction in the presence of hydrogen gas and
nitrogen gas)

100 mL of the copper-based catalyst precursor L. was loaded into an
atmospheric pressure circulation-type stainless steel SUS316 vertical straight
reaction tube (inner diameter: 22 mm, length: 1 m) including an electric heater
for controlling the temperature of a catalyst layer outside, a thermocouple for
measuring the temperature of the catalyst layer inside, a gas supply opening in
the upper portion, and a sampling opening in the lower portion.

[0104]

In a state in which the temperature of the catalyst layer was maintained
in a range of 200£5°C, the air was circulated at 24 L/hr for 1 hour. After that,
the supply of the air was stopped, and nitrogen gas was circulated at 275.0 L/hr

for 1 hour so that the temperature of the catalyst layer was maintained in a
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range of 200+5°C. After that, the flow rate of hydrogen gas was increased while
the flow rate of nitrogen gas was decreased so that the temperature of the
catalyst layer was maintained in a range of 200+£5°C, finally, the flow rate of
hydrogen gas was set to 12 L/hr, and the copper-based catalyst precursor A was
reduced over 1 hour.

After the reduction treatment, the supply of the hydrogen gas was
temporarily stopped, and a gas mixture of 0.3% by volume of hydrogen and 99.7%
by volume of nitrogen and a liquid mixture of 30.4% by mass of 7-octene-1-ol and
69.6% by mass of 2,7-octadiene-1-ol were respectively supplied at 101.8 L/hr and
53.1 g/hr so that the temperature of the catalyst layer was maintained in a range
of 200+5°C. The reaction was caused at 0.145 MPa (G) for 4 hours.

[0105]

During 4 hours of the reaction, there was no large change in the reaction
achievement. The 4-hour average composition was 0.3% by mass of 2,7-
octadiene-1-ol, 79.6% by mass of 7-octenal, 0.1% by mass of 2,7-octadienal, 15.3%
by mass of 7-octene-1-ol, 0.2% by mass of octadienes, 0.1% by mass of cis- or
trans-6-octenal, 3.5% by mass of 1-octanal, 0.7% by mass of 1-octanol, and 0.2%
by mass of other high-boiling point compounds.

[0106]

[Comparative Example 12]

An assessment was carried out using the same operation and the same
method as in Example 10 except for the fact that 100 mL of “E26L.” manufactured
by JGC Catalysts and Chemicals Ltd. was used instead of the use of 100 mL of
the copper-based catalyst precursor L.

During 4 hours of the reaction, there was no large change in the reaction
achievement. The 4-hour average composition was 0.3% by mass of 2,7-
octadiene-1-ol, 71.7% by mass of 7-octenal, 0.1% by mass of 2,7-octadienal, 18.5%
by mass of 7-octene-1-ol, 1.0% by mass of octadienes, 0.1% by mass of cis- or
trans-6-octenal, 2.9% by mass of 1-octanal, 0.7% by mass of 1-octanol, and 4.7%
by mass of other high-boiling point compounds.

[0107]

On the basis of the results of Comparative Examples 7 to 11, it can be said
that, among ordinary copper-based catalyst, “E26L” manufactured by JGC
Catalysts and Chemicals Ltd. used in Comparative Example 7 is preferred.

However, as clarified from the comparison between Example 10 and Comparative
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Example 12 in which “E26L” was used, even in a case in which the reaction was
caused in the co-presence of hydrogen gas, the yield of 7-octenal became higher
when the copper-based catalyst precursor L was used.
Industrial Applicability

[0108]

7-octenal obtained using the method of the present invention is a
compound having a highly reactive terminal double bond and an aldehyde group,
and is useful as a raw material for a variety of industrial chemicals. For
example, when 1,9-nonanedial is produced through the hydroformylation reaction
of 7-octenal, and furthermore, a reductive amination reaction is caused, it is
possible to produce 1,9-nonanediamine that is used as a macromolecular

monomer raw material.
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CLAIMS

[Claim 1]

A method for producing 7-octenal,

wherein a copper-based catalyst is obtained by reducing a copper-based
catalyst precursor described below, and an isomerization reaction of 2,7-
octadiene-1-ol is caused in a gas phase using a fixed-bed reaction in the presence
of the obtained copper-based catalyst,

the copper-based catalyst precursor: a copper-based catalyst precursor
obtained by calcining a mixture containing copper, iron, aluminum, and calcium
silicate in which an atomic ratio of iron and aluminum to copper [(Fe+Al)/Cul] is
in a range of 1.71 to 2.5, an atomic ratio of aluminum to iron [Al/Fe] is in a range
of 0.001 to 3.3, and calcium silicate is contained in a range of 15% by mass to 65%
by mass at a temperature in a range of 500°C to 1,000°C.
[Claim 2]

The method for producing 7-octenal according to Claim 1,

wherein the mixture used in the production of the copper-based catalyst
precursor is a dried product of a coprecipitated mixture obtained by mixing a
coprecipitate and calcium silicate, which coprecipitate is obtained by reacting a
mixed aqueous solution including a water-soluble copper salt, a water-soluble
iron salt, and a water-soluble aluminum salt with a basic aqueous solution.
[Claim 3]

The method for producing 7-octenal according to Claim 1 or 2,

wherein, in the calcium silicate used in the production of the copper-based
catalyst precursor, an atomic ratio of silicon to calcium [Si/Cal is in a range of 0.5
to 6.5.
[Claim 4]

The method for producing 7-octenal according to any one of Claims 1 to 3,

wherein a BET specific surface area of the mixture used in the production
of the copper-based catalyst precursor is in a range of 50 m2/g to 250 m?2/g.
[Claim 5]

The method for producing 7-octenal according to any one of Claims 1 to 4,

wherein the calcium silicate used in the production of the copper-based
catalyst precursor is a Gyrolite-type synthetic calcium silicate represented by

2Ca0B3Si0:mSi0:mH20 (m and n, respectively, are numbers satisfying 1<m<2
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and 2<n<3).
[Claim 6]
The method for producing 7-octenal according to Claim 5,
wherein a bulk specific volume of the calcium silicate is 4 mL/g or more.
[Claim 7]
The method for producing 7-octenal according to any one of Claims 1 to 6,
wherein a temperature of the isomerization reaction is in a range of 150°C
to 250°C.
[Claim 8]
The method for producing 7-octenal according to any one of Claims 1 to 7,
wherein the isomerization reaction is caused in the presence of inert gas.
[Claim 9]
The method for producing 7-octenal according to any one of Claims 1 to 7,
wherein the isomerization reaction is caused in the presence of hydrogen

gas and inert gas.



