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36 Hydrogen gas generation amount determination part
60 Control unit

114 Voltage detection part

210 Hydrogen-gas recovery part

AA Electrnc power source

(57) Abrégée/Abstract:
An embodiment of the present invention includes: an electrolyte film (110) constituted of an ionomer; a reduction electrode (120) In
which a reduction catalyst that contains Pt and/or Pd is used; an electrode (130) for oxygen generation which includes a catalyst
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(57) Abrege(suite)/Abstract(continued):
based on a noble metal oxide such as RuO, or IrO,2; a hydrogen gas generation amount determination part (36) which determines

the amount of hydrogen gas that passes through a pipeline (31) together with an aromatic hydrocarbon compound or nitrogenous
heterocyclic aromatic compound, the amount (F1) of generated hydrogen gas being calculated on the basis of sald amount; and a
control unit (60) which gradually heightens the voltage applied between the reduction electrode (120) and the electrode (130) for
oxygen generation, so as to satisfy F1<FO and V.,>[V -(acceptable potential difference)], where V... Is the standard
oxidation/reduction potential of the aromatic hydrocarbon compound or nitrogenous heterocyclic aromatic compound, V., Is the
potential of the reduction electrode (120), and FO Is the acceptable upper limit of the hydrogen gas generation amount, and which
stops the electrode reactions in cases when F1>FO0.
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|ABSTRACT]

In an aspect of the present i1nvention, an electrolyte membrane 110 1is

formed by an 1onomer. A reduction catalyst to be used 1n a reduction

electrode 120 contains at least one of Pt and Pd. An oxygen evolving

electrode 130 contains a catalyst based on a noble metal oxide such as

RuO, or IrO,. A hydrogen gas generation amount measuring unit 36 measures

an amount of the hydrogen gas, circulating through piping 31 along with

an aromatic hydrocarbon compound or a nitrogen-containing heterocyclic

aromatic compound, so that a hydrogen gas generation amount F1 iscalculated

based on the measured amount. When the standard redox potential Vqzz OF

an aromatic hydrocarbon compound or a nitrogen-containing heterocyclic

aromatic hydrocarbon compound is represented by Virr, a potential in the

reduction electrode 120 by Ve, and an acceptable upper limit of a hydrogen

gas generation amount by FO, the voltage between the reduction electrode

120 and the oxygen evolving electrode 130 is gradually increased within

a range of Fl1 < FO and Ve > Vygr — Acceptable Potential Difference; and

when F1 > F0O, electrode reactions are stopped.
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ELECTROCHEMICAL REDUCTION DEVICE AND PROCESS FOR PRODUCING PRODUCT OF

HYDROGENATION OF AROMATIC HYDROCARBON COMPOUND ORNITROGENOUS HETEROCYCLIC

AROMATIC COMPOUND

[ TECHNICAL FIELD]

[0001] The present invention relates to a device and a method of
electrochemically hydrogenating either an aromatic hydrocarbon compound
or a nitrogen-containing heterocyclic aromatic compound.

[ BACKGROUND ART]

[0002] It is known that a cyclic organic compound such as cyclohexane or
decalin can be efficiently obtalned by hydrogenating at least one benzene
ring of a corresponding aromatic hydrocarbon compound (benzene or
naphthalene) with the use of hydrogen gas. Thilis reactionrequilires reaction
conditionsofhightemperatureandhighpressure, andhenceit isnotsuitable
for small and medium scale manufacturing of cyclic organic compounds. It
is also known that, on the other hand, an electrochemical reaction using
an electrolysis cell proceeds without gaseous hydrogen being required and

under relatively mild reaction conditions (from normal temperature to

approximately 200°C and normal pressure) because water can be used as a

hydrogen source.
[Related Art Documents]

[Patent Documents]

[0003] [Patent Document 1] JP 2003-045449
[Patent Document 2] JP 2005-126288
[Patent Document 3] JP 2005-239479

[Non—-Patent Document]

[0004] [Non-Patent Document 1] Masaru Ichikawa, J. Jpn. Inst. Energy, vol.
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85, 517 (2006)
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[ SUMMARY OF THE INVENTION]

[Problem to be Solved by the Invention]

[0005] As an example in which a benzene ring of an aromatic hydrocarbon
compound such as toluene is electrochemically hydrogenated, a method 1s
reported, in which toluene that is vaporized i1nto a gaseous state 1s sent
to the reductionelectrode side toobtainmethylcyclohexane, abenzene-ring
hyvdrogenated substance (hydride), without going throughastate of hydrogen
gas inaconfigurationsimilar to that of waterelectrolysis (see Non-Patent
Document 1); however, the amount of substance that can be transformed per
electrode area or time (current density) 1s not large, and 1t has been
difficult to industrially hydrogenate a benzene ring of an aromatic
hydrocarbon compound.

[0006] The present invention has been devised in view of these situations,
and a purpose of the invention 1s to provide a technique 1n which at least
one benzene ring of an aromatic hydrocarbon compound or a
nitrogen-containing heterocyclic aromatic compound can be surely and
electrochemically hydrogenated at a high efficiency.

[Means for Solving the Problem]

[0007] An aspect of the present invention is an electrochemical reduction
device. The electrochemical reduction device comprises: an electrolyte
membrane having ion conductivity; an electrode unit including both a

reductionelectrode that isprovidedonone side of theelectrolytemembrane
and contalns a reduction catalyst for hydrogenating at least one benzene

ring of an aromatic hydrocarbon compound or a nitrogen-containing
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heterocyclic aromatic compound, and an oxygen evolving electrode provided
on the other side of the electrolyte membrane; a power control unit that
applies avoltage Vabetween the reductionelectrode and the oxygen evolving
electrode such that the reduction electrode has an electronegative
potential and the oxygen evolving electrode has an electropositive
potential; hydrogen gas generation amount measuring unilt that measures
a generation amount Fl1 of hydrogen gas generated per unit time of an
electrolysis reaction of water that competes with a hydrogenation reaction
of at least one benzene ring of the aromatic hydrocarbon compound or the
nitrogen-containing heterocyclic aromatic compound; and a control unit
that releases, when the hydrogen gas generation amount F1 1s larger than
an acceptable upper limit FO of a hydrogen gas generation amount 1n the

electrode unit, the application of a voltage by the power control unit.

[0008] The electrochemical reduction device of the aforementioned aspect

may further comprise : a reference electrode that 1s arranged to contact
the electrolyte membrane and tobe electrically isolated from the reduction
electrode and the oxygen evolving electrode and that 1s held at a reference

electrode potential Vi.r; and a voltage detection unit that detects a

potential difference AV, between the reference electrode and the reduction

electrode, in which the control unit may measures a potential Ve 1n the

reductionelectrode basedon the potential difference AV, and the reference
electrode potential Vger.

[0009] Another aspect of the present invention 1s an electrochemical
reduction device. The electrochemical reduction device comprilises: an
electrolyte membrane having ion conductivity; an electrode unit assembly

in which a plurality of electrode units are connected in series with each
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other, the each electrode unit including both a reduction electrode that
is provided on one side of the electrolyte membrane and contains a reduction

catalyst for hydrogenating at least one benzene ring of an aromatic

hydrocarbon compound or a nitrogen-contalining heterocyclic aromatic

compound, and an oxygen evolving electrode provided on the other side of
the electrolyte membrane; a power control unit that applies a voltage VA
between a positive electrode terminal and a negative electrode terminal
of the electrode unit assembly such that the reduction electrode of the
eachelectrodeunithasanelectronegativepotential andthe oxygenevolving
electrode thereofhasanelectropositivepotential; hydrogengas generation
amount measuring device that measures, 1n the whole electrode units, a
generation amount F1' of hydrogen gas generated per unit time of an

electrolysis reaction of water that competes with a hydrogenation reaction
of at least one benzene ring of the aromatic hydrocarbon compound or the
nitrogen-containing heterocyclic aromatic compound; and a control unit

that releases, when the hydrogen gas generation amount Fl' 1s larger than

an acceptable upper limit FO X N (wherein FO represents an acceptable upper

limit of a hydrogen gas generation amount per one of the electrode units,
and N the number of the electrode units), the application of a voltage
by the power control unit.

[0010] The electrochemical reduction device of the aforementioned aspect
may further comprise: a reference electrode that 1s arranged to contact
the electrolyte membrane of any one of the electrode units included 1n
the electrode unit assembly and to be electrically 1solated from the

reduction electrode and the oxygen evolving electrode of the electrode

unit; and a voltage detection unit that detects a potential difference
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AV-n between the reference electrode and the reduction electrode of the

electrode unit, in which the control unit may measure a potential Vg 1n

the reduction electrode of the electrode unit based on the potential

difference AV.y and the reference electrode potential Vger-

[0011] Another aspect of the present invention is a method of manufacturing
a hydride of an aromatic hydrocarbon compound or a nitrogen-containing
heterocyclic aromatic compound. The method of manufacturing a hydride
of an aromatic hydrocarbon compound or a nitrogen-containing heterocyclic
aromatic compound comprises: using the electrochemical reduction device
of any one of the aforementioned aspects; introducing an aromatic
hydrocarbon compound or a nitrogen-containing heterocyclic aromatic
compound into the reduction electrode side of the electrode unit;
circulating water or humidified gas to the oxygen evolving electrode side;
and producling a hydride of the aromatic hydrocarbon compound or the
nitrogen-containing heterocyclic aromatic compound introduced into the
reduction electrode side. In the manufacturing method of this aspect,
the aromatic hydrocarbon compound or the nitrogen—-containing heterocyclic

aromatic compound to be introduced into the reduction electrode side may

be introduced into the reduction electrode side 1n a liquid state at a
reaction temperature.

[0012] Combinations of the aforementioned respective elements will also

be within the scope of the present invention sought to be patented by the
present patent application.
[Advantage of the Invention]

[0013] According to the present 1nvention, at least one benzene ring of

an aromatic hydrocarbon compound or a nitrogen-containing heterocyclic
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aromatic compound can be surely and electrochemically hydrogenated at a

high efficiency.

[BRIEF DESCRIPTION OF THE DRAWINGS]

[0014] Fig. 1 is a schematic view illustrating a schematic configuration

of an electrochemical reduction device according to Embodiment 1;
Fig. 2 1s a view illustrating a schematic configuration of an

electrode unit included in the electrochemical reduction device according

to Embodiment 1;

Fig. 3 is a flowchart 1llustrating an example of potential control

of a reduction electrode by a control unit in Embodiment 1;

Fig. 4 is a schematic view 1llustrating a schematic configuration

of an electrochemical reduction device according to Embodiment 2; and

Fig. 5 is a view illustrating a specific example of a gas-liquid

separation unit.

-

|BEST MODE FOR CARRYING OUT TH!

L+]

INVENTION]

[0015] Hereinafter, embodiments of the present invention will now

be describedwith reference to the drawings. In the figures, like numerals

represent like constituting elements and the description thereof will be

approprirately omitted.

[0016]

(Embodiment 1)

Fig. 1 1s a schematic view 1llustrating a schematic configuration
of anelectrochemical reductiondevice 10 according to an embodiment. Fig.
2 1s a view 1llustrating a schematic configuration of an electrode unit
100 1ncluded 1n the electrochemical reduction device 10 according to the

embodiment. AsillustratedinFig. 1l, theelectrochemical reductiondevice
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10 comprises: an electrode unit 100, a power control unit 20, an organilc

material storage tank 30, a hydrogen gas generation amount measuring unit
36, a water storage tank 40, a gas-water separation unit 50, a gas-liquid
separation unit 52, a control unit 60, and a hydrogen gas recovery unit
210.

[0017] The power control unit 20 is, for example, a DC/DC converter for
converting theoutput voltageof apower source intoapredeterminedvoltage.
Apositiveelectrodeoutput terminal of thepowercontrolunit201sconnected
to a positive electrode of the electrode unit 100. A negative electrode
output terminal of the power control unit 20 i1s connected to a negative
electrode of the electrode unit 100. Thereby, a predetermined voltage

is applied between an oxygen evolving electrode (positive electrode) 130

and a reduction electrode (negative electrode) 120 of the electrode unit
100. A reference electrode 1nput terminal of the power control unit 20
is connected to a reference electrode 112 provided on the later-described
electrolyte membrane 110, and the potentials in the positive electrode
output terminal and the negative electrode output terminal are determined
based on the potential in the reference electrode 112, in accordance with
a command of the control unit 60. As a power source, electrical power
derived from natural energy such as sunlight and wind power can be used.

A mode 1in which the potential control of the positive electrode output
terminal and the negative electrode output terminal by the control unit
60 will be described later.

[0018] The organic material storage tank 30 stores an aromatic compound.
The aromatic compound used in the present embodiment 1s an aromatilc

hydrocarbon compound or a nitrogen-containing heterocyclic aromatic
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compound, which contains at least one aromatic ring, and examples thereotf
include benzene, naphthalene, anthracene, diphenylethane, pyridine,
pyrimidine, pyrazine, guincline, 1soquilnoline, N-alkylpyrrole,
N-alkylindole, N-alkyldibenzopyrrole, and the like. From one to four
hydrogen atoms of an aromatic ring of any one of the aforementioned aromatic
hydrocarbon compounds or nitrogen-containing heterocyclic aromatic
compounds may be substituted by alkyl groups. However, the "alkyl" of
any one of the aromatic compounds 1s a C;.¢ straight or branched alkyl group.
For example, alkylbenzenes include toluene, ethyl benzene, and the like;

dialkylbenzenes include xylene, diethylbenzene, and the like; and

trialkylbenzenes include mesitylene and the like. Alkylnaphthalenes
include methylnaphthalene and the like. An aromatic ring of any one of

the aromatic hydrocarbons or nitrogen-containing heterocyclic aromatic

compounds may have from1l to 3 substituents. 1Inthe followingdescription,
the aromatichydrocarbon compoundand thenitrogen-containingheterocyclic
aromatic compound to be used 1n the present invention may be referred to
as "aromatic compounds". It is preferable that the aromatic compound 1s
a liquid at room temperature. When a mixture of two or more of the

aforementioned aromatic compounds 1s used, the mixture shouldbe a 1liquid.
Consequently, the aromatic compound can be supplied to the electrode unit
100 in a liquid state without being heated, pressurized, or the like, and
hence the configuration of the electrochemical reduction device 10 can

be simplified. The concentration of the aromatic hydrocarbon compound

1n a liquid state 1s 0.1% or more, preferably 0.3% or more, and more

preferably 0.5% or more.

[0019] The aromatic compound stored in the organic material storage tank
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30 is supplied to the reduction electrode 120 of the electrode unit 100

by a first liquid supply device 32. As the first liquid supply device

32, for example, various types of pumps such as a gear pump or a cylinder
pump, or a gravity flow device or the like can be used. Instead of the
aromaticcompound, anN-substitutionproductoftheaforementionedaromatic
compoundmay be used. Acirculationpathwayisprovidedbetween the organic
material storage tank 30 and the reduction electrode of the electrode unit
100, so that the aromatic compound, a hydride of which has been produced
by the electrode unit 100, and an unreacted aromatic compound are stored
intheorganicmaterial storagetank30afterpassingthroughthecirculation
pathway. Although gas is not generated in a main reaction that proceeds
in the reduction electrode 120 of the electrode unit 100, hydrogen 1is
generated by an electrolysis reaction of water that competes with a

hyvdrogenating reactionof at least onebenzene ringof anaromatic compound.
In order to remove this hydrogen, the gas-liguid separation unit 52 1is
provided. The hydrogen gas separated by the gas-liquid separation unit
52 1s housed in the hydrogen gas recovery unit 210. Also, the hydrogen
gas generation amount measuring unit 36 is provided 1in piping 31 extending
from the reduction electrode 120 to the organic material storage tank 30
and in the preceding stage of agas-liguid separationunit 34. The hydrogen

gas generation amount measuring unit 36 measures an amount of the hydrogen
gas clrculating through the piping 31 along with an aromatic compound.
As the hydrogen gas generation amount measuring unit 36, for example, an
optical sensor for optically detecting bubbles generated by the hydrogen
gas, a pressure sensor for detecting the pressure in the piping 31, or

the li1ke, can be used. Information on the hydrogen gas generation amount,
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measuredby the hydrogengas generationamountmeasuringunit 36, is inputted
to the control unit 60, so that a hydrogen gas generation amount F1 1s

calculated based on the information.

[0020] Thewater storage tank 40 stores ion-exchangedwater, purifiedwater,
or the 1like (hereinafter, simply referred to as "water"). Thewater stored
in the water storage tank 40 is supplied to the oxygen evolving electrode
130 of the electrode unit 100 by a second ligquid supply device 42. As
the second liquid supply device 42, for example, various types of pumps
such as a gear pump or a cylinder pump, or a gravity flow device or the
like can be used, similarly to the first ligquid supply device 32. A
circulation pathway 1s provided between the water storage tank 40 and the

oxygen evolving electrode of the electrode unit 100, and the water that

1s unreacted 1n the electrode unit 100 1s stored 1n the water storage tank
40 afterpassingthroughthecirculationpathway. Thegas-water separation
unit 50 1s provided in the middle of a pathway where the unreacted water

is sent back to the water storage tank 40 from the electrode unit 100.

By the gas-water separationunit 50, theoxygengeneratedbytheelectrolysis
of water in the electrode unit 100 is separated from water and discharged
to the outside the system.

[0021] As illustrated in Fig. 2, the electrode unit 100 1ncludes the

electrolyte membrane 110, the reduction electrode 120, the oxygen evolving

electrode 130, liguid diffusion layers 140a and 140b, and separators 150a

and 150b. InFig. 1, the electrode unit 100 is illustrated in a simplified

way 1in which the ligquid diffusion layers 140a and 140b and the separators

150a and 150b are omitted.

[0022] The electrolytemembrane 110 1s formedof amaterial (1onomer) having
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protonic conductivity, and inhibits substances fromgettingmixed or belng
diffused between the reduction electrode 120 and the oxygen evolving

electrode 130 while selectively conducting protons. The thickness of the

electrolyte membrane 110 is preferably from 5 to 300 um, more preferably
from 10 to 150 um, and most preferably from 20 to 100 um. If the thickness

of the electrolyte membrane 110 1s less than 5 um, the barrier property
of the electrolyte membrane 110 1is deteriorated, so that cross-leaking

is likely to occur. On the other hand, 1f the thickness thereof 1s more

than 300 um, 1on transfer resistance becomes too large, which 1s not
preferred.

[0023] The area resistance of the electrolyte membrane 110, that 1s, the
iontransfer resistance per geometricareathereofispreferably 2000 mQ*cm’

or less, more preferably 1000 mQ*cm® or less, andmost preferably 500 mQ*cm*

or less. If the area resistance of the electrolyte membrane 110 1s more

than 2000 mQ*cm®, protonic conductivity becomes insufficient. Examples

of the material having protonic conductivity (i.e., a cation-exchanging

ionomer) includeperfluorosulfonicacidpolymers suchasNafion (registered

trademark) and Flemion (registered trademark). The i1on exchange capacity

(IEC) of the cation exchange ionomer is preferably from 0.7 to 2 meq/q,
and more preferably from 1 to 1.2 meqg/g. If the 1on exchange capacity
thereof 1s less than 0.7 meqg/g, 1on conductivity becomes insufficient.
On the other hand, i1f the ion exchange capacity of the cation exchange
ilonomer 1s more than 2 meq/g, the solubility of the i1onomer 1n water 1is

increased, and hence the strength of the electrolyte membrane 110 becomes

insufficient.
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[0024] On the electrolyte membrane 110, the reference electrode 112 1s
provided 1n an area spaced apart from the reduction electrode 120 and the
oxygen evolving electrode 130 so as to contact the electrolyte membrane
110. That is, the reference electrode 112 1s electrically 1solated from
the reduction electrode 120 and the oxygen evolving electrode 130. The

reference electrode 112 is held at a reference electrode potential Vger.

Examples of the reference electrode 112 include a standard hydrogen

reductionelectrode (referenceelectrodepotential Veer=0V) and an Ag/AgCl
electrode (reference electrode potential Ve.r =0.199V), but the reference
electrode 112 is not limited thereto. The reference electrode 112 is
preferably provided on the surface of the electrolyte membrane 110 on the

reduction electrode 120 side.

[0025] A potential difference AV between the reference electrode 112 and

the reduction electrode 120 is detected by a voltage detection unit 114.

The value of the potential difference AV, detected by the voltage detection

unit 114 1s 1inputted to the control unit 60.

[0026] The reductionelectrode 120 1s providedonone side of theelectrolyte
membrane 110. Thereductionelectrodel201sareductionelectrode catalyst‘
layer containinga reductioncatalyst forproducing a hydride of anaromatic
compound. The reduction catalyst to be used 1n the reduction electrode
120 1is not particularly limited, and 1s made, for example, of a metal
composition that includes a first catalyst metal (noble metal) containing

at least one of Pt and Pd, and one or more second catalyst metals selected

from the group consisting of Cr, Mn, Fe, Co, Ni, Cu, Zn, Mo, Ru, Sn, W,

Re, Pb, and Bi. The form of the metal composition 1s an alloy of the first

catalystmetal and the second catalyst metals, or an intermetallic compound
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composed of the first catalyst metal and the second catalyst metals. The

ratio of the first catalyst metal to the total mass of the first catalyst

metal and the second catalyst metals 1is preferably from 10 to 95 wt%,
more preferably from 20 to 90 wt%, and most preferably from 25 to 80 wt%.

0 If the ratio of the first catalyst metal is less than 10 wt%, durability

may be deterilorated in terms of resistance to dissolving, and the like.

On the other hand, 1f the ratio of the first catalyst metal 1s more than

95 wt%, the properties of the reduction catalyst become closer to those

of anoblemetal alone, andhencetheelectrodeactivitybecomesinsufficient.
10 In the following description, the first catalyst metal and the second
catalyst metals may be collectively referred to as a "catalyst metal.”
[0027] The aforementioned catalyst metal may be supported by a conductive

material (support). The electrical conductivity of the conductive

material is preferably 1.0 x 107 S/cm or more, more preferably 3.0 x 10°°
15 S/cmor more, andmost preferably 1.0x 107" S/cmormore. If theelectrical

conductivity of the conductive material is less than 1.0 x 107° S/cm,

sufficient conductivity cannot be imparted. Examples of the conductive

material include conductivematerialscontaininganyoneof aporous carbon,

a porous metal, and a porous metal oxide as a major component. Examples

20 of the porous carbon include carbon black such as Ketjen black (registered

trademark), acetylene black, and Vulcan (registered trademark). The BET
specificsurface area of the porous carbonmeasuredby anitrogen adsorption

method is preferably 100 m°/g or more, more preferably 150 m“/g or more,

and most preferably 200 m°/g or more. If the BET specific surface area

25 of the porous carbon is less than 100 m°/g, it is difficult to uniformly
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support thecatalystmetals. Accordingly, therateofutilizingthe surface

of the catalyst metal 1s decreased, causing the catalyst performance to

be deteriorated. Examples of the porous metal include, for example, Pt

black, Pd black, a Pt metal deposited in a fractal shape, and the like.

Examples of the porous metal oxide include oxides of Ti, Zr, Nb, Mo, Hf,

Ta and W. Besides these, examples of the porous conductive material for

supporting the catalyst metal include nitrides, carbides, oxynitrides,
carbonitrides, partially-oxidized carbonitrides of metals such as T1, Zr,

Nb, Mo, Hf, Ta, and W (hereinafter, they are collectively referred to as

porous metal carbonitrides and the like). The BET specific surface areas
of the porous metal, the porous metal oxide, the porous metal carbonitrides
and the like measured by a nitrogen adsorption method are preferably 1

mz/g or more, more preferably 3 m2/g or more, and most preferably 10 m°/g

ormore. If the réspective BET specific surface areas of the porous metal,
the porous metal oxide, the porous metal carbonitrides and the like are
less than 1 m2/g, it isdifficult touniformly support the catalyst metals.
Accordingly, the rate of utilizing the surface of the catalyst metal 1s

decreased, causing the catalyst performance to be deteriorated.

[0028] Depending on the types and compositions of the first catalyst metal
and the second catalyst metals, a simultaneous i1mpregnation method, 1in
which the first catalyst metal and the second catalyst metals are

simultaneously impregnated with a support, or a sequential i1mpregnation
method, in which, after the first catalyst metal 1s impregnated with a
support, the second catalyst metals are i1mpregnated therewith, can be
employed as a method for supporting the catalyst metal on the support.

In the case of the sequential impregnationmethod, after the first catalyst
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metal 1s supportedona support, a heat treatment or the likemay be performed
once, followed by supporting the second catalyst metals on the support.
After the i1mpregnation of both the first catalyst metal and the second

catalyst metals 1s completed, the first catalyst metal and the second

catalyst metals are alloyed with each other or an intermetallic compound
composed of the first catalyst metal and the second catalyst metals 1s
formed by a heat treatment process.

[0029] To the reduction electrode 120, a material having conductivity,
such as the aforementioned conductive oxide or carbon black, may be added
separately from the conductive compound for supporting the catalyst metal.
Consequently, the number of electron~conducting paths among reduction
catalyst particles canbe increased, and hence the resistance per geometric
area of a reduction catalyst layer can be lowered 1n some cases.
[0030] The reduction electrode 120 may include, as an additive, a
fluorine-based resin such as polytetrafluoroethylene (PTFE).

[0031] The reduction electrode 120 may contain an 1onomer having protonic
conductivity. The reduction electrode 120 preferably contains, at a
predeterminedmassratio, anionicallyconductingmaterial (1onomer) having
a structure that 1s 1ldentical or simllar to that of the aforementioned
electrolyte membrane 110. Thereby, the 1on conductivity of the reduction
electrode 120 can be 1mproved. Inparticular, 1in the case where a catalyst

support 1s porous, the reduction electrode 120 makes a significant

contribution to the improvement of the 1on conductivity by containing an
1onomer that has protonic conductivity. Examples of the i1onomer having
protonic conductivity (i.e., a cation-exchanging ionomer) include

perfluorosulfonic acid polymers such as Nafion (registered trademark) and
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Flemion (registered trademark). The 1on exchange capacity (IEC) of the
cation exchange ionomer is preferably from 0.7 to 3 meq/g, more preferably
from 1 to 2.5 meq/g, and most preferably from 1.2 to 2 meq/g. When the
catalyst metal is supported on porous carbon (carbon support), amass ratio
I/C of the cation-exchanging ionomer (I) to the carbon support (C) 1s
preferably from0.1to 2, morepreferablyfrom0.2to1.5, andmost preferably
from 0.3 to 1.1. If the mass ratio I/C 1s less than 0.1, 1t 1s difficult
to obtain sufficient ion conductivity. On the other hand, 1f the mass
ratio I/C i1s more than 2, the thickness of an 1onomer coating over the
catalystmetal is increased, and hence the contact of the aromatic compound,
a reactant, with a catalyst—-active site may be 1nhibilited or the electrode

activity may be decreased due to a decrease in the electron conductivity.

[0032] Tt isalsopreferable that the reductioncatalyst ispartially coated

with the 1onomer 1ncluded in the reduction electrode 120. Thereby, three
elements (aromatic compound, proton, electron), which are necessary for
an electrochemical reaction in the reduction electrode 120, can be
efficiently supplied to a reaction sites.

[0033] The ligquid diffusion layer 140a is lamlnated on the surface of the
reduction electrode 120 on the side opposite to the electrolyte membrane

110. The ligquiddiffusion laver 140a has a function of uniformly diffusing

the liquid aromatic compound supplied from the later—-described separator
150a to the reduction electrode 120. As the ligquid diffusion layer 140a,
for example, carbon paper or carbon cloth 1s used.

[0034] The separator 150ais laminatedon the surfaceof thelliguiddiffusion
layer 140a on the side opposite to the electrolyte membrane 110. The

separator 150a 1s formed of a carbon resin, or a corrosion-resistant alloy
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such as Cr-Ni1-Fe, Cr-Ni-Mo-Fe, Cr-Mo-Nb-Ni, or Cr-Mo-Fe-W-N1. One or more
groove-like flow channels 152a are provided on the surface of the separator
150aon the liqguiddiffusionlayer 140a side. The liquidaromatic compound
supplied from the organic substance storage tank 30 circulates through
the flow channel 152a, and the liquid aromatic compound penetrates into
the liquid diffusion layer 140a from the flow channel 152a. The form of
the flowchannel 152ai1snotparticularlylimited, but forexample, astraight
flow channel or a serpentine flow channel can be employed. When a metal
material 1s used for the separator 150a, the separator 150a may have a

structure formed by sintering sphere-like or pellet-like metal fine

powders.

[0035] The oxygen evolving electrode 130 1s provided on the other side
of the electrolyte membrane 110. For the oxygen evolving electrode 130,
a material, i1ncluding a catalyst based on a noble metal oxide such as RuO,
or Ir0O,, 1spreferablyused. Thesecatalystsmaybe supportedinadispersed
manner or coated on a metal substrate such as a metal wire or mesh made
of metals such as Cr, Mn, Fe, Co, N1, Cu, Zn, Nb, Mo, Ta, and W or of alloys

composed primarily of these metals. In particular, when Ir0O,; 1s used as

acatalyst, manufacturingcosts canbereducedbycoating themetal substrate

wlth a thin film because Ir0O, 1s expensive.

[0036] The liquid diffusion layver 140b 1s laminated on the surface of the
oxygen evolving electrode 130 on the side opposite to the electrolyte
membrane 110. The liquid diffusion layer 140b has a function of uniformly
diffusing the water supplied from the later-described separator 150b to
the oxygen evolving electrode 130. As the liquid diffusion layer 140b,

for example, carbon paper or carbon cloth 1s used.
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[0037] The separator 150b i1s laminatedon the surfaceof the liquiddiffusion
layer 140b on the side opposite to the electrolyte membrane 110. The
separator 150b 1s formed of a corrosion-resistant alloy such as Cr/Ni/Fe,
Cr/Ni/Mo/Fe, Cr/Mo/Nb/Ni, or Cr/Mo/Fe/W/N1, or a material in which the
surfaces of these metals are coated with an oxide layer. One or more
groove-like flow channels 152b are provided on the surface of the separator
150b on the liquid diffusion layer 140b side. The water supplied from
the water storage tank 40 circulates through the flow channel 152b, and
the water penetrates into the liquid diffusion layer 140b from the flow
channel 152b. The formof the flowchannel 152bi1snotparticularlylimited,
but for example, a straight flow channel or a serpentine flow channel can
be employed. When a metal material 1s used for the separator 150b, the
separator 150b may have a structure formed by sintering sphere-like or
pellet-1like metal fine powders.

[0038] In the present embodiment, liquilid water 1s suppliled to the oxygen

evolving electrode 130, but a humidified gas (for example, alr) may be

used 1nstead of liguid water. In thils case, the dew-polnt temperature
of the humidified gas is preferably from room temperature to 100°C, and

more preferably from 50 to 100°C.
{0039] When toluene 1s used as the aromatic compound, reactions 1in the

electrode unit 100 are as follows.

<Electrode Reaction at Oxygen Evolving Electrode>

3H-0—>1.50, 6H" + 6e” : Ey = 1.23 V

<Electrode Reaction at Reduction Electrode>

Toluene + 6H™+ 6e —methylcyclohexane : E;, = 0.153 V (vs RHE)

In other words, the electrode reaction at the oxygen evolving
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electrode and that at the reduction electrode proceed 1n parallel, and

protons generated by electrolysis of water occurring due to the electrode
reaction at the oxygen evolving electrode 1s supplied to the reduction
electrodeviatheelectrolytemembrane 110, andused for producing a hydride
of anaromatic compoundintheelectrodereactionat the reductionelectrode.

[0040] Referring back to Fig. 1, the control unit 60 controls the power

control unit 20 so as to satisfy the relationship of Vypr — 20 mV £ Ve £

Vorr (Wherein Vypr represents the potential inareversible hydrogenelectrode,
and V. represents the potential 1in the reduction electrode 120). If the
potential Ven 18 lower than Vgr — 20 mV, the hydrogenating (hydrogenating
at least one benzene ring of aromatic compound) reaction becomes to compete
wlith a hydrogen generation reaction, and hence the reduction selectivity
of the aromatic compound becomes 1insufficient, which 1s not preferred.
On the other hand, 1f the potential Vs 1s higher than the standard redox
potential V5pr, the hydride-producing reaction does not proceed at a
practically sufficient rate, which 1s not preferred. 1In other words, by

setting the potential Vs, to be within the range that satisfies the
aforementioned relational exXpression, electrochemical reactions can be

made to proceed at both the electrodes, and the hydrogenating at least
one benzene ring of the aromatic compound can be industrially practiced.

[0041] After the potential Ve 1s adjusted, the control unit 60 executes
the processing for stopping electrode reactions at the reduction electrode
120 and the oxygen evolving electrode 130, when the hydrogen gas generation
amount Fl, measured by the hydrogen gas generation amount measuring unit
36, 1s larger than FO. Specifically, examples of the processing to be

executed by the control unit 60 when Fl1 is larger than FO include the
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processing for causingthevoltageVatobe O instantaneouslyor inastepwilise
fashion, or the processing for blocking the power supply froma power source
to the power control unit 20 by providing an i1solating switch 1n a power
source line extending from the power source to the power control unit 20,
and the like. Thus, by terminating the electrode reactions in a state
where the hydrogen gas generation amount Fl 1s larger than the acceptable
upper 1imit FO, that is, inastatewhere the Faradayefficiency isdecreased,
the Faraday efficiency can be maintained to be larger than or equal to
a predetermined value while the electrode reactions are proceeding.
[0042] When the total current density flowing through the electrode unit
100 1s represented by a current density A, and a current density used 1n
the reduction of the aromatic compound, the current density being
back-calculated from the generation amount of a hydride of the aromatic

compound that has been quantitated by gas chromatography, etc., 1s

represented by a current density B, the Faraday efficiency 1s calculated

by the current density B/ the current density A x 100 (%).

[0043] Besides this, the following reaction conditions are employed for

the production of a hydride of the aromatic compound using the

electrochemical reduction device 10. The temperature of the electrode |

unit 100 is preferably from room temperature to 100°C, and more preferably

from 40 to 80°C. If the temperature of the electrode unit 100 1s lower

than room temperature, the proceeding of the electrolytic reaction may
be slowed down, or an enormous amount of energy 1s required to remove the
heat generated as the main reaction proceeds, which 1s not preferred. On

the other hand, 1f the temperature of the electrode unit 100 is higher

than 100°C, water is brought to a boil at the oxygen evolving electrode
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130 and the wvapor pressure of an organic material 1s 1ncreased at the
reduction electrode 120, which 1s not preferred for the electrochemical
reduction device 10 1n which reactions are performed in ligquld phases at

both the electrodes.

[0044] F1g. 31sa flowchartillustratinganexample of thepotential control

of the reduction electrode 120 performed by the control unit 60 of the
present embodiment. The mode of performing the potential control of the
reduction electrode 120 will be described below by using, as an example,
a case where an Ag/AgCl electrode (reference electrode potential Vger =
0.199 V) is used as the reference electrode 112.

[0045] The potential Vy, (target value), which satisfies Vyr—an acceptable

potential difference £ Ven £ Vg, 15 first set (S10). The acceptable

potential difference may be 20 mV. 1In an aspect, the potential V. (target
value) 1s a value that has been stored beforehand in a memory such as a
ROM. In another aspect, the potential Vs, (target value) 1s set by a user.

[0046] Subsequently, a voltage detection unit 114 detects a potential

difference AV, between the reference electrode 112 and the reduction

electrode 120 (820).
[0047] Subsequently, thecontrolunit 60calculatesapotential Vo (actually

measured value) 1n the reduction electrode 120 by using (expression) Vcp

— AVCA - VRef — AVCA - 0.199 V (830) .
(0048] Subsequently, 1t 1s determined whether the potential Vs (actually

measured value) satisfies the following expressions (1) and (2) (S40).
|[Potential Ven (actuallymeasuredvalue) - Potential Vea (targetvalue)]|

< Acceptable Value (1)
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Vygr — ACcceptable Potential Difference <V, (actually measuredvalue)

In the expression (1), the acceptable value is, for example, 1 mV.
[0049] When the potential Vq (actually measured value) satisfies the
expressions (1) and (2), the processing proceeds to "yes" in S40 so as
toproceedtothe later-described S60. Ontheotherhand, whenthepotential
Vea (actually measured value) does not satisfy both the expressions (1)
and (2), the processing proceeds to "No" in S40 so as to adjust the voltage
Va to be appliedbetween the reductionelectrode 120 and the oxygen evolving
electrode 130 (S50). After theadjustment of thevoltageVa, theprocessing
returns to the aforementioned S10.
[0050] Herein, an example of the adjustment of the voltage Va will be
described. For example, when Potential V. (actually measured value) -

Potential Ven (target value) > Acceptable Value, the control unit 60 sends
Lo the power control unit 20 a command requesting that the voltage Va is

increased by only 1 mV. As a result of increasing the voltage Va, if Vga

(actually measured value) < Vg — Acceptable Potential Difference even

when |Potential Ve, (actually measured value) - Potential Vo (target value) |

= Acceptable Value 1s satisfied, the expression (2) is not satisfied, and

hence the control unit 60 causes the voltage Va to be further decreased
py 1 mV 1n the next processing. Thus, the control unit 60 causes the voltage
Va to be decreased in a stepwlise fashion until the expressions (1) and

(2) are finally satisfied.
[0051] On the other hand, when Potential Vg (actually measured value) -

Potential Ve (target value) < -Acceptable Value, the control unit 60 sends

to the power control unit 20 a command requesting that the voltage Va is
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decreased by only 1 mV. As a result of decreasing the voltage Va, 1f Vg

(actually measured value) > Vg €ven when |Potential Ve (actually measured

value) - Potential Ve (target value)| < Acceptable Value i1s satisfied,

the expression (2) 1s not satisfied, and hence the control unit 60 causes
the voltage Va to be further 1ncreased by 1 mV 1n the next processing.
Thus, the control unit 60 causes the voltage Va to be increased 1n a stepwise

fashion until the expressions (1) and (2) are finally satisfied.

[0052] Herein, the value (adjustment range) by which the voltage Va 1is
increased or decreased 1s not limited to 1 mV. For example, 1t may be
acceptable that the adjustment range of thevoltageVails set tobe comparable
to the aforementioned acceptable value 1in the first round of the adjustment
of the voltage Va and the adjustment range thereof 1s set to, for example,
one—-fourth of the aforementioned acceptable value 1n the second and
subsequent rounds of the adjustment of the voltage Va. Thereby, the
potential Vqn (actuallymeasured value) canbe quickly adjusted tobe within
a range that satisfies the expressions (1) and (2).

[0053] After the voltage Va 1s adjusted in S50 or 1n the case of "yes"

1n S40, the hydrogen gas generation amount F1 1s measured by the hydrogen
gas generation amount measuring unit 36 (S60).

[0054] Subsequently, 1t 1s determined whether the hydrogen gas generation

amount F1 1s smaller than or equal to the acceptable upper limit FO (S70).

When the hydrogen gas generation amount Fl is smaller than or equal to
the acceptable upper limit FO, the processing proceeds to "yes" 1n S70
SO as to detect the potential difference AVy, again (S20). On the other

hand, whenthehydrogengasgenerationamount Flislarger thantheacceptable

upper limit FO, the processing proceeds to "No" in S70 so as to stop the
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electrode reactions at the reduction electrode 120 and the oxygen evolving

electrode 130.

[0055]

(Embodiment 2)

F1g. 4 1s a schematic view illustrating a schematic configuration

of an electrochemical reduction device 10 according to Embodiment 2. AsS
1llustrated in Fig. 4, the electrochemical reduction device 10 comprises:
an electrode unit assembly 200, a power control unit 20, an organicmaterial
storage tank 30, a hydrogen gas generation amount measuring unit 36, a
water storage tank 40, a gas-water separation unit 50, a gas-liquid

separation unit 52, a control unit 60, a voltage detection unit 114, and
a hydrogen gas recovery unit 210. The electrode unit assembly 200 has
a laminate structureinwhichapluralityofelectrodeunits100areconnected
1n serles with each other. 1In the present embodiment, the number of the
electrodeunits 100 1s 5; however, the number thereof isnot limited thereto.

Herein, each electrode unit 100 has the same configuration as that in

Embodiment 1. In Fig. 4, the electrode unit 100 is illustrated in a
simplifiedway inwhich liquiddiffusion layers 140a and 140b and separators

150a and 150b are omitted.

[0056] A positive electrode output terminal of the power control unit 20

according to the present embodiment is connected to positive electrodes

of the electrodeunit assembly 200. On the other hand, anegative electrode
output terminal of the power control unit 20 is connected to negative
electrodes of the electrode unit assembly 200. Thereby, a predetermined
voltage VA 1s applied between the positive electrode terminals and the

negative electrode terminals of the electrode unit assembly 200, so that
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ineachelectrodeunits 100, areductionelectrodelZ20hasanelectronegative
potential and an oxygen evolving electrode 130 has an electropositive
potential. Herein, a reference electrode input terminal of the power
control unit 20 1s connected to a reference electrode 112 provided on an
electrolyte membrane 110 of the later-described specific electrode unit
100, so that the potentials in the positive electrode output terminal and
thenegativeelectrode output terminal aredeterminedbasedonthepotential
in the reference electrode 112.

[0057] A first circulationpathway 1s provided between the organicmaterial
storage tank 30 and the reduction electrode 120 of each electrode unit
100. An aromatic compound stored 1n the organic material storage tank
30 1s supplied to the reduction electrode 120 of each electrode unit 100
by a first liquid supply device 32. Specifically, the piping that forms
the first circulation pathway 1s branched on the downstream side of the
first liquid supply device 32, so that the aromatic compound is distributed
and supplied to the reduction electrode 120 of each electrode unit 100.
The aromatic compound, a hydride of whichhasbeenproducedbyeachelectrode
unit 100, and an unreacted aromatic compound join together in the piping
31 communicating to the organic material storage tank 30, so that they
are stored therein after passing through the piping 31. The gas-liquid
separation unit 52 1s provided in the middle of the piping 31, so that
the hydrogen, circulating the inside of the piping 31, 1s separated by
the gas-liguid separation unit 52.

[0058] F1g. 5 1s a view 1llustrating a specific example of the gas-liqguid

separation unit 52. A branch pipe 33, branching upwards from the piping

31, 1s provided. The branch pipe 33 is connected to the bottomof a liquid
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storage tank 35. A liquefied aromatic compound flows into the liquid
storage tank 35 via the branch pipe 33, so that the liquid level in the
liquid storage tank 35 ismaintainedat apredeterminedlevel. The hydrogen
gas, flowing through the piping 31 from the upstream side of the point
where the branch pipe 33 1s branched to the branch point along with the
aromatic compound, reaches the liquid storage tank 35 after moving upwards
through the branch pipe 33, and enters the gas phase above the liquid level
in the liquid storage tank 35. The hydrogen gas in the gas phase is then
recovered by the hydrogen gas recovery unit 210 via an exhaust pipe 37
connected to the upper portion of the liquid storage tank 35. The hydrogen
gas generation amount measuring unit 36 is provided in the middle of the
exhaust pipe 37 such that the hydrogen gas generation amount F1', generated
from all the electrode units 100 included in the electrode unit assembly
200, 1s measured. In the present embodiment, the hydrogen gas generation
amount measuring unit 36 is a flowmeter for detecting the amount of the
hydrogen gas passing through the exhaust pipe 37. Herein, a constant amount
of nitrogen gas may be supplied to the exhaust pipe 37 at the upstream
of the hydrogen gas generation amount measuring unit 36. Thereby, a change

1n the concentration of the hydrogen gas flowing through the exhaust pipe
37 can be accurately detected.

[0059] Intheaforementionedembodiment, a flowmeter is adoptedas an example
of the hydrogen gas generation amount measuring unit 36; however, the
hydrogen gas generation amount measuring unit 36 is not limited thereto.
For example, a mode can be adopted, in which a relief valve is installed
1n the exhaust pipe 37 as the hydrogen gas generation amount measuring

unit 36. The relief valve is configured, for example, to open when the
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gas pressure 1n the exhaust pipe 37 on the upstream side thereof becomes

larger than or equal to a preset value, and to close after a constant amount

of the gas 1s discharged toward the downstream side of the relief valve.
In this case, a signal, indicating that the relief valve is opened, 1is
transmitted to the control unit 60 every time the relief valve is opened.
The control unit 60 estimates a hydrogen gas generation amount based on
poth the amount of the gas discharged per one opening of the relief valve
and the number of the openings of the relief valve per unit time.
[0060] In the present embodiment, the flowrate of the hydrogen gas separated
by the gas-liquid separation unit 52 is measured by the hydrogen gas

generation amount measuring unit 36; however, an optical sensor, similar

to that 1n Embodiment 1, may be installed between the upstream side of

the gas-liquid separation unit 52 and the downstream side of the point

where the piping from the respective electrode units 100 join together.

In addition, in Embodiment 1, a mode may be adopted as in Embodiment 3,
1n which the flow rate of the hydrogen gas separated by the gas-liquid
separation unit 52 1s measured by the hydrogen gas generation amount

measuring unit 36.

[0061] A second circulation pathway 1s provided between the water storage

tank 40 and the oxygen evolving electrode 130 of each electrode unit 100.
The water stored 1n the water storage tank 40 is supplied to the oxygen

evolving electrode 130 of each electrode unit 100 by the second liquid
supply device 42. Specifically, piping that forms the second circulation
pathway 1s branched on the downstream side of the second ligquid supply
device 42, so that water 1s distributed and supplied to the oxygen evolving

electrode 130 of each electrode unit 100. The unreacted water in each
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electrode unit 100 jolns together 1n the piping that communicates to the
water storage tank 40, and then 1s stored in the water storage tank 40

after passing through the piping.

[0062] Ali1ke Embodiment 1, a reference electrode 112 is provided on the

electrolyte membrane 110 of a specific electrode unit 100 so as to contact

the electrolyte membrane 110 1n an area spaced apart from the reduction
electrode 120 andtheoxygenevolvingelectrode 130. Thespecificelectrode
unit 100 may be any one of the plurality of the electrode units 100.

[0063] A potential difference AV, between the reference electrode 112 and

the reduction electrode 120 1s detected by the voltage detection unit 114.

The value of the potential difference AV.y detected by the voltage detection

unit 114 1s inputted to the control unit 60.

[0064] When the potential inareversible hydrogenelectrode is represented

by Vyer, the potential 1in the reduction electrode 120 by Ve, an acceptable
upper limit of the hydrogen gas generation amount per one electrode unit
by FO, andthenumber of theelectrodeunits100byN (1nthepresent embodiment,

N 1s 5), the control unit 60 controls the power control unit 20 so as to

gradually 1ncrease the voltage VA within a range of F1' £ N x FO and Vg
> Vyer — Acceptable Potential Difference.
[0065] On the other hand, when F1' is larger than N x FO, the control unit

60 executes the processing for stoppling the electrode reactions at the

reduction electrode 120 and the oxygen evolving electrode 130.

Specifically, examples of the processing to be executed by the control

unit 60 when F1' 1s larger than N x FO include the processing for causing

the voltage VA to be 0 instantaneously or in a stepwise fashion, or the

processing for blocking the power supply from a power source to the power
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control unit 20 by providing an isolating switch in a power source line
extending from the power source to the power control unit 20, and the like.

Thus, by terminating the electrode reactions 1n a state where the hydrogen

gas generation amount Fl' i1s larger than the acceptable upper limit N X

FO, that 1s, 1n a state where the Faraday efficlency 1s decreased, the
Faraday efficiency can be maintained to be larger than or equal to a
predetermined value while the electrode reactions are proceeding 1n each
electrode unit 100.

[0066] According to the present embodiment, the production of hydrides
of an aromatic compound can be made to proceed in parallel 1n a plurality
of the electrode units 100, and hence the generation amount of a hydride
of an aromatic compound per unilit time can be drastilically 1ncreased.

Accordingly, the production of a hydride of an aromatic compound can be

industrially practiced.
[0067] The present invention is not limlited to the aforementioned
embodiments, and various modlfications, such as a design change, can be

added thereto based on knowledge of those skilled 1n the art, and any

embodiment to which such modifications are added can also be i1ncluded 1n
the scope of the present invention.

[0068] Inthe aforementionedembodiments, themode, inwhichtheelectrolyte
membrane 110 and the reduction electrode 120 contaln 1onomers having

protonicconductivity, hasbeendescribedasanexample, but theymaycontaln
1onomers having hydroxy ion conductivity.

[0069] In Embodiment 2, the reference electrode 112 i1s installed on the
electrolyte membrane 110 1n one electrode unit 100, but the reference

electrode llZ2maybeinstalledontheelectrolytemembranesll0ofaplurality
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In this case, the potentia.

difference AVg,

between the reference electrode 112 and the corresponding reduction

electrode 120 1s detected by the voltage detection unit 114, so that the

voltage Ve 1s calculated by using the average of the detected multiple

potential differences AVg,.

Thereby, the voltage VA can be adjusted to

be within a more appropriate range, when a variation i1n the potentials

1s caused among the electrode units 100.
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[0071] Thepresentinventioncanbeusedinatechnique forelectrochemically
producing a hydride of an aromatic hydrocarbon compound or a

nitrogen-containing heterocyclic aromatic compound.
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CLAIMS

1. An electrochemical reduction device comprising:

an electrolyte membrane having ion conductivity;

an electrode unit including both a reduction electrode that is

provided on one side of the electrolyte membrane and contains a reduction

catalyst for hydrogenating at least one benzene ring of an aromatic

hydrocarbon compound or a nitrogen-containing heterocyclic aromatic

compound, and an oxygen evolving electrode provided on the other side

of the electrolyte membrane;

apower controlunit that appliesavoltage Vabetween the reduction

electrode and the oxygen evolving electrode such that the reduction

electrode has an electronegative potential and the oxygen evolving

electrode has an electropositive potential;

hydrogen gas generation amount measuring unit that measures a

generation amount F1 of hydrogen gas generated per unit time of an

electrolysis reaction of water that competes with a hydrogenation

reactionof at least onebenzene ringof the aromatic hydrocarbon compound
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or the niltrogen-containing heterocyclic aromatic compound; and

a control unit that releases, when the hydrogen gas generation
amount F1 1s larger than an acceptable upper limit FO of a hydrogen
gas generation amount in the electrode unit, the application of a voltage

by the power control unit.

2 . The electrochemical reduction device according to claim
1 further comprising:

a reference electrode that is arranged to contact the electrolyte
membrane and to be electrically isolated from the reduction electrode
and the oxygenevolvingelectrode andthat isheldat areferenceelectrode

potential Vg.r; and

a voltage detection unit that detects a potential difference AV.,

between the reference electrode and the reduction electrode, wherein

Che control unitmeasures apotential Vqpinthe reductionelectrode

pased on the potential difference AV., and the reference electrode

potential Vg.f.
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3. An electrochemical reduction device comprising:

an electrolyte membrane having ion conductivity;

an electrode unit assembly inwhich a plurality of electrode units

are connectedin serieswitheachother, theeachelectrodeunit including

poth a reduction electrode that is provided on one side of the electrolyte

memprane and contains a reduction catalyst for hydrogenating at least

one benzene ring of an aromatic hydrocarbon compound or a

nitrogen-containing heterocyclic aromatic compound, and an oxygen

evolvingelectrodeprovidedontheother sideof theelectrolytemembrane;

a power control unit that applies a voltage VA between a positive

electrode terminal and a negative electrode terminal of the electrode

unlt assembly such that the reduction electrode of the each electrode

unit has an electronegative potential and an oxygen evolving electrode

thereof has an electropositive potential;

hydrogen gas generation amount measuring unit that measures, in

the whole electrode units, a generation amount F1' of hydrogen gas
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generatedperunit time of anelectrolysis reactionofwater that competes

with a hydrogenation reaction of at least one benzene ringof the aromatic

hydrocarbon compound or the nitrogen-containing heterocyclic aromatic

compound; and

a control unit that releases, when the hydrogen gas generation

amount F1l' 1s larger than an acceptable upper limit FO x N (wherein FO

represents an acceptable upper limit of a hydrogen gas generation amount

per one of the electrode units, and N the number of the electrode units),

Che application of a voltage by the power control unit.

4 . The electrochemical reduction device according to claim

3 further comprising:

a reference electrode that 1s arranged to contact the electrolyte

membrane of any one of the electrode units included in the electrode

unit assemblyandtobeelectricallyisolated fromthe reductionelectrode

and the oxygen evolving electrode of the electrode unit:; and

a voltage detection unit that detects a potential difference AVen
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between the reference electrode and the reduction electrode of the

electrode unit, wherein

the control unitmeasures apotential Ve, in the reductionelectrode

of the electrode unit based on the potential difference AV.. and the

reference electrode potential Vg.r.

5. A method of manufacturing a hydride of an aromatic
hydrocarbon compound or a nitrogen-containing heterocyclic aromatic
compound, comprising:

using the electrochemical reduction device of any one of claims

1 to 4;

introducing an aromatic hydrocarbon compound or a

nitrogen-containing heterocyclic aromatic compound into the reduction

electrode side of the electrode unit;

circulating water or humidified gas to the oxygen evolving

electrode side; and

producing a hydride of the aromatic hydrocarbon compound or the
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nitrogen-containing heterocyclic aromatic compound introduced into the

reduction electrode side.

0. The method of manufacturing a hydride of an aromatic

hydrocarbon compound or a nitrogen-containing heterocyclic aromatic

compound according to claim 5, wherein

the aromatic compound or the nitrogen-containing heterocyclic

aromatic compound to be introduced into the reduction electrode side

1s introduced into the reduction electrode side in a liquid state at

a reaction temperature.
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FIG.1
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FIG.4
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